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HEMATOLOGICAL, CARDIOVASCULAR AND
RESPIRATORY PHYSIOLOGY AND PHYSIOPATHOLOGY

INTERMITTENT EXPOSURE TO HYPOBARIA OVERCOMES THE SUPPRESSING EFFECT OF
TRANSFUSION POLYCYTHEMIA ON ERYTHROPOIETIN SECRETION

Ana C. Barceld, Rosa M. Alippi, Carlos E. Bozzim

Citedra de Fisiologia, Facultad de Odontologia, Universidad de Buenos Aires, and Bio Sidus 5.A., Buenos
Adres, Argenting

RESUMEN: La exposicedn imlenmitenss a hipoxia mebasa el efecio supoiar de la policiemia de mansfishin sobie la sececiin de
etitrapoyeting. Hemos commnicado proviamens qua la policiiemia pos-iassiesional (TF) en raones supsime la seerecidn de eritropoyeiing
(EPQ) en respueia a la exposicida 3 hipobars cuasda el mivel de la polichemis, evalusds o panie ded valor hematocrilo, o ko
suflcieniemenie abo, Esie efecio, sim embango, mo o aparesde en ratones con policiiemia imdocida por exposicidn crdnica a kipaxia
hipohdrica (FH), en los goe la produccidn de EM) poede ser tan elevada como la ohservada en micoes nonnecisdmicos. Como PH fug
isducila mediante expesicidn infermitesic a hipobana, ¢l presenie cstadio fue realimado con el ohjele de explarar el efeets da la eapasicidn
diaria sobe la seerccida de EPD en rabanhes ¥ maas TR, en los gee la policicmsa fue mducida. mediantc dos byecelonss consecutivas de
eritrocitns homdlepos. Los snimales lueres expecsion p hipobaria en ona cémam de albem simuloda en forma continua o infermiicnic
(Thhidy 52 obivieon messtms de sangre o distinios tiempos de exposiciin para Ia detepménocidn de Iy concemimciin de EPO
inmunoecactiva {piEPCG) medisnie BLA. Los valores de plEPD fucron considerados como representativas de la s de produccida de EPO.
TP anulé el incrementa de pilEPO goe s obterva duwmnie la exposicidn a hipoharia cuando fue coilisua o durase b primerss 34
caposiciomes intermibenici. El clecto supeesor de TP fee alenmada dusanie las expasiciones siguionics pese al manienimients dd esndo
polecaiémico. Extos hallaegos sugienm que o mecandsmo que comtrola [ expeesion del gens pam EPO podniy ser condicionodo por fa
eapnilelda Intermisente o hipohans de manera 1al que s volveria nsensiible o efecto supresor de 1s policitemin sobre B prodoccidin de ERO
oxlpene-dependicais

Palabras Claves : Eduopoyeting, Hipaxia, Hipobasia, Policiemis

RESUME: Liexposition  intcrmittente & 'hypobaric comrs deg exposilions imenmiticntes gui ont swivi, Ces pfeultats

Femporie sar effel supprisscur de la polyglobulle de
translusion sar lo sderétbon d éryihropoiétime

Moms avons prialshlement montnd que chez les souns, la
polyglobube de tramsfasion (TF) sepprme k3 sdonflion
d'érythroposdtine (EPON én reponse & Peapasition & Mhypobarie,
quand b valeur de Ieimatocrie et sudfisanment devde. Ot
cifel nest copenalanl pas chsenvd chez les souris dont la
polyglobiles & dnd indujte par hypoxie (WP Do cos

conditions, la sfertion FEPD peut fire aussa imposianss qus

velle observids cher les soens nommoghobubiques. La HIP ayam
éhd induite par exnposition intormiticnte 3 lais hypoxigue. la
prisente dude 3 ¢ néalisde dans ke bl deaplorer Felel des
cxpositions journalires 4 Ihypobaric sur la séordtion JEPD
o bes wouris ol Jes rats & TR, Cetie polyglobilie o &6 induiie
g moyen de deux ingoctions consécutives F ik himologes
e plobudes mopes Los animass ont &6 cxposds de Tagon
confinue oy jasermisenie |16k & de For kypozigue dans use
chambee e ddcompression. A panir du sang pedlevd par
intervalles om g mesurd la concentration plasmatique TEPC
immsmortactive (PIEPO) par RIA. Les valeurs #EPO ont @i
voridndes comine taux d production FEPG, La TR a |r|l1|!:-.'ia
renducticn PO lide & Phypoxic pendant Fexposition cantinue,
o pentilam les 34 premidres caposiibons imlcmsiicndcs. Lieflet
“upprescur de la TP sur la productios $EPD 2 diminué

suggirent que ke mianisme comtrdlant B Isnsenption da pin
de FEPO pest @ine conditionnd par Fexposition isermitiente &
Ihypobarks, de elle sore gull b pend insensible & Feflet
suppresseur de by polyglobulie dans la production hormanale

Mots-cdés 1 Erythropesétine. Hypoxie, Hypohare, Polyglobalic,

SUMMARY: We have previously shown that imnsfusion
polycythemis (TF) in mice suppresses erythropoietin (EPO)
wrrelon i reaponse 16 exposure b hypohans when the
Bermabocrit value is high enough. This effecr, however, is not
ehrerved In mioe with hypoxks-induced polyeyibemin (HP). In
this comdition, EPD scoretion cam be os high as that observed in
momocythernic méce. Kimoe HIF was indooed by inlermitient
cxposare o hypobaric air, the prosonl stedy was sndenaken 1o
exploee the cffect of daily exposnses w0 hypobada on EROD
secrlion in TP mice and mis o which polycyibemin was
induced by two conseculive injections of packed bomologous
red gells. Ankmals were exposed continuously or intermibienily
16 kA& = hﬂﬁm-iu air in & decompressson chamber. Blood
was ohimined of imiervals amd plasma immincrcactive EPD
concention (PEERD delermined by RLA. EPCH valucs were
taken & EPOH production ries, TI' blunied Bypoxia-dependsen
EFY prodection during both continuces ond ihe %4 fist
micemitient exposures, The suppiessing elfec of TF an ERO
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peoduction decrexeed during the next intonmilbend o,
These findings sugpest that the mechaniim conrlling EPO
gene franscription  could e condstivesd by Entermitient
exposure o hypobaria ia ssch & way tha makes it insesgitive o
the sappressing effect of polyeyihemia oo hormone prodisction.

INTRODUCTION

It has been repeatedly demonstrated (1-3) that
erythropoietin (EPO) production in response 10
acule exposure (o hypobaria (hypoxemic hypoxia)
is very much higher in post-hypoxia (pH) than in
hypertransfused (HT) polycythemic mice al cqual
levels of polycythemia. This finding, which docs
nol Mt with e feedback control theory of
regulation of EPO production (4), has not been still
adequately explained. However, it scems cvident
that the way in which polycythemia is an induced
{chronic exposure o intermitient hypobaria v,
hypertransfusion) play an important role.

PH mice are usually made polycythemic by
exposing them 1o about 456 hPA Tor 16-18 hid Tor
2.3 weeks with return to sea level conditions [or 6-
g hid. This intermittent regimen of exposure (o
hypoxia determines that the EPO-synthesis
machinery (EPD  gene expression) andlor the
regulatory mechanisms that controls it is turmed on
amd ofl every day during a 2-3 week-period. This
iype of peak stimulntion could be responsible. at
least partially, for the unexpected high EPO
production seen in PH than in HT mice during
hypoxemic hypoxii

Transfusion-polycythemia inhibits EPQ production
in response [0 acute exposure 1o hypobaria in o
hematocrit-related  fashion {1}, The present
investigation was thus designed 1o explore EPO
produciion  in response 16 conlindous  orf
discontinuous expasure to hypobarna in TP animals
in am atempl o0 clarify the role of inlermitent
hyposemic hypoxia on the genesis of the EPO-
hypersecrctory  state scen in the PH mouse in
several experimental conditions.

MATERIALS AND METHODS

Adlult female mice and wistor rals were used in the
experiments. Animals were made polyeythemic by
imjecting them with 0.8 mil {mice) or 2.5 miFI00 g
b wi (rds) of o homologous red cell suspension
(Het = 0.80) on two congecutive days. Exposure 1o
hypobaria was always started on the 4th dey afier
the second transfusion. Al this time, piEPO was
very low and red cell produciion has almaost
dizappearcd. Hypoxemic hypoxia was indoced by
placing animals into a simulated alide chamber.,
either contineously or intermiticnily (16 hiday).
The pressure inside the chamber was maintained w

KEY WOHRDS: Erpllwoposetine Hyposia,  Hypohana,
Polycythemia

456 hPA. EPO production wos estimited by
determinstion of piEPO by a sensitive RIA (51
Resulis from animals with hematocrits below 058
wore nol eonsidercd. Results are presented as the
arithmetic mean ¢ SEM. They woere analyzed by
one-wiay ANOVA and Newman-Keuls'tesi.

RESULTS AND DISCUSSION

No evidence exists that the clearance rate of EPO is
subjected 10 physiologic regulation and, therefore.
it can be assurned that piEPO directly reflects the
EPO secretion rie. In addinon, EPO is not stored
in endocrine EPQ-synthesizing cells and thus the
rate of secretion is directly dependent on the rate of
synthesis, Our resulis, expressed in 1erms of pEPD
can thus be taken as representative of the EPOD
secrelion ratg.

o — =

wf |

8
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Figure 1. Effect of inlermillent exposure 1o
hypobaria on plasma erythropsictin conceniraion
in  both  pomocythemic  and  transfused
polyeythemic mice. Groups of B normocyithenic
and polycyihemic mice were exposed 1o 4536 hPA
in o hypobaric chamber, Each exposure lasted 16 b,
MNumber of exposures are shown in the abscissa,
Bors and lines on top of bars indicate mean = 3EM,
Normocyithemic mice vahses are shown an the Teh
side of the figure. Values for polycythemic mice
are shown on the might side,

To explore EPD production in both normoecyihemic
(M) and transfuscd-polyveyvihermic (HT) mice in
response Lo intermillent exposure 10 hypohana, N
and HT mice were exposed 1o 456 hPA Tor 16 hid
for 7 doys. Each consecutive doy of the pericd, 8
mice from cach group were selecied al random,
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anesthetized with ether, and exsanguinated by heart
puncture. Hematocrits and pilEPD were measured.,
Figure | shows piEPO in both groups of
experimental mice as a function of the number of
exposures 10 hypobaria, It rose in N mice 10 a level
about 10 times the normal, nonhypoxic level
during the first exposure, with a slight. non-
significam  decrease  during  the  remaining
exposures. This pattern of EPO response was
opposed 1o that found in HT mice, in which the
comesponding normal. nonhypoxic level of piEPO
did mot change during the first 4 exposures,
Inierestingly, piEPOQ titer rose to a level about 7
times higher than that of control, non-exposed HT
mice. This occurred in spite of the persistence of
the polyevihemic state.

Annlysis of the above results  indicates
inbermitient exposune o hypobaria counteracts the
inhibitory effect of ransfusion-polycythemia on
EPO production when it is applicd for enough time.
The next expenment, therefore, was designed o
know whether continuous exposure to hypobaria
induces the same pattern of EPO response in HT
animals. IT this were really the case, then humans
or amimals living permanently ot high altilude
wiuld secrete continuously increasing amounts of
EPC with the concomitant increase in e
erythrocyte prosduction rate and the volume of the
red cell mass. This does ned oecor in most high
awade  inhabitamz, a0 which  high  alude
polycyihemia is, in gencral, a siabionary condition
and ol 3 Progressive process,
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Figure 2. Effcet of continuous of inlermitlent
exposure (o hypobarin on plasma erythropaetin
concentration  in hoth  normocythemic  and
ransfused  polyeythemic  rts.  Groups ol 3
normocythemic and 5 polycythernic rats cach were
exprsed w0 456 hPA fn a hypebaric chamber. Both
tvpes of animals were exposed either cum.umnus.ly
Jdeft side of the figure) or intcrmitiently {right side
f the figure), Each exposure i infermitlent
wwpobaria lasted 16 h. Bars and lines on lop ol hars

indicate mean + SEM. Black bars = contral, nod-
exposed rats; dotted bars = nomocythemic,
exposed rats, dashed bars = polycythemic, exposed

N and HT rats were exposed to 456 hPA for 16 hid
for § days (intermitient hypoxia) or continuously
for 115 h. Each consecutive day of the period
{intermittent exposure group) or afier 21, 45, 68,
92 and 1135 h of continuous exposure, 5 rats from
each group were selected at random and treated as
explained above. Figure 2 shows piEPO in N and
HT rais as function of cither the time of conlinuous
exposure or (e number of exposures to hypobaria.
M rats showed similar pancrns of responses o both
types of exposures, with a ropid rise in piEPO
ollowed by a progressive decay with either time or
nurnber of exposures. The responses of HT rats
differed from those of N rats and could be
summarized as follows: 1) wransfusion-induced
polycythemia  blunted the increased EPO
production which occurred in N rats continuously
exposed to hypobaria, and 2) transfusion-induced
polvevihemin  blunted the  increased EPO
preduction which occurred in N orats every time
they were exposed to hypobaria for 16 h, Blunting
was, however, only effective during the firm 3
exposures. It did not scour from the dth cxposure
om, in apite of the persisience of a high degree of
polycythemin in the animals.,

The resulis presented herein confirm previously
reported  studies that indicwte thm transfesion-
induced  polycythemin  depresses  hypoxia-
dependent EPOQ preduction {1, 6). These resulis,
however, were obtained from expeniments in which
polycythemic animals were exposed o shor
periods of hypoxia (4-48 h) while in the presem
ones the exposure time was extended o0 5-7 days.

Such prolonged exposition 1o hypobaria revealed
that transfusion-induced polycythemin blumed the
hypoxia-induced EPO  production  when  the
hypoxic stimulus was applied coninuously. When
it was applied intermittently, the blunting effect
was only evident during the 24 exposures,
disappearing thereafter.

Unfortunptely, we do not have a valid explanation
for the observed dilference belweon continuous
and intermittent cxposune (o hypobaria on EPO
production in HT animals. EPO is symhesized by
endocrine cells through the expression of an EPO
wene apparently  in response 1o imnscnption-
regulating factors. The system, that include oxygen
sensing by adequate receptorsfsensors, intracellular
signals, and regulation of genes cxpression, could
be conditioned by intermittent  exposure 1o
hypobaria in such a way that makes it insensitive 1o
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the suppressing effect of high cellular oxygen
tension on hormone production. It is evident tha
we need 1o learn more about the mechanisms by
which oxvgen is sensed, the transduction of the
hypoxic signal and the resulling impact of this
signaling process on the regulation of the EPO
gene in order to understand the meaning of the
results presented.

This work has been supported by research grants
from the University of Buenos Aires (UBACYT)
and CONICET.
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PENTOXIFYLLINE AND ENALAPRIL AND ITS EFFECTS ON POLYCYTHEMIA INDUCED BY
HYPOBARIC HYPOXIA IN MICE.

Gamboa J, Rivera-Ch M, Ledn-Velarde F, Salazar M, Monge-C C.
Laboratorio de Transporte de Oxigeno. Departamento de Ciencias Fisioldgicas. Universidad Peruana Cayetano

Heredin,

RESUMEN: Penlaxifilina y Enalapril y sus Efcctos Sobire ba Policitemia Inducida por Hipoxis Hipehirica en Ratenes.

e estudsd T ratones Swiss machs de -4 meses de edad, para evabuar bos cfecton predikiciices v icrapéusicos del enalapril ¥ la pentoxifilina
mll'ph!-l.i:'lﬂ'l_'ﬂ-l inducada por hiponis, 5 dividid a los animales en dos gropos: grupe penboxifiling (n=39) ¥ prupo enalapril (n=11). Cada
uno fue adicionalmente dividido en wn grupo profilictico que recibid o medicamento amtes do la cxposicidn o hipoxia hipobdrica
isermitente {IHH} ¥ en un grapo terapbatico que rocibid o modicamonto lucge de la caposicidn a IHH, Cada swbgrapo tove su respective
contral. La expasicicn a IHH fue reslizada o travds de usa edmars bipobdrica que simalaba una shum equivalense & 4.500m, 22 homs por
dia. 5 madid semnanslmente peso y Bematochito. La evolocion del peso corporad en el tiempo np mostnd diferencias sustanciales entee ko
animales ratades y los comtrobes en los grupes profilicticos y teraputices, tanio en los grupos pentoxifilina come enalapeil. Hubo una
dissinucidn significasiva del hemstocrito a lox 36 ¥ 47 dias del inkcso de la profilasis en ¢l grapo pentoxifiling. Es el grups prafilitico
enalapril kos hematocnilos fueron significakivamente menorss cn koo animales \wstaden, Cosclinen que ambas drogas son efectivas cuando
son usadas profilicticamcnic antes de s exposician a IHH. 5= sugicre que lxs drogas podnisn ejercer su efiecto a travds de an bagues

parcial de ba produccida de eritropoyetinag (EPO),

Palabras Claves: Pemeanfilina, Enalapal, Policissmia, Hipoxia. Ralomes.

RESUME: Effets de la pentosiMine e de I'enabapril sur lo
polveytimic induite par hypoxie hypehare ches bes soaris.

L'émde a portd sur 0 souns Swiss mdles de 34 mols dans e
bt d'évabiser les effets prophylactiques of ikémpeuiiques de la
pentanifiling et de Venalapril ser la polycyiémis indsite par
hyponte. Les sourin ot dd divindes en deus groupes | bo groups
pentoxililing (=19 o b groupe enalapeil (n=3 |}, chacun ¢'eux
subdfivisd ensmite on un groupe prophylactique qui o requ ke
médicament  avami  Pexposition & 'hypaxie  hypobare
infermitbente (THH L et em un grosps thérpeutique qui %a regu
apres "exposition b 1"EHH. Chaque sous-groupe a &8¢ soumts b
un comiride. L'esposition & I'IHH s'cst effectuée 2 moyen
i"whe chambne kypobare simulang une altiude dquivaleme b 4
SO0k i, 22 heures par our. Le pesds o Uhémaloenie anl i
mecsupds wne foby par semaine. Ldvolution dans le wamps du
[pdals corpaned n"s pas monend de différences sshsianticlles enere
ks mpouns tradides of ks amimaux de conbrdde des groupes
prophylactigess o thémpeutiques, aussi bien dans le groupe
pentoxifilne gue dans ke groupe onalaprl Une dimissaison
significative de I'hématoerite ool appase le 8¢ e ke 4T jour
apris be début de b prophylasse dans ke proupe penbosifiline,
Dani ke proupe  cnalapel  les  hdmaiocniles  ont i
significafivensnl infcars cher ks sours tmindes. Mous on
concluons gue bes deus substances sont effectives lomagu"cliles
wonl wlilisfes de feion pun[mj.l.:.,:li.pe avanl I'exposition &
PEHH. O smppine que celles-ci pourraient exeroor lour effel par
blocage partsa e la qudl.hll‘-iﬂﬂ il "yt bsropaignine (EPLIR

Mois-elds : Pensoxifiling, Enalagnl. Polyoytdmic, Hyposie,
Souris
INTRODUCTTON

Hypoxic polycythemia has  traditionally  been
considered as an adaptive mechanism.  Many
studies have shown that, in humans and non-
genotypically adapted mammals, chronic exposure
te high altitude hypoxia may lead to excessive
erythrocytosis { 1-3), that, along with other clinical
and laboratory features, is known os ulumnilu
mountain sickness (CMSE There %
epidemiological evidence showing thal aging
high altitude is a risk factor for the development of
chronie mountain sickness, and it is associmed with

SUMMARY 1 To ossess the prophylactic amd iherapestic
eiffects of emlapril and pentoxifylline on hypenia-indeced
palycythemna in laboralory mice, T Swigs male mice of 310 4
manibs of age were studied. They wese divided i 2 growps:
pensoxifylline groap (n=39) and enalsprl group (na3l) Each
prowp was further divided im a propliglactic group which
received the drop befone expodan: 1o micrmitlent

hypoxia (IHH) snd & therpeisic grosp which reesived the dneg
afier exposure 10 EHH. Eoch subgromp hsd their respective
contral. Exposuro 1o IHH was porformed through a hypobanc
chamber whish sinuslaed an slitude oguivalenl w4 500 m
above sem level, 22 bours o day. Wieight and bemaiocnii were
menaueed weekly. Time-course of body weight did not show
substaniial differondces botwoen Incaged and control andmals im
prophylaciic and berapouibs proups in both pentoxifidlise and
enalapril groups. Thene was a skgnillcant hemastoor decrense 36
and 47 days afier the beginning of prophylasis in pentoxifylline
gioup. In enalapl prophylactic  group hemalocrits  wers
sipnilfscanly lower i iscated antinals. We conclude thal both
dnsgs s effective when they mre msed prophylactically befon:
exposare to [MH. I is suggested ihai the drugs mighi exen their
cifects throwgh 3 partial blockade of ervihropoictin (EPO}
production.

Key Wards: Peosifylline. Enalapnl, Polytythcmia. Hypasia,
Mg

an increased blood red cell mass (4,5). It has been
shown that chinical symploms of CMS dramatically
improve afier descent o low altitudes or after
isovolemic emodilution (6,7). As blood volume
remained unchanged in these stedics, it scems that
it is the decreased red blood cell mass which
gecounts for the clinical improvenment, Therapeustic
stralegies aimed 1o decrease excessive erylrocyinsis
seern  aliractive approaches o CMS,  Besides
descent o low altiiude and hemodilution, therne
have been  attempis  to decrease  excessive
erythrocylosis, in both humans and animal models
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cxposed to chronic hypoxia. Unfortunately, the
development of an effective, acceptable therapy for
CMS is sull a remaining problem. One stady
performed in males with CMS and treated with
medroxyprogesterone  showed an  unacceptable
frequency of decreased libido (B} Likewise,
pharmacologic blockade of ervthropoiesis has been
attempted with several drugs, incloding the oy
sdrenergic antagonist prazosin, the
methylxanthings theophylline and pentoxifylling,
and angiotensin  converting enzyme  inhibitors
(ACED like enalapril {9,10).

In particular, ervthrocyiosis associated 1o renal
diseases and to congestive cardiac failure has bean
assessed, Methylxanthines, particularly theophylline
significantly reduced hemoglobin and hematocrin in
post-renal iransplanted patients who had developed
polycythemia (11}, It has also been reported that
pentoxifylline reduces blood wviscosity (12). In
addivion, enalapril has also been wsed in the
treatment of post transplantation polycythemia with
beteer resulis ihon those obiained wiith iheophylline
(13,14}, and it also reduced the levels of EPD in
patients with congestive cardiac failure (15) and
the hemoglobin concentration in patients with renaol
diseases (16}

Al our laboratory, the pharmocological blockade of
the polycythemia induced by hypobaric hypoxia
has been tested in two experimental siudies in
animals and in one study in humans. Yzaguimme
showed a decrease in the hematocrit and a
disminushed iron -39 [abeled wptake with prazosin
(9). Also, Huicho et al. tested two drugs: enalapril
and theophylline. Enalapril decreased hematocrit
iwo weeks aner beginning of treatment, while
theaphylline had no effect in hematocrit compared
with controd group (109, Vargas et al, administered
enalapril 1o 8 men and & posimenopause women

with CMS and showed a decreased hematocril, and
an improvement of signs and symptoms of CMS
{17

CMS patients who move to lower altitudes show &
substantial sympromatic  relief, but  there s
recurrence of sympioms when they go back to high
altitude. Thus the prevention and correction of
polycyihemia in CMS patients would be a more
desirable aim than just the correction of preexisting
polyevthemin, We are not aware of drug studies
showing a clear prophylactic  effect  on
pelycvthemia, Thus we were prompled o evaluate
both the prophylactic and therapewiic effect of
enalapril and pentoxilylline on hypoxis-induced
podyeythemia in laboratory mice,

MATERIALS AND METHODS

Animals. 70 Swiss male mice of 3 10 4 months of
age were divided in 2 groups:

Penoxifylline Growp (n=39) I was divided in o
prophylactic group which began the drug ireatment
three weeks before exposure do  inlermittent
hypobaric hypoxia (IHH) and continued until the
end of the study, and a therapeutic group which
began the treatment three weeks afier exposure 1o
[HH. Bosh groups had their respective controls.

Enalapril Gronp (n=31y I was divided in oo
prophylactic group which began the drug treatment
four weeks before exposure to THH and continued
until the end of the study, and o therpeutic group
which began  the tremiment five  weeks  afier
exposure 10 THH. Both groaps had their respective
controls. A summary of the general, prophylactic
and therapeutic experimental protocols are shown
a5 diagram {figure 1),

Figure 1. Experimenial Model

Pemoailyline
{m=3)

Tl mice

Enzlapril
im=311

Treatcdin=11]
1"eagphy lactic
(=200}
Comlrod (n=%
Treabed {m=9)
Therapeutic
in=1%}
Caniral {m=110)
Trewted in=1
Mrophy kectic
in=l%]
Conlred in=%)
Treated in=11
Therapentic
[n= 1)
Comlrid in=5)
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Dugs, Pentoxifylline 1,43 gke/day and enalapril
2.8 mgikg/day were orally administered ad libdrmin
in drinking water. Control groups received drinking
water. The dose adminisiered was calculated
considering the mouse metabolic rate and on the
base of the therapeutic dosis used in humans for
each drug (1B}

Exposure to THH. It was performed in a hypebaric
chamber equivalent 10 4,500 meters above sea
level, during 22 hours a day, as it was described
hefore (19).

Mensure_of weight and hemmlocrit, They were
measured weekly. Hematocriis were  measured
through the microhematoerit method,

Statistice. Unpaired r test was used for comparison
of weated and comtrol groups. P<005 was
considersd significant.

RESULTS.

Weight. Time-course of body weight did not show
substantial differences between treated and control
animals in prophylsctic and therapeutic groups in
both pentoxifylling and enalapnl groups. (Tables |
and 2).

Table 1. Body weight (g) In mice treated or not with pentoxifylline,

Duays O ibasal) 35 12 (}] 13 36 40 47
Prophylactic group* 5L 5L 5L L IHH THH IHH IHH
Contrals 32205 MO£l6 3MIzls M4l 326+13  F121? IMELIA M Tzl 0
Treated 364229 35719 37235 355230 IEEs22  IREs2| 27325 260s24
P 0048 i, 14 0,73 0,31 000002 008 014 07
Thernpeutic Group*® 5L IHH IHH THH THH IHH THH IHH
Conlrols 158237 MAe)0 MO0225 38234 M2 293213 283210 276208
Treated B MGl I50x33 359287 313234 263232 Ressd]  19.5s33
n 0.2l 0,74 [ 5] i 0,22 0567 .49 07y
Walues mre mean £ 50, 51 = sea bewel, IHH = intermitent hypobaric ypoxia,

=Reverved the drug sinee day 1,

*"Regeived the dinag since day 21,

Table 2, Bedy weight (@) in mice treated or not with enalapeil,

[hays (hihasal) # 2 ¥ 8 51 59 &7
Prophylactic group® 5L 5L 5L SL IHH THH THH HH
Canirals 3.721.2  34.5a00 358:l6  M5£0.2 M08 273220 268234 2E3=1]7
Treated Miaxs  NEs)d4 39832 373234 MLI=39 275227 ME)  XdA=1S
n 0,038 0058 0,14 0,35 151 09l 0,240 n47
Drays LERTERES ] & i 29 1] i k1| k]
Therapeatic Groap®® 5L IHH IHH IHH IHH IHH IHH IHH
Condrals Al 2= & bl 2604 304 297405 263zl Sl 32000
Treated M T=09 29.3x00 Mui=Zd  d0mxdd 300233 Mui=l2  3A0=28  319£23
P ias (.35 0,54 047 K22 i1, [HIH 0,064 92

Valies are mean = 50, 5L = sea lewvel, IHH = internwitient lypobaric hy pesea,
*Received the drg since day 1, **Received the drug simce day 34,

Homuowrii, There was a significant decreasd i
el 47 days afier the beginning of prophylaxis m
pentoxilyiline group (Tabke 3 and Dgure 250 In
cikilispnl prophylaciic group hemaiocnis wene all

bvweer inircated ammals as compared with conirol
ones, excepl M S1th day of the siwdy (Table 4 and
figure 34,
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Table 3. Hematocrit (%) in mice treated or not with pentoxifylline.

Days O(hasal} 3 12 19 25 36 40 47
Prophylactic group® sk 5L sL L IHH IHH IHH IHH

Controls 49.8£33  48,1=29 48021 467x18 52,0x40 607237 613145 648213
Treated 482+19 468220 473211 452=12 S5T0+43 564249 SR2:52 604245
P 0,26 0,36 051 0,07 097 0,035 0,24 0,022
Therapeutic Group®*® 5L IHH IHH IHH IHH IHH [HH [HH
Contrals 46,7:1,3  560£1,3 57114 S596=10 600=ld 60.0=3] 564204 S569=14
Treated 478+22 56,7£1,7 55920 560+30 598+20 G42:45 585225 565412
P 0,22 07 0,19 0,01 0,717 0,10 0,14 0,66
Walues are mean £ 5D, 5L = sea level, [HH = intermitent hypobaric hypoxia

*Received the drug since day 1.

**Received the drug since day 21.

Tahle 4, Hematocrit (%) in mice treated or not with enalapril.

Days Oibasal) & ) ) 38 51 59 o7
Prophylactic group® 5L 5L 5L SL IHH IHH IHH IHH
Controls 475213 470006 48E£13 478226 624=19 SOE:IE 622:00 610224
Tresed 46,0518 440222 4332217 433e0lB 39720 575s22 578243 557:17
o 047 0,003 00002 00 0,05 017 0.025 0,024
Dhays Oihasal) & 22 29 £1) 44 5 59
Therapeotic Group*® 5L IHH THH IHH IHH IHH IHH THH
Contrals AT3=15  6Al4218 30405 616224 61,7£],7 618128 £77s12 SEEs2A
Treated AT6230 60,1232 58.1+25 600216 63.0+23 610+27 55820 S35+20
P 081 047 0,04 0.3 0,24 (LX) 013 081
Values are meean & SD, SL = sea beve, IHH = intermitient hypobaric hypoxia,
*Received the drug since day 1,
**Received the dmug since day 34,
Therapeutic groups did not show significant differences in hemalocrit values,
Figure 2: Pentoxifylline Figure 3: Enalapril
Hematoerit. Prophylactic Group Hematoerit, Prophylactic group
0 = #

m— |
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DISCUSSION.

Our swudy showed. on a prophylactic bass, a
decreased level of hypoxic polycythemia in
animals treated with pentoxifylline and enalapril.
Therapeutic groups did not show differences in
hematocrit values when compared with their
respective controls. We must acknowledge that a
definite conclusion on the clinical relevance of the
role of hese drugs in CMS  associated
polyeythemia needs appropriate irials in humans,
Also, a longer follow-up period seems necessary (o
ascertain whether or not the polyeythemic response
reaches a plateau.

Also, additional experimental stwdies addressed o
elucidate the underlying mechanism of action of
pentoxyfilline ond  enalapril in  attenuation  of
hypoxic polycythemia are warranted. It has been
shown, in conditions of exposure (o hypobaric
hyposia, that serum  erythropoictin reaches a
max inum concentration within 6-24 h in rodems
ancl within £8h in humans (200, In ouwr study, the
drugs anenuated the erythropoictic response when
they were administered prior 1o hypoxic siress. [i s
o possibility that the drugs may have partially
bocked erythropodetin production, well before
EPO can exerl their maximum effect on erythroad
turget cells,

Adcnosine = a cellular messenger whose levels
mscreise i hypoxia. Incressed levels of adenosine
lead 1o inferced EPO prodection, In our hypoxic
model, it is likely thm pentoxilylline mny have
inhikited  erythropoiesis by means of a renal
pcdennsine stumulus, We will bricfly summarize
some siudics addressed (o elucidate the cellulyr
mechanisms of EPC production in hypoxis, We
think ki such an approach may help 1o the
development of potential strategies of intervention
in different phases of the eryihropoictic response,
In hypoxic conditions the increased degradation of
ATP results in the formation of adenosine and
ulher nuclensides (213, and alse increases EFO
prochsction (225, Two types of adenosine receptor
have heen proposed.: A receptors which inhilis
adenilateeyclase,  activated by nanomolar
couweniaions of adenosing, amd Ag  receplorns
which  stimulate  adenilatecyclase,  activated by
micronsilys  concentrations  of  odenasine  (23),
Ulngler Ty e condiions Al ||1m1.:|r
coneentrations stimulate A reecplors resulting in
an erease of the levels of  AMP,. second
messengeers im e renal producton of EPO {24,
Pesiteanifylling antagonizes the Ay roceptor, so 1
winply) fervafiace i peghmcliom in ihe rl-"'"ﬁ'l"' ol ""‘MP.I'L

T R

At the torget organ level, the relationship between
the renin-angiotensin system and EPO would be
angiotensin-I1 by means of a wvasoconsirictive
action in renal tssue thus wvielding o tissue
hypoxia, which is the stimulus for EPO production
{25). It is known thet enalapril increases renal
blood flow (26), which in turn increases oxygen
supply to renal tissue, and that would produce a
reduction of renal EPO release. However, we must
acknowledge that recent studies, especially in post
renal transplanted polycythemia, point out the
independence between erythropogitin levels and
the effect of ACEI on the hematocrit (14,16,27),
s0  the exact enalapril mechanism  remains
unknown.

From our study it can be concluded that a
prophylactic approach seems more promising for
pienvation of the erythropoielic response o
hypobaric hypoxin. Pharmacological interveation
of different steps of erythopoietic process, at renal
level and at early phases of eryihroid targer cells.
may prove useful for identification of ather useful
alternatives to treatment of CMS.

REFERENTES

l. Winslow RM, Monge C. Red cells, red cell and
plisma  volumes, and their regulstion. In:
Hypoxia, Polycythemia and Chronic Mouniain
Sickness.  Ballimore MD.  Johns  Hopkins
LUniversity, 1987, 31-54.

2. Ledn - Velarde F. Evolucidn dé las ideas sobre
la policitemia comoe mecanismo adaptative a la
altura, Bull Inst frémdes andines 1990; 19: 443
53

1. Whittembury 1, Lozano R, Tores C, Monge ©
Blood viscocity en high altiude polyeythemia.
Acta Physiol Latinoam 1968; 18: 355.54,

4. Sime F, Monge-C C, Whittembury 1. Age as
couse of Chronie Mountain Skekness (Mongc's
Duseasel ot J Biomcteor 1975; 19 93-95.

5. Leon-Velarde F, Arregui A, Monge-C C, Ruiz
& Ruiz H. Aging at high altinsdes and the risk
il chronie mountain sichoess, ] Wild ke
19493 4: 183-188

6. Moage C, Lozano R, Whitlembury §. Eifeci of
blood-letting on Chronie Mourtain Sickiess
MNature 1965, 2007 770- |

7. Winslow RM. Monge C. Brown G & ai
Effevis of hemodilution on Oy transpo in izl
altinede polyeyihiemias J Appl Phisiol 19583, 34
(495 | 5082



i

Acra Andina, VI(2): [.907

8. Kryger M. Cullough RE, Collins DO, ¢t al.
Tratment of excessive polycythemia of high
altitude with respirmory stimulant drugs. Am
Rev Respir Dis 1978; 117: 435-64,

9. lzaguirre V. Vargos M, Ledn-Velarde F,
Huicho L. Monge C, Barcelo AC, Alipt RM,
Bozzini CE. Inhibitory effect of an o
adrenergic  antagonist on  erythropoicsis  in
normoxic or hiposic mice. Int J Clin Lab Res
1994; 24: 213-16,

I3, Huicho M, Lino E, lzagueirre ¥, Ledn - Velarde
F. Monge C. Blogueo bloques farmmacoldgico
de la eritremia de aliura en mlones expucsios o
hipoxia hipobdrica continua, Rev Med Hered
1992; 3: Supl 1 36-37.

| I. Bakris GL., Sauter ER, Husscy JL., ot al, Effccts
of Theophylline on erythropoictin production in
normial  subjects  and  in patienis wilh
erythrocylosis alter renal transplatation. N Engl
I Med 1990; 323: 86-90,

12 Ward A, Clizsold 5P, Pentoxilylling: a review
of its pharmacodynomics and pharmacocinetic
properties, and s therapewtic elficacy. Drugs
1987, 34: 50-97.

13,0k E, Akgicek F, Tiz H, Kirsu 5, Tohi M,
Basgi A, Mees EL. Comparison of the eileels of
enalapril and theophylline on  polycythemia
afier  renal  transplantation.  Transplantation
1995; 59: 1623-5.

I4. Perazella M, McPhedran P, Kliger A, Lorber
M, Levy E. Bin M), Enalapeil treatment of
postiransplont erylthmcytosis: efficacy
independent of circulating eryithropoictin levels.
Am J Kidney Dis 1995; 26: 495500,

15, Fyhrquist F, Karppinen K. Honkanen T,
Saijonmaz Q. Rosenlof K. High serum
erythropoictin levels are normalized  during
treatment o congestive heant [ailure  with
enalpril. J Intern Med 1989; 226: 257-60,

I6. Shand BI, Bailey RR, Lynn KL, Rohson RA.
Effect of enalapril on  erythrocyiosis  in
hyperiensive patients with renal discase. Blood
Press 1995; 4: 233400

17. Vargas M, Ledn-Velarde F, Orozco L. Monge-
C C. Effects of enalapril on hematoerit and
chronic mountuin sickness seore, Acta Andina
1956; 5: 90,

I8, Schmidi-Niclsen K. Encrgy metabolism. ln:
Amimal phyziology. Schmidi-Miclsen K e,
Cambridge University Press. New York, 1900,
193,

19, Whatkembury 1, Chironie smtermient hyposa m
mice: A high altitude model, In: Adjustment 1o
high wleiude. Procecdimgs of ihe sympasism on
peclimatizaiion, adapintion and  olerance 1o
high aluwde. NIH Publicanon N® 3-2496: T
B2, 1953,

20, MeCord IM. Oxypen derived ree radicals
postischemic tissue mjury. I Engl J Med 1955,
312 15963,

Z1. Bouwer €, Kurz A, Oxygen sensing in thw
kidney and s relotion 0 erythropoactin
production. Annu Rev Physiol 198%; 51: §45-
1

22, Bozrimi CE. Enmigmas en el mecanismo de
ool de la secrecion de entropovetmn. In:
Hipoxia: Investigaciones hdsicas v climgas
Leon Velarde F, Arrepui A, eds. IFEA - UPCH.
Lima. 1993, 155-64.

2% Ueno M. Brookins J, Beckman B, Fisher W
Ay and As adenosine receptor negulation of
erythropoictin production, Life Sc 1985, 43
2137,

M. Fisher JW. Pharmacological modulation ol
erytheopoeiiin production. Ann Rev Pharmiscol
Toxicol 1988 28: 101-22.

25, Gould AB. Goodman 8A, Green DN Anodr vis
elfeet of renin on ervthropaictin fornation, Lahk
Invest 1973; 28: 719-22.

26, Dicte R, Nagel F. Osterzeil KJ. Angiotensin
converting enzyme inhibitors and renal funcion
in lcan failure. Am J Cardiol 1992; 70: 119C-
125C.

7. Danowvitch GM. Jamgotchiin M), Eggena PH.
Paul W, Barrenn JD. Wilkinson A, Les DB
Angiolensin-converting  ¢nxyme  inhibition
the treatmient of renal transplant erythrocytos.
Chpical  experience  and  observation  of
mechanizm, Transplantation 1995; 60: 132-7

ACKNOWLEDGEMENTS

This work was partially  financed by Conseps
Maciemal de Ciencia v Teenologia,



Hematological, cardiovascular and respiratory physiology and physiopathology 1 |

THE EFFECT OF HYPOXIA ON BETA-ADRENORECEPTORS IN LYMPHOCYTES OF
HIGHLANDERS.

Mﬂlshw_hﬁ.. Mirzapoyazova T.U,, Titey V.0, Moldobaeva A K.,
Saitgareeva L.A., Sarybaev A.Sh., Mirrakhimov M.M.

The National Center of Cardiology and Internal Medicine, Bishkek, Kyrgyzsian

RESUMEN:

El efectn de In hiipoxin salere los receptores Itta-adrendrgicos on linfocitos de pesidentes de altura

Vara evaluar ¢l posible ral de La desensibilizacain de los receptoses beta-adrenérgicos (B-AR) en la génesis de la bipertensiin pulmanar e
altmra (HPAH). estudiamss pesisentes de altura en el Cemtro Nacional Kyrgye de canfinlagia v medicing interna ¢n Bishek (760 m), Se
temastrd que ¢3tos sujeios sancs representaban un grupo beterogénes & 3 subpoblaicncs: 1) no respomdedores; 2) hiper- mspondedores;
81 cen HPAH mederads En exios ires subgrapos s delermind I diforencias de respacata e los B-AR a la hipoats En kas no
responidedons 1a Bu, on normoxia estaba disminuida en comparacica con los norme-respondedores y 13 hipoxia |o incremeniaba hasia el
Bivel de los eo respondedones. En los mesidenios de alium con HPAH mocdersds |n B esizba inicizlments olta e incrementd mis en
wondiciones Jde hipoxia Los estudios de saivacion de adenilato-ciclasa { cAMP} cn condicianes hipdxicas en bos linfocitos sanguineos
demnosdraren gque ¢l nivel te =AM tanso basal como estimulads por sgonists eitaban reducidos en los tres gropos de residentes de alues, o
sue reveliba un desacoplamiento & los [3-AR com la proicina G v o desarollo & desensibalizacitn de los recoploees.

Palabras clovis: Hlpcnnlm-]-n anenal pulmonar de ahiura; Residenmtes de ahur; Linfociios humamos; Recepores beta-adrenérgions:

Adenalato-cicloss; Desensibdlizaiin,

RESUMEEMet  de  Uhypoxe  sur les  récepiours
adediergidac bita des lnsphocyies des habilants de hawle
FsEgn,

Pour dévaluer le mile possible de la desensibalisalion des
reveplewrs . odeenergiues bétn (B-ARD dane ls pendse de
I'hypemenskon  pulmongine  dolmede (HPAHL nous ovons
realisd ume élude des habitands de hagic monagne ao Cenlre
Saticnal Kyrgyr de candiologic of de médecise inserme de
Hishkek (700 m Calmode), || a énd deémonsic gue ook sujels
<HNE feprcseatplen) un groupe héndopéng de 3 sous-populatkons
11 son-sépondants; 2§ haper-dpondangs; 3 avec HPAH
mekivde. Do s brods sous=proopes onl &6 détomandes les
rlferences emtre kes réponses des 0-AR & Chyposse. Choe les
nive-répondants [ Bee o normoxee Gl déprmde on
susnpanson avee les pormo-ndpenidings e Uhypoxie B Taisai
cloire  pusquisu  nivess  des  pon-pépondanss,  Chee  les
meetapnands & HFAH modind: 1o B, ol indlialement devde
o glle smpments encore dons des comditions hypoxiques. Les
etndes  d'activation  d'adémylaie-cyclase  [AMPI dans  des
coadlitions Bypoasques oml démaonind gque dans ks lymphocytes
du sang ke nivean de AMP, oussi bicn hasal que stk par
agomsies, étail &primed dans les i groopos, nivélant us
dsaocsupkment des B-AR @ e la prodiee G, 2 e
il veloppoinend de b ddsensshilisalson des mospieurs,
Mats-clés © Hypenemsion andriclle palmonaire de  basic
alimbe, Hehitanis des haoies  monlagnes.  Lymplacyies
bmmamns, Récepicuns ndnfmergiques Béa, Adinylse-cyclase,
Désensibilisation

INTRODUCTION

It is known thal sensitivity 1o hypoxia in various
animals  and in  humans is  very varnahle
Concentration of norepinephrine in  blood s
mereased when people rise at altitude S400-6300
m above the sea bevel (15 I was demonstried
that in healthy lowlanders afier 8 days aof
residence a1 4350 m above sea level the blood
norepinephrine level was increased and amount of
Z-AR on lymphocyies decreased (2). 3-3 hours
after returning to the lowland the receplor amount
comes  hack o the  imitial  level.  Thus
adrenoreceplors could play an essential roke in

SIRIMARY: In onrder 10 amsess the possthle mole of E-AR
desenaiveation in the pemesiz of high-abitede pubmanary
hypertension (HPAH), we comlucted investigations of lealihy
highlandirs in 1be Kyngve Nationa Center of samdiology ond
inernal weilsebne in Bighkek (700 @ shove sea levell. It was
showen (har these comditionally healthy highlanders reproseniod
the hetcrogemeous group comsisting of 3 subpopulatices: 1)
mannesponders; 2h hyporesposdons; 1) with modierate HFAH. In
these thaor proups b discrepancies af e B-AR response w
hyposia wore detcemised. In noarcipondon hypoxia d8d e
change the smount of B-AR {Baw). In hypemesponilers under
manmoata Bhax was devresssd compascd o nommeessponders
and hypoois increased it up 0 the level af nonresponders. In
Bighlaniders with maderate HPAN EMax was enitially kigh and
il larther incvensed umder hyposic condilkons. Our @udses of
adenylale  cyclase  activation umder  hypeose  condiitbons
dermansiraled thal basal sml agonisissimuloied cAMP level in
blood Dyinphocyies were reduccdl in ol thoee proweps of
haphlanders, that revealed the umcoupling of , -AR with -
Fan:mml 1tz dewelogpment off receplor doienastization

Kev Words @ High altivude palmonary afcmal hyparbeniio;
Highlanders; Haman  lymphesytes;  S-adrenorcceplons;
Addeiiylate cyclase; Pesensitization.

adaptation 1o hypoxia. Morcover, hypernor-
epinephrinemia  which associated with high-
altitude hypoxia (3), results in desensitization of
£-AR. Infringements in the adrenoreceptor state,
possibly, lead 1o disorders of organism adopation
1 high altitede and 1o discoses, assoctved with
the loss of aduptation 10 hypoxia, However, in the
magority of investigntions conducied in this feld
only the effect of hypoxia on adult lowlanders
witd studied.

Ar the same tme, there are a lot of evidences that
high altitude diseases, such as Monge's disease,
high-alide pulmonary  arterial  hypertension
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(HPAH), chronic mountain  sickness,  affect
mainly native residents of high alitude. People
with hyperreactivity of pulmonary wvessels 1o
hypoxia ane found more often among the residents
of high altitude than among the lowlanders {4).
Long-term  studies of Kyrgye Institute  of
cardiology have shown that development of
severe HPAH with right veniricular hypertrophy
(HRY)} occurred more [frequently among  the
highlanders than in the residents coming to high
altitude al mature age. The same investigations
demonstrated that, on the ather hand, the most of
nafive highlanders had higher stability 1o the
development of high altitode sickness {5). Far 7
yvears wo have conducied our studics of #-AR
state in the highlanders native o Pamir and Tien-
Shan, permanent residents of ihe altitudes of
0004200 M above 1he sea level,

We demonsirsted that development of HAPH in
highlonders correlated with desensitizaion of their
E-AR (6} In this siudy we investigoie ithe
coqrelniion of  the responses of 82-AR  and
pulmonary arlerial blood pressure w0 hypoxia in
healthy highlanders. Our study demonstrated tha
resistance of B-AR o desensitization in hypoxia
cormalied with resistance of the orgamism 1o
HAPH.

MATERIALS AND METHODS
Subjects studied

For investigation of & AR descnsitization role in
the genesis of HAPH with RVH of the heart, we
studied healthy highlanders (withowt symploms of
EVH and HAPH, which were defined by the
indirect methods) in Bishkek (760 m above the
sea levell. Mean pulmonary arfenial pressure
(PAPY was measured by the invasive method ol
the rest and after the inhalation of the hypoxic
gos-mixture {105 02), The thickness of the from
wall of the right ventriculum was oxamined by the
2R-echocordiography.

According 10 PAP response 1o hypoxia (hese
healthy highlanders were  divided  into  three
groups:

. nonresponders
L hyperresponders
A hyperrespanders with moderate HPAH.

Blood samples were collected before and after
liypoxia and the stie of £-AR in the lymphocytes
of peripheral blood wus analyzed, According 1o
the datn of Brodde et al. (7) the state of £-AR on

Iymphocyies reflected the stale of Z-AR i mgh
atrium of human lean.

Preparations of cells

Blood samples were drawn frean highlanders e
plastic tubes comaining heparin, Lymphocyies
were  separated  [rown whale  blood  samiphes
according o method of Boum et al. (8). Blowd
samples were difuted with phosphate bufieraed
saling (PBS) 1o iwice the volume and layered over
FicollVeragrafin {specifle gravity 1,077) The
tubes were cenirifuged ot 425g for 30 pun, The
layer of the lymphocytes 'was harvesied awml
wished twice with PBS and once with 20 mM
HEPES in MUY (DMEM) containing 1 msgdiml
BSA. The final cell suspension was diluted an
DMEM. The vialbility of the cells were wested by
excluding of irypan blug.

Radioligand hinding

£-AR  were quantitated using  ligand  |H)-
dihydroalprenplol (['H] DHA). The assays wene
performed  in polypropylene lest tubes
Incubations were performed in o tolal volume of
0.5 ml of DMEH containing 3-5x 1HF cells. Maon-
specilic bnding was determined by perfomung
incubations in the presence of 1 mM propranolol
The reactions were werommsted by adding ihinee
vidumes of we-cold 100 mM Tris bulfer and
samples were filered (GF-C flers, Whatman
The receplor-bound ligand radioactivity on e
fillers was counted in lguid scintillation counter

Adenylate cyclase activity

B-Adrencrgic-stimulated  adenylate evelase
activity was assayed by method of Solomon and
reflected the e of penceation of |"'P] cAaMP
from  alphal “P] ATE (), Lymphocyies  were
incubated i halanced salt solution contaning |
mM  Eobuiyl-methyl-xanthine  (IBMX).  The
miixiure wis incubated for 100 min oat 30°C
Incubations were werminated by sddition of 0.2 ml
0.1 M HCI. A r.]difﬂlull'n'll;}' ul the :.';1.|;|'||1]|:5 Wi
measured by el of Cherenkoy,

Mlaterials

|'Hl - dihydroalprenolol was purchased from
Amersham  {Englndi. and  Ficoll 4060 from
Pharmacia (Sweden). All other compounds were
obsained From Sigma Chemical Co, (LUSAY,
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RESULTS.

According 1o PAP response 10 hypoxia we isolated
3 subpopulations of healthy highlanders: 1)
nonresponders, 2} hyperresponders, 3
hyperresponders with moderse HPAH.
Monresponders had low PAP at the rest (12,8 21,6
mmHg). which moderately increased under
hypoxia (216229 mmHg). Hypemesponders also
had low PAP a0 the rest (6,721,9 mm Hg), which
increases  afler  hypoxia (34.8£2,7 mm  Hg).
Highlanders with moderate HPAH had PAP
20,7x0.1 mmHg, which sharply increased, when
we gave the hypoxia (Table 1).

The differences between groups of highlanders in
£-AR response 10 hypoxia were examined, The &-
receplor density on lvmphocytes of nonresponders
in nosmoxis and  under  hypoxia was oot
significantly different (Fig. 1). In hypemesponders
Bmax was much lower in normoxic conditions

but under hypoxia increased 1o e level of
nonresponders (3.7:14 and 69218 [mol/10°
cells, respectively). In highlanders with moderme
HPAH BMax was initinlly high and it was further
increased under hypoxia (9,514 and 12,1 £ 1.0
fmol 107 cells).

After 3 years we investigaled , B-AR density in
lymphecyies and their response to hypoxia in the
same  subjects (3 ponresponders and 6
hyperresponders). We demonstrated that Bmax
iid not change boh in hyperresponders and
nonresponders ( 40218 and 7.5+2.7 fmol/ 10°
cells), When we incubasied these lymphocytes in
hypoxic conditions { hypoxia in wvitro } for 48
hours we found that Iymphocytes of
nonresponders did nol change their demsity
69213 fmol 107 cells), where as lymphocyies of
hyperresponders  dramatically changed Bmax
4021810 7.7+1.1 fmol/ 10" cells).

Table 1. Parameters of the small circle haemodynamic, &-AR and AC activity in highlanders

Girousp Test T"-':".rR PAP Basal AL activity
(mmHg) activily L& Forsk
Noa M d6%2 12,8z1,6 6,8:2,3 T,9:0,8  10,4%1.1°* 10,221, 3°*
H L T.2%+1.9 T.120,8 11,2£1.6°* 14,11, 6%
Hyper N 3623 16,7£1,8  31,7¢1,4 7, 4z0,4 10,2%1,3°° 12,1%1,3°°
H Ay, B, 70 B, 9t1, 8" Tiatl,1l 10,;1t),8%F 14,3¢] 1=~
With Mode- M Jexd 20, 7El, 1 9,5t1,4 20,2+).9 21, 5x),5% 37 .%sd 1"

raleHPAH H

36,2£2,9* 12,121,0°%* 23,221,823, ,222,5°" £6,4%3,0°"

- p o< 0K normoxia against hypoxia; ** -p < 0,001 basal activity against stimulated; *** - p < 0,005 B™

under normesia against hypoxia

Concentration of B__ was measured in fmol/10° cells Iso and Forsk 107 -10-"M,

N - normoxia; H - hypoxia

The activation of adenylate cyclase (AC)

AC basal activity was not significamly different in
both non- and hyperresponders beflore and afier
hyposic test (Table 1), Isoproterenol stimulaiion in
normosic  conditions  bed o almost  dentical
inerease of AC activity in bath groups, but under
Bypoxia only in nonresponders the activation was
shightly increased, whereas i hypermesponders
percentage  of  activamon  did  one change
authentically

Stumulaton of AC was semilar an hyper- and
nenresponders . We have demonstrated above that
B was two tmes lower in hypermesponders

compared 1o nonresponders, so these daa revealed
hyperreactivity of E-AR i hyperresponders.
Hypoxia did not change isoproterencl- stimulated
activalion of AC | In highlanders with moderaie
HPAH basal sctivity of AC was signiflicantly
higher compared o non-gnd  hyperrespenders.
Hypoxia blocked effect of isoproterenol  and
forskodin on AT, These  data revealed
desensitizaiion of B-AR with development of
HPFAH.

Chur measyrements of cAMP level in lymiphocyies
aler hypoxia in vitro demonsteated that hypoxia
decreased the basal and agonist-stimulated cAMP
levels in hyper- and normosesponders (Table 2},
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Figure 1
Changes of beta-AR density
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DISCUSSION

It is known that at mammals hypoxia increascd
blood norepinephrine levels and il could result in
desensitization of B-AR (1L Al the same time,
preservation of normal sympathelic reactivily is the
imporiant [acior of the individual survival in
extremal environment. Our data demonstrated the
heterogenic responsgs of human  organism o
hypoxia and would allow us 1o forecast the clinical
prognosis of chronic  hypoxia on  developing
HPAH. It is known that B-AR will stimulate
vasorclaxation of the systemic and pulmonary
vessels and decrease arterial blood pressure. Thus
the: functional disability of &-AR will cosrelie with
decreased vasorelaxation and increase in arterial
hlond pressure,

By dividing highlanders into three subgroups, we
lfound out the correlations belween ihe B-AR nd
I'AP responses (o hypoxia. In  nonresponlers
hypoxia moderately increased PAP and did now

change £-AR density. In hypermesponders hivposia
mcreased - AR |Jl.‘:l1:~'|['r|.' and PAR In IllFI'I'—"'lI.II,'l"-
with maoderate HPAH Bmigx was i1|.|||,'||!:.' ||EF|I|.'I
and hyposia increased o8 Turthenmore, When we
investignted the functional activity of S-AR by
oproterenol dependent setivation of AC we [l
thal biypoxia did not change the rate of aotivation of
AC beah in hyper- and normmorespondens. However,
in hyperresponders under hypoxia it was almasst 2
fold increase of B-AR amount siich was nasl
accompanied by proportional  inerease  in AC
activity, These dati proved that hyposiae recruited
[rcert of 2-AR which were still i 1,"|1|||'||.|_'||I wiih s
protcin and AC {10h In nonresponders hypoxia did
not affect both £-AR amount and their activie In
highlanders with maoderate HIPAH  ssopronernens|
masdermely activaled AC in mormosue anad dad ne
stmlate il in hypoxia. Thus, in this groop the |
AR desensitiation becomes obvious alresdy in
nasrresa aned hypoxia enhanees i Tortheri m_-.

High  bosal  periviey ol deappearwe . ol
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woproterenol dependent activation of AC revealed
that AC activity in this group of subjecls was
unoupled oo E-AR and had have different
mechanisms of regolation (115 N is known that
clevation of intracellular calcium, sctivation of
PEC could activaie AT by 2-AR independent
patlvays (120

Interestimgly, it Iymphocyies Troam
hyperresponders could upregulaie 8-AR densiiy in
respodse W hypoxio net only in vive but in vites,
Noenresponder's lvmphocytes did not change Bmax
o hypoxis in vitro. Early we hod shown that
hypoxin  upregulated  different  profeing  in
lymphocyies and this effect wis mediated by
calcium (13). When sdded calcium  scavemger
EGTA ablated the effect of hypoxia on protein
expression (14).  We  demonstnged  thm
hyperresponders and  highlanders with moderaie
HPAH exhibited hyperoctivity of their caleium
channels and incrensed intracellular calcium levels
(151, We suggest that increased  intrucellular
colcium might upregulate expression of 2-AR amd
hypermctvation of AC i highlanders  wiih
masderate HEAH.

Our data supgest that healthy highlanders are
beterogeneous by their response to hypoxin The
dilference in response of pulmoenary arerial blood
pressure 10 hypoxia is comelaed with the response
ol -AR 10 hyposia. In hyperresponders hypoxia
upregulites 2-AR density which does not enhance
signal  transduction  because  of  pantial
desensifiaation of £-AR. In the group with
moderate HPAH most of 8-AR are desensitized
and AC activity is nod regulited by AR, Thus, the
resistance (o development of HPAH is comelated
with the ressstance of £-AR o desensitization in
hypoxia, and its ability 1o setivate AC and condust
vasodilmtation of pulmonary aneries.

CONCLUSIONS

o According o the response of pulmonary arterinl
pressame and  B-adrenoceplies 100 hypoxi,
healihy highlanders appeared 16 represent three
sulgriups: onrcsponilers, h'_|.-|'l|.'r'l'|.'5-.|"|1.1|'||;]-_'|:h.
highlamnders with madende HPAH,

Y]

Hyperrespomders  and  highlanders — with
modenste HAPH have signs of desensitizmion
of E-AR which comelates with hypernesponse
ol pulmomary  anterial  Blosd  presare o
hypoxion, Resistance o highlanders 10 ihe
developmient of HPAH s comekited with the
restsbanee ol their B-AR o hoypenia-induc el
ilesenisitieation.
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NEOCYTOLYSIS IN THE ADAPTATION OF RED CELL MASS ON DESCENT FROM ALTITUDE
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RESUMEMN: Neccitolisis en la Adaptacién de la Masa de Eritrocitos al Descenso de la Alturn

Les indsviduos aclimalizados que descienden de la aliura deben sdepiarse sipidamense o la policilemis, que es un cxceso en b mass de
eritrocites y en & volumen sanguineo én relacidn al nuev ambiente. Creemos que esto 5¢ acompana por neocildlisis, que conslste en la
destruccidn selecliva de los erioecies mEs jdvenss, on proceso fsioligico que descubsimos recientemenie a iravds de estudos en
astpanaulas. Al entrar en microgrvedad, | sangre de un asronauta s distibuye centralmente cassendo policibemia aguda. Luego se
preduce una disminesidn reprodecible de 1003 en la masa de ericrociios en los primernd Had dé parmanencia en o cspacio. La praduciion
de eritreciaos no dismEnuye en easas prinsenos ding ¥k supervivencia de los critrocisos mascsdos mds vicjos of nonmal. La conclusion
evidonie es que se peoduce peociidiisly. Exudics pealizados hace 45 afios en el Pend y en los Himaloyas demuestan clammenne que hay
hemilzis al deseonder de la altur. Hay us 1055 de dismisschin en b masa de ritrocilos duranie les primeres dios de permanencia a nivel
del mar, adesrds hay un incremente en B Balimabing sérica v en la wobilin focal, teda lo quo ocurre anges que haya cualquier calda
significaciva en b produccidn de eritrocnos. Estedios realizados en sujeios aclimatizados que desciendan de b altura podrdn demostrar
difcetasmenss la neocstidlisiz-n trovds del miseads selective de grupos do onitrocitos de diferenies edades. Estes csisdios nclameds bos
mecandsmes subjyacenics de b neociedlisis, si niveles sub-umbral de eritropoyetina afectan o no fa expresidn de moléculas de adhessdn, asi
coand Ins imemecieess entre fagocitos. La neocitilisis peede tener implicancias amphiz: ¢a la imedicina clinica, incluyends ol aspecio de bos
mogimenes de dosidicacitn de ciimpoystina

Palabras cloves: Entrociios, Aliura, Adapiaciin, Meocisdlisis, Policisemin

RESUME: Néocytolyse dors odapiation de ks masse
d¥rythrncytes chies bes vayageurs descendant de régions de
gramide aliitude,

Lex imdividus acclimaids qui descendent des hawlcors doivent
'aidapler rapidement 3 la polyglobulie, un excés de la masse
d'érythrecyies ef da vobams sanguin oo Rppoet aves le nouvess
milicu. Mous penseos quielle cot aegoenpagndo do néocytolyse,
desiruction silective des drythoocyies ks plus jeuncs, processus
physsologigque que nous avons récemment doouvert price & dex
diudes sur les pswonauies. En entrant en micro-pravitation, lg
sang d'mn astronaute s desirbes: eenaloment, provoguand une
polyplobulic  aigud.  Survienl  enssile  une  diminution
reproduksibe de 10 % de la masse d"dryiheocyses au dibur du
sipour dans Uespage, Il 0"y a pas & daminstion de b prodecrion
d'érythrocyies ou cours des premicrs powrs of R survie des
ényvihrocyics marquis bes plus vieux e moewale. La conclusion
évidente est quiil e produbl ene ndocyiolyse, Des Sudes
Iﬂhiﬁ#ﬂ}'ﬁ-‘ﬁﬂnuﬂlﬂﬂdn]'ﬁnﬁhﬁﬂmm|
clairement qu'il ¥ o kdmselyes kwagu'on descend des havieurs,
La dimnination de Ly messe d'dryheocyes est do 10% dorant les
proimicrs jomrs de séjour su nivess de la e

i"une diévation do b biliruhine sénque of de Furobiline fecale,
réaciioes obserdes avant que ne s produlse wne chule
sipnificative de b production  d'énthrocyies. Des dsiles
clfccimdes cher des sujes acchimalds qui descendeni des
hawtcurs pourmant démoniver direciement la néocylokyie, par o
marguage skl de groupes d dryihrocyies o ipes diff&enis
Ces dbndes ductibkaont e mécanismes  sous-jacenis de 13
miocytalyse, i bes nivesax d'drpheopoidtine mivrioss ou seull
affecicnl om non 'expression de moldesks &' adhésion, ainsi
que les inieractions onire phagocyies. La ndocytalyse poul avosr
d'amples implicatioos on médecing clinique, ¥ compris ["aspoet
dhes négimes de dosilfcation de 1'érythrepeittine.

Mots-clés 1 Enpbrcoyics, Alimde, Adapimion, Méooyiolyae,
PFadvglobulee.

INTRODUCTION,

Current dogma in hematology holds that red blood
cell mass (RBCM) is controlled entirely at the level

SUMMARY: Acclimated Endivaduals doscending from high
altivede must rapidly adope so plethors, an exgess an red el
mass and blood volume for their new envircamnenl, We Believe
that this i3 aceomplished by neocytolysis, the seleciive
destroction of the youmpest med blocd colls, o physiclogic
process wo necently discovered iheough mudics on asronaut,
Om enleiag microgravily, an asironaut’s blood  disirbuics
centrzlly camsing sewie plethosa. Thae ensues o reprodocible
10 dechine in red ceil mass bn the lirst soveral days in space.
Rid eelll production does not decline in hese Terst days, anid
smrvival of labeled older red cells is normal. The imescapable
conclusica i ikat neocytolysss cnsucs.

Siudies done 43 vears ago in Pons and inothe Himalayas clearly
demonstrale hemalysis oo descent fimen high altiiede. Thers 15 a
1% dechme in ned oell mass in the firs severs] days & sea
level, @6 iecreasc bn serum hilirubin and stool wrobiling sl
occugring before there i5 any sgnificant fall m red cell
production. We preview  studics on  acclimaied  swhjocts
theztendiag from high aliiude which will direetly demansinan:
neacyiolyeis by selectively labeling red cell cohaores of different
apes. These stodies will cluciidato underlying mechanisms of
neocytolysis, whether pub-ihdesholl orthropaiclin lovels afTiecl
surface adhesion maoleosle expression and sl cell-phagosyie
interactions. Meocytolysis may have beoad |mplcations o
chinical maodicine, imcluding to current dosing repimens of
erylhrnpoictin

Bey wordss Blood ned ocls, Hyghealiitude, Adapesion,
mencyiolixis, Polpeythemes

of red cell production under the influence of the
hormone erythropoictin (EPOD). EPD works at the
level of primitive red cell progenitors, stimulating
proliferation of cells committed o an erythroid
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maturation pathway, preventing apoptosis of
primitive eryihroid colony-forming units (1), The
actions of EPO are believed 1o be limited to early
progenitor cells, nol on more malure normoblasis
and erythrocytes. Red cells released into the blood
survive 120 days and dogma holds that there are no
physiologic mechanisms (o shorten red cell
survival,

A decrease in BRBCM (anemia) is much mose
commonly observed than plethora, Stuedies of
physiologic responses in normal and  anemic
individuals gave rise to the principles stated above.
There has been relative neglect of physiologic
processes thal come into play in circumsiances of
plethora.  Through  siucies  of  the  wnusual
environment of spaceflight, we became aware of
the process of neocytolysis, the selective hemolysis
of young red blood cells. In this paper, we
concentrale mainly on how this process is manifest
when individuals scclimated 1o high  altitude
descend o sea level, and on how studics of such
descending individuals can shed funther light on
neocylolysis. Proving and better understanding this
process may have broad implications in physiology
and clinical medicine.

Spaceflight amemia. It has been known for
decades thal astronauts returning  from  space
consisiently experience a decling in RBCM of
about 10% afler spaceflights of 8 w 10 days or
mare, The mechanism responsible for the anemia
has finally been clarified by our group's studies on
SL5-1 and SLS-2 (2-3). On entering microgravity,
the blood that is normally held in the exiremitics by
gravily suddenly shifts centrally. There ensues a
very rapid decline in plusma volume (due 1o a thind
"spacing” causcd by factors not yel defined) and a
deercase in EPO scoretion, There are two rensons
why a hemolytic mechanism must be invoked to
explain the fall in RBCM, First, the fall is too rapid
o be cxplainec cntirely by decrcased red cell
production,  Second.,  ferrokinetic  siudies
demonstrate that there is linle if any decrease in red
cell production during the first several days in
space. This is just sz predicled from  our
understanding of EPO  action; circumstances
effecting a decrease in red cell production transpine
alter a delay of several days (1),

While hemolysis  seemed  certain, it was
disconcerting that “Cr-labeled red blood cells were
repeatedly found to have normal survival in space.
This became understandable when we considered
that red cefls were labeled with “'Cr twelve or more
days before launch, The only way to reconcile all
obscrvations is (o conclude that on  entering
microgravity, there is sclective hemolysis of the
youngest red blood cells, a process we call

neocytolysis (3.4) (see ligure).

i
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Figure. Red Cell Cohorts Measured Afifer
Fourteen Days in Space Cells 0-6 days old were
labeled with “Fe on the third day in space. Cells 7-
26 days old were unlabeled, These consisted
mainly of red cells less than 12 davs old at the time
of launch. Cells 26-120 days old were labeled with
"'Cr. Based on data from SLS-2 astronauts (3).

Prior stodies of descent  from  altitude.
Adaptation 0 the hypoxic environment of high
altivede  prosduces  polycythemia,  Acclimated
mdividuals rapidly descending 1w sea level find
themselves in a situation very similar to astronauts
enlering  microgravily, experiencing  plethora
maladaptive 1o iheir new  environment.  The
changes thot oocur with descent were siudied in
Pera in 1950 (5). Merino found tha hemogtlobin
declined by 10 o 18% in the lrst 10 doys afier
descent.  Serum  indirect  bilirubin and  fecal
urobilinogen increased markedly with peaks at 6 1o
8 days after descent. He concluded that a “very
distinct hemolytic process oceurred in all cases.”

Hull amplified these observations by siedying 11
acchmated natives descending from high altitude in
Peru to sea level (6 A fall of 9% in RBCM
oocurred i 8 1o 10 dayvs. Ferrokinetic studics, bone
marrow eximinations and reticulocyle counts again
demonstrated no significant decline in red cell
production duering the first several days of the
RBCM decline, but there was a substantial fall in
red cell production luer on. Pace’s observitions on
ten men living in the Himalayas and relurning 1o
sead level echoed the conclusion that & hemalyiic
mechanism was necessary o explain the earl
rapud fall in RBCM (7).

Thus, observations made on descent from high
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alitde complement those made on  astronauts
entering microgravity and provide further evidence
that some type of hemolyiic mechanism comes into
play in adapting w plethora, Confusing the issuc
was a study which showed that red cells of rats had
normal survival on descent from altitude (8), Just
as in the astronauts, the rat red cells were labeled
with "'Cr several days before descent. Neocytolysis,
hemolysis selectively affecting the youngest red
bload cells, was not considersd by the investigators
of descent from  altitude Bt it woubd have
reconciled all obaervations.

Proposed mechanism of neocytolysis, Mewly-
released red blood cells mteract intimately with
reticuloendothelial phagocytes particularly in the
spleen. Inclusions such as Howell-Jolly bodies are
pitted  and  culled, and red cell membrane
phospholipid s conditioned. Surface adhesion
mudecules have been found o be important in red
cell maturation (9). Among circulating red cells,
adhesion molecules are nchest on the youngest
cells, It seems likely that neocytolysis is mediated
through changes in red cell-reticuloendothelial cell
interacticn  resulling  [rom changes in surfice
adhesion molecule expression,

EPO is the main regulmor of RBCM by up-
reguliting red cell production in times of need, and
there i% reason o believe thit EPO remnins the
mizwn regulator of RECM in adaptation to plethorn,
A [all in EPO levels below a eritical threshold may
initiate neocytolysis. Neocytolysis occurs in just
the situmions where EPO levels are suppressed.
How EPO effects changes in sdhesion molecule
expression remains o be clucidaied,

Meocylolysis can be viewed as an example of a
general  emerging  physiologic  paradigm, an
cxtension of apoptosis 10 non-nucleated cells. The
hedy maintaing homeostasis and is able o adapt 10
cnvirpnmental changes both by reguliting celi
production and cell death, Cells require lineage-
specilic  growah  factors  for their  birth, their
pralifermion, and for their survival, Planned studies
i descent from alitude. With collaboratoss at the
Instatute of Aliude Siwodies, Universidad Cayetano
Heredia in Lima, we are poised 1o begin studies
designed 1o delinitively prove the existence of
neocylolysis and 1o clucidmie the underlying
mechanism. Individuals acelimated 1w 14,500 fect
will have studies of RBCM, red cell survival and
heme turnover in Cerro de Pasco, Perv. Cohonis of
red cells of dilfering ages will be differentially
labeled wsing “Cr, "C and "M, allowing direct
determinstion  of  which red cells are  later
hemolyred. Subjecis will be transported 16 sen
level where we will repeal measurements of
RBOCM, red cell survival and heme wrnover, We

expect to directly show that only the youngest red
cells, less than 7 to 12 days old, will hemolyze.
Some subjects will receive daily subcutanzous EPO
imjections on descent. We cxpect this fo abrogage
neocyiolysis and prove the role of low EPD levels
in initiating the process.

Wider implications. These sedies  have
implications [ar beyond the unusual situations of
descent from high altitede or spaceflight. As onc
example, neocytolysis should occur in athletes who
iry o enhance performance by “blood doping”
adminisiering supraphysiologic aviologous red cell
iransfusions. Whenever new physiologic processes
arg defined, periurbations at vanious steps ane soon
oppreciated which lend to discase. An example
might be the congenital hemalylic anemia due 1o
defickency of pyruvate kinase where it is known
that young red cells are selectively destroved (107,
It is likely that understanding and manipulating
neocylolysis would allow fresh pathophysiologic
thinking and nowvel therapeutic approaches o a
variclty of hematologic  disorders, such  as
polycythemias.

The anemia of renal disease is another situation
where EPO levels are low, and levels may be low
enough in some patients (o precipilate neocytolysis.
Neocylolysis could contribule 1o the documented
hemuolylic component in some patients with the
anemin of renal disease. Our theory predicts that
currently widely used EPO dosing regimens of
three intravenous  boluses weekly are  highly
inelTicien because peak levels would stimulate
progenitors  toward  erythroid  maturation bt
neocytolysis may occur at the EPD nadir. This may
expluin recent empiric observations that much
lower doses of EPO are therapeutically effective
when  given  daily  subcutancously  (11).
Subcwtancous regimens could resull in substantial
health dollar savings,

In summary our studics on ihe decline of RBCM
with spaceflight led 1o the incscapable conclusion
that adaptstion occurred by the selective hemolysis
of young red cells, a process we call neocyiolysis,
We theorized that this should occur as well when
individuals acclimated to high altitede descend 1o
sca level. We were surprised 1o uncover forgotien
and ignored dma from 45 years ago demonsiriting
hemolysis on descent. While neocylolysis was not
considered by these investigntors, it would best
explun their data and would be the most elficient
way for the body o adapt w0 acute plethors,
Planned studies in Peru will prove and clarify the
mechanisms underlying neocyiolysis. including the
possible role of sub-threshold EPO suppression.
Understanding this process will permit a fresh look
it hematologic disarders and their therapy.
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ERYTHROPOIETIN SECRETION DURING HYPOBARIC HYPOXIA. MODULATION OF THE
RESPONSE BY THE LEVEL OF ERYTHROFPOIESIS

Carlos E. Bozzini
Department of Physiology, University of Buenos Aires, BuenosAires, Argentina

RESUMEN La eritropoyetina (EPO) 03 una hermesa plecoproteica que forma pane de un mecanizmo de reipoadimentacidn negativi
invalucrado en & coneed de b erloroporesls. La cceentractin de EPD en plasma (pEPO) ea bos mamifercs depende del balance
existente enive el apome de oxipeno (k) 3 bos igjidos v lo demanda del ges por ellos. Sim embargo, chiervaciones clinkcas y
experimenales indican qoe otros Facioces, ademds del Oy, estarfan lambidn invalucrados en la medulacién de 1a sistes de | hommona.
Par ko eanta, modelos experimentales maniaod fueron desarmallados en nucktr labotatoro para investipss la relacidn posible entre la
peodescidn de EPO Odependienie ¥ ¢l nivel de ks eriropoyesis. Esta fue estimulada medianse admindsimcitn de reEPD o inhibida
mediznte inyeccide de ciclofosfamida. Condo ratones asl iratados, junio o miones controdes, fueron expuested duranie & koras o
hipoxia hipabdrica para induccidn de hipenemia, pEPD foe 208 % v 13 % del valor nermal en Jos animales con eriropoyesis deprimida
o estimulada, peepectivamenae. Bl catabelismo de EPO no foe afectado por singuno de los raandenics. Esios resultados segieren que 1a

sinteshs de EPO en los mamifens no sdlo guards

seluzidn con & balance entee nfens ¥ demasdy de Oy fisulares (astimalo priccipal) siso

también con |a actividad eritropoyética de by médula dsea (accidn moduladora),

Palabras Cloves : Entropoyeting, Hipoxia, Hipobaris

RESUME: Sécrétion d'érythrepoiétine on cours de

Ihypoxie hypohare. Modulation de la criponee par le
niveau d'éryvibropoitse.

Lérythropoiéine (EPD) et wne honmone glycoprosdaque
laisand partic d'en mdcanisme de réroalimentation implsqué
dera le comndle d: B prodection de plobules rouges. Les
nivesax plosmatiques &"EPOD  (pEPD) des mamemnifirs song
lids & I"apport d'oxypine (O:) aux fisset en (onction de leors
besolne, Les  observations climiques <0 expénmentales
indiquent cependani que d'outes focteurs en phes de O
pouvend dgalement fire impliqués dans la modulation d= In
synibiag ' EPCL Des modiles expérimontaus de soiris ond
dong & développds dass notre labormoine afin de pechercher
une dventuelle relotion entre 1a peoduction d°EPD ﬂ,‘.-pml;lm:
"0y el le miveaw dérythropoiitse. Celle-ci a étd slimulée par
-EPD) o pnhibde par eyvelophoiphamide. Les sours ains
trafides of un groupe de sounis eormales ont & soUmERS 3
I'typoxie hypobare pendant 6 heures. Chez les sounis
Bypoxigoes lex vadeurs de pEPO ond atteint 308 % par mppaont
4 In mormale chex ks sowrs & Pénthropostse déprimde et 33
e chez celles ol elle a dié stimalde. Le canabolisme de I'EPO
m'a pas dpd alfeced par hes toisements. On seppine done que lo
synthiése de 'EPD chez les mammiferes el Bée mon
scubement i appon d'coyvpéne aux tisos selon losrs besoins
(atimalus principal), mais aussd i Pactivied érythmide de la
el psemse (netion madularrics),

Mugs-elis | Erythiopoidiine, Hypenie. Hypobarie,

Oxygen (0,) transport within the body is often
divided into 3 convective porlion, comprising
bulk transport of @, 10 the copillaries. and o
diffusive portion, consisting of off-loading of 0,
within the cagillaries and diffusion ultimately 1o
cytochrome aad within (the mitochondrion (1)
Convective 0, transport {COT) is the product of
blood Mow and arerial O, comtent (Cad,), Cald, is
a function of hemoglobin (Hb) concentration,
oxyHB birding properics, and arterial PO, {Pa0,)
The circulafing red cell mass (RCM}) iz an organ
that collaborates in COT by providing a HB muss
that hindds 0, is o reversible form. The organ is
composed of red blood cells (RBC), which have a
fimite [ife span and lack the ability lor self-

SUMMARY: Endhropoietin (EPO} iz o phycoprotein
barmone that 4 part of a fecdback mechantsm invedved inihe
contrel of red cell produciion, Flsma EPD levels (FEMOD) of
mammals are related fo the axygen 0z supply o lissucs
rolative 1o their Oy needs. Hiowever, clindcal smd expenmental
checrvations indicase tha factors other than Op could bbe
Ervolved also i the modelstion of EPO synthesis, Thenefore,
experimental mosce modals were developed in our labaratary
0 investigala the passible relationship betweon Oy dependent
EPD peoducibon ard 1he level of erythropolesis, Enyibropoiesis
was  either stimolated by th-EPM) or depreszed by
cyclophoapbamsde. When mico so incated, as well as neomal
mice, were made hypoxemic a 6 hewr-exposare Do
hypoharia, pEPO was 208 % of sormal and 33 % of pormal in
mice with depressed or  stimulaled  erylbropoiesis,
naspectively. EPO catabalism was nol afTectod by Icatments.,
It &5 1hwes guppessed thar EFD synthesis In mammals ks nod only
relmied 1o the 0 sapply 1o tssues relative 1o their O needs
{main stimubos) bet also o the erythroid octivity of the bone
marrow (enedulaory action).

Key Words : Enythropaictin, Hypaxia, Hypobaria

renewal. The RCM 15 maintained ol an optimal
gize for its Tunction by adjustments in the rate of
erythropoiesis since the red cell life span is a
higlegical constant,

Erythropoicsis is thus o vilal process that is able
te  adjust to different  physiclogical  and
pathodogical conditions. Consequently, the level
of erylhropoicsis will decrease if the RCM 15
arificially increascd by transfusion, or will
increase under conditions that induce hypoxia, as
defined by a diminished 0,-corrying capacity of
blood (anemia), by a decreased arienal PO,
(hypoxemia), or by an incregsed HE O,-affinity at
s lewel.
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Physiologic adjustments of the rate of
m}-{hmpgiu'rs :ml RCM are madiﬂl-md by
erythropoietin (EPO), a glycoprotein which acts
as a specific growth facior for erythroid
progenitor cells in the bone marrow {2). "_J"lm
hormone is thus a part of a feedback mechanism
involved in the contrel of erythropoiesis. It is
mainly secreted by renal endocrine cells in
inverse correlation with COT through the
expression of an EPO genc apparemily in
response to both contitutive and hypoxia-induced
transcription-regulating factors (3).

According to the almost 40-year old hypothesis
of Fried et al (4) that EPO synthesis depends on
the convective 0; supply 1o tissues relative lo
their 0, needs, it seems evident that the EPO
production rate (EPO-PR) is negatively
correlated to 0, availability, namely tssue PO, A
structure, possibly a hemoprotein, has thus been
proposed that senses the 0, tension and initiates a
zignal that lums on the expression of the EFO
gene (5). According to this model, a kidney O,
sensor measures intersticial PO, and maodulates
EPO-PR by the kidney, which in wrn adjusts the
rate of erythropoiesis to meet the demand for 0,-

carrying cells.

Although Fried's hypothesis has roceived sirong
experimental and clinical support, the following
evidences militates against its inherent simplicity,
suggesting that factors other than 0, could
modulate EPO synihesis:

1} Fried et al (8) reported that plasma EPD levels
(pEPO) of WWw mice, which have a mild,
congenital anemia, a decrcased response 1o
EPO, and a defect in their muliipotential
hematopoietic stem cells (HSC), were higher
that those of comparably anemic non-muotanis
(#++). This differcnce was not longer present
T duys alter iramsplanting marrow cells into
WWv mice. Al this time, the response of
WiWw mice 1o EPO was comparable 1o that of
+4+; yeu the colonizing ability of their HSC
was still defective. From these data, the
authors suggested that EPO-PR at any level of
anemia s modified by the ability of ihe
hematopoietic cells 1o respond 1o EPO,

2} Barceld and Bozini (T) presented evidence that
pEPO  during continuous  exposure o
hypobaria in mice with marrow aplasia
induced by whole body X-irradiation or §-
Muorouracil injection were higher than in
control mice similarly exposed. These linding
gave supporl 10 the hypothesis ithat a
relationship exists between EPO-PR and the
erythroid responsiveness 1o EPO,

1) Birgegard ct al () measured pEPO in 23
patients before, during and after imensive
cylostalic  treatment courses for  acule
leukemia i bhelome hone T
transplantation. A marked increase was seen
in all paticnts, starting 1 or 2 days after
initation of treatment. A peak was reached
after aboul 7 days, afier which pEPO fell
rapidly, even in patients who were anemic at
that time. In 13 of the patients there was no
fall in HB levels that could explain the
increase in pEPO. The increase was too large
to be explained by an alered EPO
metabolism or marrow utilization. Authors
suggested the existence of a mechanism other
than anemia for EPO-PR stimulation.

4) Piroso, Erslev and Caro (9) performed serial
pEPO measurements in & patients with acute
feukermia treated by intensive chemotherapy,
In all cases pEPO increased after the onset of
treatment, although the HB concentration
remained a1 siable values. Subsequently
pEPD gradually returned 1o baseline levels
the time of bone marmow recovery, It was
concluded that this inapropriale increase in
pEPO couild be related 1o a direct or indirect
effect of a suppressed marrow on sites of EPO
production or catabolism.

5) Jelkmann and Wiedemann (10} compared
pEPO in nonrenal anemic patients  with
erythrocytic hypoplasia or aclive
crythropoicsis. In both groups, a negative
cormelation was determined between the blood
HB concentration and the logarithm of pEPO.
Howecver, the two regression lines were nol
identical, and pEPO was significanily higher
for the degree of anemia in the patienis with
erythroid hypoplasia, This data support the
idea that, independent of the 0, offer, the
proliferating  erythrocylic progenilors  lower
pEPO by negative feedhack,

In the five described swdies pEPO  wa
uncxpectedly higher in humans or animals with
demonstrated or assumed poor erythroid response
o EPO. It was also assumed that pEPO reflects
EPO-PR.EPO  concentration in  the plasma
compariment, however, depends on the balance
between EPO formation and EPO disappearance
rates. Consequently, the above lindings could be
Miributed to changes in either EPO synthesis or
EPO catabolism, or both. To clarily this point,
studics were performed in our laboratory (11, 12]
lo estimate both pEPO (during stimulation of
hormone production by hypobaric hypoxemia]
and plasma EPO hall-life in mice in which the
rate of erythropoicsis (RBSPR) was  cither
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increased by th-EPO admanstation or depressed
by cyclophosphamide (CP)  weatment. Two
mouse misdels were thus developed in which the
0,-carrying capacity of blood, pEPQ, blood
viscosity, 0, supply/demand ratio - factors that
alter EPO production - and the kinetics of plasma
EPD were within normal values in spite of
intense  stimulation or  depression  of
erythropoiesis, Any observed difference in pEPD
in response (0 the hypoxemic stimulus between
experimental and control mice should therefore
be atmbutable v the increased EPOD-PR. As
expecied from previously reported resulis (13),
hypoxindependem EPD-PR was inversely relmed
to the level of erythropoiesis occunting in the
animals during exposure to hypobaric hypoxia,
EPO-PR being 208% of normal in mice with CP-
induced depression of eryvthropoiesis and 33% of
normal in those with EPO-induced enhancement
of erythropoiesis,

Mo evidences exist on the nowre of the operating
mechanism. However, data suggest that a
functional link could exiss between the EPO-
responsive cells in the bone marrow and the
EPO-synthesizing cells that could modulate the
hypoxiadependent expression of the EFQ gene. IT
this iz really the case, then the EPO-PRE in
mammals will be not only related 1o the O, supply
to the tssues relative io their 0 necds (main
stimulus) but also e the ervehiroid activity of the
marrew {moduluory action),
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RESUMEN: Efectos Meuroguimicos de la Hipexla Prolopgads en lns Neuronas Moradrenérgicas del Niekes del Tracts

Salitario di la Bata

Fara determiner bos efecios de [a hipozia wobre 1a actividad catecolaminérgica on el nicleo del ircio solitario (NTS), se
miﬁ“mmnummﬂﬁh{lmﬂimnlmipﬂrldﬂ 1.2 & 3 eimanad. La venblacida aumenid
gradualmente duranie la exposicidn hipdxica alcanzando una meseta |uego de 10 diss de hipoxia. La hiposia prolongada estimuld el
recambio de norepinclrina en los neuronas nocadrenérgicas bocalizadas en el NTS caudal al obex, la regida a la cual se proyectan fibras
carotideas aferentes, La quimiodenervacidn bilacernl abolsd bos cambios centrales ea o actividad noradrenérpica. La activadad v
ppnitbidsd de tirnsina hidroailata (TH, 1a engims limitante de la sinlesis de caecolaminas, ¥ ¢l mivel de codificacidn de mARN para TH
numentarcn en el NTS caudal en respuests o la hipoxia prolongada, indicande induccidn di nesvas meliculas de proteina TH. Esios
cambios neuroquimicos ocurricren olamente heego de hiposia proleageds. segivendo que lad meuronas momdrendrgicas estin
implicadss en la vin cemtal de qeimioreceptores durante ks hipaxia sosienids, pero guee B0 son chendiales para las respuestas reguladoras
o la hipoxis ogedn, La nosepinefrina liberada bajo condicionss de hipesia predongada podefa jugar wn rol sceramoduladar en la

oclimatachin vemilsioria

Palabiras elaves: Tronco escefilico, Células A2, Via gmimiorelleja, Tircdina hédraxilasa.

RESUME: Effets neurochimiques de I'hypoxie prolongie
sur les newroncs noradrénergigess du noyau du traclas
solitaice du rad,

Alle de ddrerminer les effeis de “hyponie prolongle sur
I'activitd des cadcholomines de noyau de wacius selitbe
{NTS), des mis mdles adulies oni &6& sounss hu.rr:hrppl;l-:
nonnobare (10% Oy dans "arsée) pendant 3 jours, puis 1, 2
ou 3} semalmes. La vemtilation mospiraloine 3 augmesié
produciiement  pesdant  [‘eaposition  hypoxigwe, jusquia
atizindee un palier ow bows de 10 jours. L'hypaxie peolongos a
slimulé ke remplacement de o mordpindphring des neuroncs
i localisis dans Je NTS casdal par rappon 4
lebes. rpion ol o2 projelient kes aflérents comogidsess
chimbosensoricls, La chbmbsinervation bilasdrale a aboli les
changements centrasx o cours de "serivied noradninergique
O o motd mne awpmentation de "sctivitd e & o quaniid de
Pengyme limitative de b beosymibése des catéchodamiees
iyrosing ldreogylase (TH) et du siveau de mBNA posr la TH
dans le MTE coudal, en edponse & Phypease peolonpde,
indligmant I'indoction de nouvelles moldcules de fa rodine
TH. Ces changememts meusochimiques ne se produises)
qu'opeis une lypaxhe prelongée,. wappdrant que bes ncurones
noradrdnerpiques  som i.rn.plq]ue: dams  lo g des
chimionizepleurs centraux pendant P'hypocie sostenue, mais
fqu'il ne oM pas casenlicls pour lok iéporces négulnirice b
hyposiz algud. La nonfpinéphrine libénke dans  des
wanditions d"hypoxie prodongde joue un nide nosremodilaleur
idans I'acchimatation respiraloine,
Muols-chis : Tronc encéphaligue, Cellules A2, Tmjer des
chamioricepiours, Tyvoxine hydroaylase.

Various  physiological adaptive responses 1ake
place in Mwe of reduced oxygen concentration or
pressure  in inspired  air.  Among  them,
hyperventilation is probably the most obvious,
When prolonging hypoxia, there is a progressive
increase in hyperventilation even though the
hypoxic stimulus remains @ a constant level,

SUMBMARY: In order to determime the effects of long-teymi
bypaxia on catecholamine activity in the nucleus irncius
olitardus (NT5), male s were subjected fo mormobanc
h:p'plb.liiﬂﬁ (3 in mibrogen) fasting for 3 days, 1, 2 or 3
weeks, Wentilalon mcrcased pradually during the hypoxsc
exposure before reaching a plmean afer 10 days of hyposia
Losg-tarms hypoxiy stimislated (b norepisephiine turmover in
nommdrerergic neurons locsied B the NTS caindal 1o the obex,
the dacorete megion o which the chemosensory canaid
alferenz project. Bilateral chemodencrvaiion sholished the
cenral chanped in moradronongic activity. The octivity and
quaniity of tyrosine hydnaylase (THL ibe raedimiting
eneyme of cnlecholuméne béosynthesis, and the level of
mANA coding for TH were knereased in the camdal NTS in
response t0 bong-term Bypoxia, indicating indection of new
molicules of TH prolcin These newrochemscal »:Iunp::.
cocamedl afler loag-erm hgpoxia only, smppesting tha
norsdrencrplc  peuross  are  inalved in ibe  ceniml
chemorecepior pathway during seaained hypoxia but are pe
cesemlial  for repolabory  responscs o scule hypexia
Morepinephring seleascd mnder long-term hypozia could play
& nessroenddlubatery fole in ventlalery acclimarizstion.

Key words: Brainstom. A2 Coll Group, Cheimerellos
Patbwray, Tyrosine Hydroxylase.

Hyperventilation then reaches o plateau after a
more of less long time depending on species.
This phenomenon is known as  ventilatory
acchimatization 1o hypoxin. The wmechanizm
underlying ventilatory  scelimatization is  stll
undefined, although it depends on peripheral
arkerial chemoreceptors (21}
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Low blood pressure in oxygen is primarily sensed
by peripheral  arterial | chemoreceplors.
Stimulation of the carotid body chemoreceptors
elicits an increase in finng rate of chemosensory
neurcns whose fibers course in the carotid sinus
nerve and termingte in the cawdal part of the
nucléus tracius  solitarius (NTS) within  the
brainstem (3, 6). The NTS contains respiratory
neurons whose activity is modulated by central
and peripheral afferents in  response 10
environmenial conditions, Thus, the NTS has
been considerad a structure of prime importance
for the integration of chemosensory stimuli and
control of respiration in response o afferent
inputs. In the area 10 which the chemosensory
afferents project, s located a  cluster of
noradrenergic neurons tha constiete the A2 cell

group (7). Morepinephring in the NTS can
depress the bulbar respiratory neurons (3.

The aim of our studies was 1o determine the
elfeciz of long-lerm hypoxia on catecholamine
activity in the NTS during exposure (o long-term
hypoxia by  investigating  changes  in
norepinephring turnover, content and activity of
tyrosing  hydroxylase (TH), the rate-limiting
enzyme in calecholaming biosynthesis. In order
0 determing il the observed changes could be
found at the gene level, in situ hybridization was
employed 1o investigate the influence of long-
term hypoxia on the level of mBENA coding for
TH.

METHODS
Animals and hypoxia

Experiments were carmied oul on male Sprague-
Dawley rats (IFFA Credo, L'Arbresle, France), o
species that demonstrates human-like ventilabory
acclimatization 1o hypoxia (13), The animals
were placed for 3, 7, 14 or 21 days in a
normobaric Plexiglas chamber. The chamber was
supplied with a gas mixture consisting of 10%
020% N, The chamber air was recirculated in a
continwous circwil, Incorporated into the eircuit
were a chilled tank and soda lime (o trap expired
water vapour and o absorb carbon dioxide,
respectively. The CO, concentration inside the
chamber was less than 0.1%. Control groups of
nmoxic rals were kept in normioxin  and
sacrificed ot the same time as their respective
hypoxic counterparts.

Chemodenervation was  performed by cutting
hoth carotid sinus nerves between the apical pole
ol the carotid body and the peint of branching
with the glossophoryngeal nerves, In these

conditions no chemosensory reinnervalion s
possible, The rats were allowed o recover from
ancsthesia and surgery for one week before o be
subjected 10 hypoxia. Sham-operated animals
were used as controls,

MNewrochemistry

Norsdrenergic activity in the brainstem was
assessed using different experimental approaches
based om the asscssmeni of catecholamine
wrnover by phormacological blockade of their
biosynihesis (22), in wvivw and in virre
mensuremenis of TH activity, the mte-limiting
enzyme in calecholamine biosynthesis (23),
assays of TH content (17, 18, 19}, and fn sire
hybridization of mRNA coding for TH protein
(4}

Estimation of catecholamine iurnover

s-Methyl-para-tyrosine  injected intraperi-
toneally at 250 mgkg bow., 2.5 hours before
sacrifce allowed the eslimation af
norepinephring  wraover by blocking  the
calechidaming hiosenthesis. Each cxperymental
group was divided into two hall growps: one
receiving a-methyl-para-tyrosing,  the  other
receiving the same volume of vehicle (0.9%
MaCl). The norepinephrine confenl was measured
in the NTS of saline-treated and ce-methyl-pasa-
iyrosing-treated animals. Afier inpection of o-
miethyl-para-lyrosine, ithe decline ol
norepingphring is exponential. The slope of
norepinephring  decrease  wos  culeulated  and
multiplied by the mean of norepinephrine content
of saline-treated rats 1o ahtain the twemoever rate.

Estimation of tyrosine hydroxylase activity

T vive activity of TH wns  estimated by
measuring  L-DOPA  accumulation  aller the
inhibition of L-amino acid decarboxylase by
MNSD 1013 {3-hydroxybenzylhydrazine
dihydrochloride). Rats Wene injecied
intraperitoncally  with either NSD 1015 (100
miglkg b} or the same volume of vehicle (0.9%
suling) 200 min  before  sacrifice.  Tyrosine
hydroxylation rate was estimated by subtracting
the coment of DOPA in the structures of saline-
treated rats from the content of DOPA in the NTS
of NSD-treated rats. DOPA and norepinephrine
were  mssayed by high  performance  liguid
chromatography coupled with electrochismical
detection
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Tiszie dissection for bicchemical analyses

The brain was rapidly removed, frozen on dry ice
and stored at -80 °C. The brainstem was cul into
serial frontal slices of 48(), pm in thickness, The
noradrenergic cell group A2 was punched oul
sccording 1o the dissection procedure described
by Palkovits and Brownstein (5). The AZ cell
group was subdivided imo two parts, respectively
caudal and rostral to the calamus scriptorius (22

In situ hybridization

Frozen horizontal sections {15 pm thick) of NTS
were cut serially on a cryostat (Leitz). In situ
hybridization was carried owt using a labelled
155 probe complementary to the rat TH mRENA
(#). The TH protein was located on adjacent
sections by immunocytochemisiry and revealed
by autoradiography {9).

Ventilatory measurements

Ventilation was measured every 3 days for a
period of 18 days in animals exposed to hypoxia
{10% O, in nitrogen). The tidal volume and
respiralory  frequency  were  measurcd by
plethysmography using the barometric method
(2}, In bricf, the spirogram of cach rat was
obtained from a  differential  transducer
(Validyne) interfaced between the chamber
flushed with humidificd hypoxic air and a
reference box of same size, The tidal and minute
vidumes, and the respirstory freqguency  wene
measured and  the product of ihese wo
porameiers gave the minwe volume,

RESULTS

The minute volume increased gradually during
the first 7 1o 14 days of hypoxic exposure, and
thereafler,  stabilized, thus  indicating  that
ventilatory acclimatization was achieved.

The turnover rate of norepinephring in the eandal
portion of the A2 cell group was increased about
3 fold after 2 wecks of hypoxia. In striking
contrast, the norepincphrine turnover remoined
unaffected in the rostral portion of A2, In order 10
compare  the  influence of  alieralion  in
barosensory activity, a sccond group of raifs was
given daily for 2 weeks the hypotensive drug
dihydralazine (20 mghkg bw) The
pharmacological treatment induced a selective
increase in norepinephrine tumover in the rosiral

ponion of A2 (+104 +12% above control level)

whereas the caudal portion was  unalfected
Bilaternl transection of the carolid sinus merves
carried oul one week before the hypoxic exposure
abolished the hypoxig-induced changes in
norepinephring wumover observed in the caudal

NTS.

Regarding the  influence of hypoxia on
cotechodamine biosynthesis, the in vivio activily
of TH was found 12 be enhanced after | week of
hypoxia (+60 + B% above control level),
although it was wvnaflecied by shorer hypoxic
cxposures (3 days). Long term hypoxia elicited a
delayed increase in TH content (436 4+ 4% above
control level) that was apparent after 2 weeks of
ERPOSUTE,

Fir gitn hybridization of the THmRNA in the NTS
revealed that hypoxia lasting for 2 weeks elicited
a marked increase in THmRNA  expression
within the caudal NTS. Hypoxia elicied both an
increase in the number of grains per ccll and
rostral extension of the labeled arca. The TH
immunoreactivity in the caudal NTS was also
increased but more rostrally than THmRNA.,

DISCUSSION

Our main finding was that long-term hypoxia
induced the stimulation of noradrenergic A2
neurons in the caudal NTS, the primary site of
projection of peripheral chemosensory alferenis
within the brainstem (5, 6).

The changes in noradrencrgic actuvity canno be
explained by a reduced availability in oxveen for
A2 neurons, Indeed, increased capillary density
in the brain, increased cerebral blood fMow and
polycythemia are common fealurcs observed in
response 1o long-lerm hypoxia, thal may maintun
the tssue oxygen concentration close to hasal
evel (B, 10). In contrast, the activation of A2
noradrenergic neurons appear clearly dependent
on the integrity of chemosensory afferenis since
the prior bilateral chemodenervition abolished
e changes in norepinephrine lumover induced
by longterm hypoxia (22). In the rat, the corotd
bodics are  the major  peripheral  anerial
chemorccepiors  whercas  functional — sortic
chemareceptors are absent {16},

Hypoxia failed to stimulate the norepinephrine
turnover or 0 increase the TH content in the
rostrad part of A2 cell group (18, 22). This area
corresponds w0 the site of  projection  of
barosensory nerve fibers in the rat (6). In
contrast,  chronie  hypotension  induced by
difhydralazine induced o sclective increase in
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noradrenergic activity in the rosiral Al subser
while the cawdal A2 subset remained unltered
{19, 22). Taken together. the dura provide
evidence for the functional heterogeneity of A2
neurons according 1o their location, caudal or
rostral to the obex. The caudal cells arg part of

the chemoreceptor pathway, whereas the rosiral
wells are influenced by barosensory inputs,

From a neurochemical point of view, stimulation
of noradrencrgic  newrons by hypoxia s
accompanied by  a  sustained  release  of
norepinephrine (20, 22), ‘The meuronal
norepinephrine stores can be replenished, first by
an increase in the TH activity (233 and then by an
ncrease in the content of TH protcin (18). Our
data also showed that the changes in TH content
did not result from alierations of the catabolism
of the protein but from increased expression of
the gene coding for biogynthesis of TH. Indeed,
the TH mRNA expression was  strikingly
cnfianced in the caudal NTS of long-ierm
hypoxic ruts (4). Thus, the data reveal an
hypoxia-induced  plasticity of  nomdrencrgic
neurons at the gene level in the caudal NTS.

Acule hypoxia increases the firing rate in
chemosensory alferent Nibers. During sustained
hypoxia, the carotid body afferent discharge is
increased resulling in a parallel increase in
ventilatory owtpul (1, 12). These functional
chonges are associated with a  progressive
increase in catecholamine activity in the caratid
hesly a5 reflected by gradunl  increases in
depamine and norepinephrine turnover, aml in
TH comtent and activity (15, 17). The increased
carclid  chemoreceplor  afferent  inpan dunng
sustained hypoxia could be expected to influence
gradually the neuwronnl activity in the NTS,
However, in contrast lo the carotid body, the
norepinephrine activity in the NTS was largely
delayed as the carly noradrencrgic altertions in
this arca appeared only afler | week of exposure
{23). This linding shows that norepinephrine is
not the first-order newrdransmitler involved in
e immedioe  physiological  respoises 1o
hypoxin, In focl, plutamatergic neurons are
possible candidates 1o play the role of pnimary
first-crder neurons involved in the integration of
chemaosensary mputs within the NTS, Glutiunale
i released an the coudal WNTS in respoise 10 acule
hypoxia (11, 24k Insicad, mnorepinephrine might
et ws o neurcmaodulvoer mther involved in the
processes of acclimatization to hypoxia, In this
comtext, M s worthwhile w©  mention  that
nowepinephring injected locally in the caudal NTS
cin depress the  central respistory  neurons,
leading 1o a decreased discharge of phrenic nerve

fibers (3). Within the NTS are locuted the
neurons of the dorsal respiratory group which are
adjacent o the A2 noradrencrgic nourons. The
anatomical vicinity of both types of newrons and
the ability of norepinephrine to alter the nctivity
of respiratory newrons led to the suggestion that
activation of A2 noradrenergic neurons Induced
by long-term hypoxia might paricipate in the
stabilization of the hypoxic stimulmion of
Fespiralory  meurons in the NTS (200, This
hypothesis is further supported by the time
coincidence  between  the  occurrence  of
ventilatory acclimatization and noradrenergic
activation. Both respiratory and neurochemical
changes were indecd obzerved between 1 and 2
weeks of hypoxia. In addition, o significant
correlation was found between the level of
miinuie ventilation afer ventilatory
acclimatization and the amount of TH protein
(200, This strengthens the sugpestion of a
functional relationship between A2 ncurons and
ventilatory acclimatization o hypoxia {20).

In conclusion, noradrenergic neurons in the
caudal NTS are involved in  the central
chemorecepior pathway during sustained hypoxia
but are mol ¢ssenteal for regulaiory FESHINSES 1
acute  hypoxin Coudal A2 newrons  could
conlribute 1o the ventilatory scclimatization 1o
hyposia  through  the nhibitory  effecis  aof
narepinephrine on the dorsal respiratory group.
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RESUMEN: Ejercicios de enirenamicnio on alivra: Cine respoiden bos niscules respiratorios?

Al bpeal que todos ks milscubos esqueliticos de venebdos, bos maksculos ventilaborios (WM de humanos pueden meporar adapiorvamneic
«on su capacidad funcional Puesio que extos cambios ocurmen consisteniomente on fospocits o pretocolos cspecifboos de entrenamicnio de
reszsfencia i fucrza para los VM, s podiia astemf que & aplican ke miamos pranciplos de entenamients de misoalos esquebiticos a o
mbsoudon ventilalorios. Sin embargo, <5 aparenie gee las sdapunciones de s VM requicien ejercicios mmry Fecries Oy fal vee an Gpoe &
enirenamaenso especifico ), poesto que o ejercicio de entnznamiento cronico de animales totales no parcce tener wn efocto signifcalive o
siquicra predecible sobee boi aipecios cinacbamles o fundonales de los VM. En esle aniculo s revies los nessliados ambiguns de variod
programas de cpercicio de enlnemmsnto negular com respocto o los makcubos respemiocios de animmales. Tambidn se revis extudios de
cminemamesto de alura, dirighdos 3 isenemeniar b fecrm de estfmulo neceario pan o sdptaciones de los Y cstodics que tampocs
revelan cambong fusciomales de b WAL Finaslmeste, puedo que pagece haber ena relaciin pobre entre poder de los VA ¥ eniremamenio
inclaso com incremenso de aliiiud, se plasden la peegenta de 6 el diselo ovolulive de bos VM & primadaimenis pam respaaciin”,
Proponemas una hipdeesis alicrmativa, qua la ventilacidn no ha vido scleccpnals come la 1area primaria de bes VM. & bien. son tareas no

vonldasonad las que plastcan mas mayer deimanda ges b vemidachia mbsma sobre ks “mibsculos veniilsonios”.
Iralabwras claves: Entrenaanicnlo da netastoncaa, Alalwl. Plastscadad muscular

RESUME: Exercices dentraimement & grande aliudo
Cnmmenl repondend bes musclis respiratsies?

Canmume: o Jos musgles speelensgues des veridhnds, les macles
de la vemibnon resparaboire (V) des humains  peuvent
w'odapler o améliorer aimsi leur capacied oncwonncdle. Ces
changomenls  surwenanl  isvariablenenl o wipoids b des
protesoles apdeifipess J'entmainement de force @t d'enusmance
des WA, oe poarmait penser que ks omdmes  primcipes
'enirainement des musches squolctligees 8 appligeent aus
e los nospiratvanes. Copendant, il apparail goe ks aslaptations
ifes WA indvessitent thex exnercices de sibmulstion tis imienses (e
peutiee un iype deniminement spécifiguel, dant donmd gue
Fevgreion a enduranie projongd do animaus vivants e ssimblc
s avile o effer digmilicatil sl méme prdvisible sur les et
simciurauy o fonctsonnch des W, Dans cot anscle ont &6
rovisis  bon  rfsultals ambagus de  plusicuns  programemes
Wenorcioe  mgulier  dendusance  comcenianl les  posckes
sespirntiey d'onimous e opsdng o G eonsekindes s
cindes d'eniminemeni & "endurance & grande alviiude visand &
ampmcnior b foroe du stamubss ndoesaaine ooy sdapimions dos
Wi comded gua e phvilenl pae davaniage e champamenis
femenionmels dex VM, Fimabament, pulsga’dl ne wanble y avolr
su’un fadhle mppon estre puisance des YW er esdunance,
meinm: lorsiue Paliiede sapmenie, on se pose | geestion de
savarr 8 ke WA omd éd comges en peemicr Biew poor s

“respeolios”, Mous proposons ume autre Bpolhdsc © ogue [
veniilation respimaioine n'a pas dof sdloctionide comme dani la
deche primondiale des VM el guee ¢¢ sonl g6 contmire les tches
won poipiraloencs, plus e T sesperation en ellemame, qui
eaipent davantage des "mmeccles respiratoieea™.

Mads-elis ¢ Enmmlnement d'esdlurance, Alblude, Plasicies
musculaine.

SUMAARY: La Staye et al: Esorcise training at high
altitude: low do the respicatory muscles respoml?

Like all vemcbeale skebetal mmiscles, the venidlaiory muschs
(%A of husans con adaptively improve in iheir fusctional
capacilies. Eince thow changes oonous conmsienily in responss o
spocilbe VM sironpht sl endlurancy irbning peolocols, one
womld asswne the saie pringipls of skekeal muscle tmining
can he .1||||1I||:d 1o the WAL B s appancnt, Bowever, that Yl
adaptatinns rogmine a very srong exeese Slanulss [l perhaps
a WA Eminmg specilic stimibas) & chivisie abole smimal
seduranes cacmisd dho ol appesr 10 have sipnificant of even
prealacrable el eliect on the strugiural ar funscbional aspaecis of
the Wil This monssonpl reviews the egmivocal  nowslis
megaiding animals’ respiralory musches o vareous peograans of
regular endurance exercine. B alsn meviews enduringe LRt
sludees ai high aliibade, predicied o imrcass the strenghl of the
stimmlus for VM adapiations, which again fsils o elicii Wi
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funciional champes. Fimally, since thene seems fo be a poor
relmticaship beiween VM power and endurance wilh [soreascy
in feven ot aliitde) the qeestion is mised s o whether the
evolutionary design of the VM is peimarily for “breathing”, We
propese an altemative hypothesis that ventilation has mol beon
selocted a5 (o prinsary sk of the YR Rather, non-beeathang

INTRODUCTION

Like all verichrate skeletal muscles, the
ventilatory muscles (VM) of humans can
adaptively improve in their functional capacities.
These changes occur consistently in response (o
specific VM sirength and endurance training
protocols. There is less evidence, however, that
functional or streclural adaptations occur as a
consequence of increased wvenlilatory demands
concomilant with whole animal, ie., chromnic
endurance training. Even when the magnitude of
the challenge to the VM is increased dramatically,
as with endurance training at altitude, there may
be adequate VM functional capacity to mect this
demand, Therefore, the question remains as o
what type and magnitude of whole animal chronic
endurance training would produce a phenotypic
shift in the VM similar 1o that seen in skeletal
muscle exposed to similar stressors. That is, since
chronie endurance iraining combined with high
altitude conditions 15 a strong stimulus  for
adaptive skeletal muscle changes (see papers in
this issue), yet WM remains unchanged, what

siressors are needed for VM o adaptively respond
%

SKELETAL MUSCLE PLASTICITY

Viruwally every structural aspegt of muscle can
change given the appropriate stimulus. In general,
these transformations have been documented in a
number of different muscles and species and
inchude { but are mol fimiled o) changes o
architecture (1,2}, fiber type (3-5), mitochondnal
distribution, capillary density (6), ¢lc.

Functional changes are causally linked 1o these
structural changes (7). For instance, the capillary
density and mitochondrial content increase in
response 1o chronic whole body endurance
training a5 does VOumax (6). The adaptive
response of skeletal musche may be even greater
i magnitede when training s performed o
altitude (8.9), Swdics using muscle biopsics have
shown that endurince exercise performed a0 high
altinede can affect musele structure. Desplanches
et ol {10) compared 3 weeks (2 hefday) of cvele
ergomedry cxercise in subjects wha first tiained in
severe hyposia (55000 m) and then 14 months later
trained in normoxia. The effect of high altitude

asks pul o langer demant an the “ventilabory muscbe” tkan docs
svenulaiion pof B2

Key words: Endurance trining. Altinsde. Muscle plasticay

significantly increased the average muscle [liber
arca, capillary 1o fiber ratio  and 1ol
mitochondrial volume, but the same level of
training @ sea level produced no  significant
mi; ghometric changes. Citrate synthase also has
been shown to significantly increases in muscles
traiedd on hypoxis (2300 m) as comparcd to
muscles trained in 2 normoxic setng (11).

ARE THE VYENTILATORY MUSCLES
PLASTIC ?

I the VM share the same phenotypic plasticity as
other skeletal muscle, chronic exposure I6 an
exercise bowl which results in significant muscle
loading should be a powerful stimulus Tor the
production of specific lunctional s well as
structural adapiations 1o occur. Therelore, one
might expect some structural and  funclional
adapiations to the WM with endurance type
exercise, Regarding VM. however, chronic whole
animal endurance exercise f(evem in hypoxi
seitings) does not appear 1o hive a sigmificant or
even  predictable effect on the structural or
functional aspecis of the VM. Mumerous
invesiigators have examined the adoptive
responses of animals’ respiratory  muscles 1w
various programs of regular endurance exercise.
however, the results are equivocal. Guinea pigs
irained by endurance running for & woeks showed
no significant effect on muscle mitochondnal
content and capallarity in the diaphragm (125
Likewise, a number of earlier stedies Miled a1
demonstrating training effects on the diaphragm
induced by whaole body exercise (1315}, Several
reporis, however, demonstrate increases in the
activity of marker cnzymes  of  oxidative
metabolism in the diaphragm of rus subjecied w
various Iypes of endurance  training  { 16-2000
Powers e al. (16-19) and Uribse et al. (200 have
reporicd incnsses in acrobic marker enzymics in
the rm diaphragm following various intensitics of
chromic endurance training. Taken collectively,
ihese aimal studies demonstrate some funciional
phenotypee slasticity of the ventilpory muscles. It
hns been hypothesized, however, thm exercise
indensity must be very high indeed 1o inducy
sirsctural  adapations a0 the  dasphragm
{16,015 20,

Some studies on hunuans  suggest that VM
enduranee can be improved with swimming or
runming  exercises  (201.22)  Following  three
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months of swim training, Clanton ot al (22)
observed a significant increase i inspiraiory
muscle endurance nearly equal to that observed in
a group of swimmers who underwent the same
swim training, but in addition performed
inspiratory muscle training. Likewise, Robinson
and Kjeldganrd (21) linked a 16% increase in
ventilatory muscle éndurance to a similar increase
in running performance following training in o
group of previously sedentary humans, Neithor of
these studies reported YOmax before and after
training. Moreover, swimmers' specialty (sprint
versus endurance) were not meponed meking it
difficult 1o judge the magnitude of the training
effect. Therefore, swim- or  Tun-irmining
performed ai sufficient infcnsitics may mprove
the structural and Tunctional capacity of the chest
wall muscles. The possible explanation for an
pdaptive effect with human swimming, and in the
quadrupedfanimal readmill running regimes, 15
that the chest wall muscles (which includes 1o
some degree the VM) ane recruited lor progulsion,
not just venlilation. Although bipedal renning
does not recruit the chest wall musculature 1o the
same degrée, il 15 conceivable that substantinl
running efforis (as may be seen in previously
sedentary subjects who are submitted 10 a novel
running program] may involve ample upper
extremily movement so as 1o stimulate the VM
mere than when the WM are used solely for
ventilation.

Ii 5 apparent that some modes of endurance
exercise can frmidably siress the VM. Coast and
Weise (23) reported a sigmificont decrease in MIP
at the mouth following a progressive load cvele
ergometry fest o exhaustion, In the same study,
however, Tollowing the VOumax lest, o group of
elite cross-country skicrs (mecan VOmax =718 £
3.8 ml0, kgl min") "protected” their MIP. During
a competitive clussical mathlon, Hill e al (24)
observed a non-significant decline in maximum
mnspiralory pressure measurcd ol e meouth
following the swim leg and a significant decrease
in MIP following the hike and run  legs
respectively. Loke et al. (25) also measured a 16
% decrease im MIP in four subjecis  alier
completing o marathon. From these studics it
seems  that the porameters sctiing MIP are
mallcahle a5 o function of cerain types of
repentive excrcise siress, but the effecls appear io
be mode amd miensity of excrcise specilic.

In contrsd 1o whole-body endurance rining,
specilic respiratory tasks that emphasize both VM
sircngih and endurance unambiguously poovibe o
powerful stimules sulflicient (o indoce adaptive
changes. In the lnboratory, specific VM training

profocols  have  resulted in significant
improvements in ventlalory capacity tasks (26-
29}, In o now classic stady, Leith and Bradley
(26) swdied respiratory mechanics before and
after n 5 week training program that included
masimam  static  inspiratory and  expiratory
maneuvers and "ventilating to exhaustion” 30-45
minutes/day, § days /weck. In applying accepted
principles of skeletal muscle iraining to the VM
jand seeing significant improvements in VM
strength and endurance} it has becn concluded
that appropriste VM  iraining programs can
promae adaptive changes.

It is apparent that VM adapeations require a very
sirong exercise stimulus (and perhaps a VM
training specific stimulus), The reason for this
may be that the main VM muscle, the diaphragm,
is estremely well equipped to perform continuous
work and very specilic high intensity exercises are
needed 1o induce changes, The mitochondrial
content and capillary supply of the diaphragm, in
o considerable number of maommalian species
analyzed, consistently surpasses that of locomotor
muscles (diaphragm being second only o the
heart with respect 1o these characteristics; (30,31},
Some would suggest that VM structure s
“overbuili® for breathing tsks and does not
contribute o limitling acroblc performance in
chronic whole body endurance activities (32).
That is, arc the VM of animals built with a
fundamental balance between  structure  and
Menction and do they uphold the concepl of

optimal design, or symmorphosis (33)

THE CONTRIBUTION OF THE
VENTILATORY MUSCLES TO AERORIC
PERFORMANCE AT ALTITUDE

Since acrobic performance and  VO,max  af
altitede are pramarily construined by availability
of environmemal oxygen (34,35 one would
expect the siressors on the VM 1o be gremter at
altitede and hence provide an ideal stimulus lor
WM adaptive changes to occur, This hypothesis
wis tested in human subjects (w0 o moderaely
high allitsde) by examining peak inspiratory [low
pnd 18 contrbution 1o oxygen demand (36). In
this stedy peak inspiratory MNow performance was
comparcd between irained {(Yognax= 65 mil O,
kgl min "} and untrained (VO max< 45 ml O, kg
min ) subjecis, at a moderately high altilade (2100
m). Despite great dilferences in Volmax and
excrcise habils and abilities between the two
groups of subjects, their respeclive inspiratory
mascle  performunces were  indistinguizhable
(ligure 1) Consequently, thore was no evidence
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that regular and high-intensity chronic whole
body endurance troining al moderate altitude
elicits adaptations of either airways or inspiratory
muscles, It is as interesting to note that when the
data from the trained and untrained subjects are
extrapolated, the inspiratory copacities of these
subjects (even without any adaptation) could
potentially support ventilution sufficient for a
Vo2max of 85 ml O, kg' min’, which is the
highest recorded value in humans {37). Therefore,
the VM would seem 0 be “overbuill™ in maost
individuals, with only those of very rare clite
endurance athletes conforming o the concept of *
symmorphosis.’ :

Obviously the VM stressors need to be very high
for potential adapiations to occur with endurance
CXCICISC.

10 ‘ a0
58 ™5
3 {80
i © 3
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0 : . 30
o & 10 15 20 26

Orifice Dinmatar (mm

Figure 1. Highly trained cyclists, VO,max = 68
ml O, kg' min" (filled symbols) and their
sedentary controls, VO,max = 45 ml O, kg min’
{open symbols) have nearly identical peak Nows
when breathing through inspirmtory resistors.
However, when the two groups of subjects are
asked 1 cycle at workloads corresponding 1o their
respective VOmax both can do so  while
breathing through a resistor that caused a
reduction in peak fAow (trained: dashed line;
sedentary, dotted line). Further, the sedentary
subjects con  maintain  their VoZmax  while
breathing through much smaller orifices (F8mm)
than can the irained subsecls {=13mm). In all
subdects, peak Vos declined as o Tunction of
smaller orifice diameters, indicating peak VO,
was ventilation limited. When this regression line
is extrapolated, it predicis that the inspirsiory
resiston necessary to cause a decline in peak Now,
would result in a decrease in Vo, only if VO,
exceeded 85 ml O, kg' .min”, nearly equal 1o the
highest usually reported inm humans. (From 32
Used with permission from Respiratory
Physiology).

Since VM adaplations did not occur with

endurance exercise al moderate altitude, one way
of increasing the VM demand greatly s to train it
an even higher altitude, thereby providing a more
powerful ventilsory challenge and critical test of
VM functional plasticity in humans. Therefore,
we measured VM power and endurance in a group
of high altiiude residents of La Paz, Bolivia {3600
m) prior to and immediately following an
endurance training provecol designed 10 increass
Vﬂgl‘lﬂj (see Favier ¢t al, 1995h). Specifically,
we fested the hypothicsis that the static (isometric)
and dynamic (miometric) propertics of the human
ventilatory muscles, as defined by the slope of the
maximum ingpiratory pressure-Mow curve (MIPF)
through  groded  resistors, the  maximum
sustainable ventilatory capacity (MSVC) and the
maximum 12 seconds ventilation (MVYV,,) will
respond  adaptively 1o six weeks of hypoxic
endurance (cycle ergometry ) iraining.

A group of |8 young men, residents of La Pae
Balivin (3600m) were assigned to either an
endurance iraining (ET} or control (C) group. The
endurance training program consisted of cyeling
for 30 mintday, 5 day/wk, for & wk al an external
power outpul initially set o elicit 70 % of their
individual VO,max, Our hypothesis predicted that
endurance training at high altiude should provoke
detectable  Tunctional  sdaptations of (e
ventilatory muscles. However, this study failed o
demonsirate  this  result,  Peak  mspirotory
pressures, flows, MVY, and MSVC, were not
different before vs. afler nor comparing posi-
iraining values with those of control, unirained,
subjects (figure 2).
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Figure 2. When healthy, but untrained, subjects
trained on the cycle ergometer ot 3,400 meters in
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La Paz, Bolivia. they experienced a significant
inerease in VOumax, and the maximum workload
iWmax) comparing before training (emply bars)
with afier iraining {(filled bars), while maximum
venlilation (W mox)  increased  insignificantly.
Umiraaned control subiecis ane shown in haiched
bars

Diespite the fact that VOumax did significantly
nerease, that increase wis ol scoompanied by
sigmihcanl changes in either ¥ niax, nor in any of
our measunes of ventilatory muscle performance.
Thus, these resulls suggest asccepling the null
hiypothesis that WM power and endurance do not
rock inereases in VOumax in humans, even when
Exertise training is carricd owt in envirenmental
hypobarie hypoxin These resulis coincide with
another stisdy which assessed the eflect endurance
fraiming . af  altiede on  maximal  inspiratory
pressure (381 Like the results in the Bolivia stedy,
VOmax increased after raining, but the maximal
inspirstory  pressure  and  inspirdory  muscle
fatigue did nmot. From  these stiedics,  wiich
thearetically increascd  the  stimulas for WM
muscle adaplation via a hypoxic condition, we
have o conclude that sulficient VM structural and
funetional eapacity was present prior to  ihe
endurance training bout to sccommisdate increases
in VOZmax. In sther words, this inplies that the
inspiratory muscles do not limit performance and
there apparently s "excess ventilalory  muscle
architeciure™ in all but the most elite endurance
athlctes,

ARE THE VENTILATORY MUSCLES
PRIMARILY FOR VENTILATIONT: AN
ALTERNATIVE HYPOTHESIS

There seems o be a poor relntionship beween
WM power and endurance with VO suggesting
that the evalulionary design consirints [or these
muscles may nid be the breathing task (40}, As an
alternative hypothesis, we have proposed that
venlilatiog, evien P TV susixinabic
ventilation, has not been selecied as the primary
task of the VM. IT non-hreathing tosks ez, trunk
tasks  such  as  lifting,  coughing, yawning,
snecaing, or posture) pul a kirger demand on fi.e.,
require  greater recruitmeni of) the “vwentilatory
marscles”  (than  does ventililion  (even  during
hyperpnen of exercise in hypoxia), these iosks
shoulidl promote  meassurable  changes i WM
Lapacay.

Fov test thes allermative hypothesis, that the WM
respond primarily (o non-respicalory ks ach as
upper bexly exerthon, we measured  inspirntory
poowgr and  maximum ventilation i & healiby

young males prior 1o and immedinely lollowing a
6 week training program (consisting of working
with free weight and calisthenics) (41). Resistance
exercises were designed 1o work on the runk
muscles without  increasing  ventilation,  Four
subjects il no  iraining and functioned os
comrols.  Subjects  in the  irained  group
experienced an increase in VM inspiratory power,
s determined by pressure-flow curves, and the
VM capacity both acutely (MVVI2, 12%
increase, p=0.0014) as well as MSMV (12%
increase, p=0.0023) (figure 3). These preliminary
resulls sugpest that the ventilatory muscles are
very responsive (o non-respirpory 1asks, more s0
than 1o the normal ventilatory demands of chrone
whole animal endurance exercisc.

Relative values (lcontrol)

MWV MSVC

Figure 3. Despite significant ingrenses in VO,max
and work output, training for 6 wecks a1 3,400
meters had po significant effect on maximum
valuntary wentiloion in 125 (MY} nor on the
maximum sustained ventilatory copacity (M3YC)
{These data are from 36),

The fact that ventilotory parameters do Aot
predictably change with chronic, whole animal
endurance  training (even in severe hypoxic
seitings) may be evidence that thiz 1vpe of training
i+ quite variable, As well, the stressors to the VM
are nod consistently adeguime enough 1o promole
WM changes with endurance training. This,
cotpled with an apparent excess of VM structure,
suggesls specific, high-imensity WM siressors are
needed 1o produce a phenotypic shift in the VM.
Cerainly, WM specific exercises (like inspiratory
ol expiralory moneuvers amd  ventilating ©
exhaustion over a 5 week raining poriod) provide
ample stimulmtion, but perhaps non-respiratory
tasks (such as wpper body resistance CRerEiSes)
can also be copsidered when altcmpting o
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adaptively improve the functional capacity of the
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Ex ums ereencla tndavia amplamenic sovienidi que el midsoulo esguebéiion de animales y humanos expuesion a hipaca crbnica Hene
mna capacidsd oxidativa y una caplisridad incremeontailas. Sin embasgo, o andliss de biopsias de humanos lando anles como luego de
ascensos peales o sinmlados o los Himaloyss, ha demosirado constsienicimenio una disminucicn en la capacidad oxidativa ¥ sna
capilanicdad sin cambios. M aun, en biopsias die vastus laberslis de indiperss de alifa de Loo Hansalayas v Los Asdes, ¢l comtanida
mivoednial estaba marcadamonte reducido em comparacion con el de nativoa de nivel del mar emparciados por adad ¥ evnde de
entrenamiznio, En comjumio, cotos cxtudios indican que b exposicidin penmanense o hipoxia severa (prodecida por vivir @ aliemns por
Eﬂﬂﬁmﬁlm_ldhﬂﬂMHHﬂhwmiﬂinﬂmmduﬂm%m 5i w2 progluce hipoxia
sever solamente duramsic b sedones de emtrenamicnio, ensonces bis mojoras resoltantes son comparabdes o ks producids por
entrenamicilo por un peniode similar baje condiciones normdskcas. Adiclomalmenie, se observa que o volemen del miscelo
esqueléiicn ¥ la conceniracidn de mioplobing sumentan con e emrenamiesto o hiposka pero 6o on normosia. Tenlendo en cuenta
esios hallaages, los mletas debenian Bimbar se exposicidn hipdaica al periodo minimo compazible con b indeccn de una Fespoeis
efitropoyética. Bi se deses una parancis en ks mass muscular oxidativa ¥ en la concentracidn de mioglobina, deberian lagrarse por
iesionet do entrenamicnto bajo condiciones de hiponis severa. Los mecanimos celulsres responsables de 1o respecsta del acjio

mscular sagueléise a la hipaxia no s¢ conoven sctuslmenie,
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Hyposic permancnte ef intermittente en  fanl  que
modificatenrs de la répomse du  dhsse mesculsire
sgueletlique nax exercices o entraincment,

Selon une croyamee encone orés népandue, fo sty musoalaine
squelatiigue des animaux of des humaing exponds b Ihyposie
chronbque semsl ume capaciid oxydative penforcde el e
capiflaiie aconse. Losnalyse des biopsics fites ser des sijets
apeis des ascensions réelles ou simubkies dans les montagnes
e I'Himalya o démontd de maniére constamic une
dimizuipon de la copacind oxplaive mescalsice ef une
caplllansd inchangde. En outre, des blopaies du vasnrs
taierarlis prenvemsnt de populalions matives de |"Himabya of
des Andes onl sdwlld que ke conicni milcchordral éait
nellement dimisud compand & celul des nalils da niveas de la
. spparids em fanciion de ige et du depnd d'oniralnement.
Ces domdes indiquent que dans |"emsesnhle 1'cxposition
pemmanenic b I'hyposic sévire (due ou fait de vivee & plus de
3500 m d'aliitude) emrsing une diminution de b eapaciié
ouydakive miscullaane sinsi que dw resdement afrobigque du
vail 56 Fhyposie sévire me s produbl quas cours de
stances Hmaides dienevcicns J'ondumnee, les ansthorations
oblnacs  sonl  compamblis 4 odies  plsulam d'on
emipgnemanl  de  mlme  dusle dam  des  coswditions
normoxigues. On ohserve en owine use dugmiestation e
valume du meascle squelcitique ef de 1 conconlration de
myoglobing avee l'emirsinemscnt on bypoxie, mais pas en
normaxic. Compie lens de oo ddcouveries, s athBeics
d'endurance devesbont linsiter beur exposition i | hyposee & 1
durie mininssm nécewsine & Vinduction Cune eéponse de
Férytwepaidiine. Lo recherche d'um gain de b mosse
musculaine oxydative of de Ly concentration de myoghobine
dovmit we @ine au couns de sdances d'enambnement se
ﬂﬂtﬂuh;ﬁ:p:mﬂ:h#hrﬁmuhllm
siptielel ‘lyponic ne wont
I hypo A conmms
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ABSTRACT Ir b wtill & widly buld belief ihai the skelens]
muscles of snimads and bemans exposcd to chromic hypeaia
Bave an enhanced owidative capaaly and  cresed
capillarity. However, analysis of biopwics fromi subjecis both
price 1o and aher neal or simulated ascents b0 the Himalayas
have comslucnily shoem o decrease in mescle onidative
capacity o an unchanged capillanity. Punthenmese, in vastou
laicralis  biogsics  derived  from highlose  populaions
inafipemous i ike Himalayas and Andes, the mitcchonilsal
comicnl wan nurkedly redoced e comparison with thar of
lrwlandors pabched for oge aml irmiming status. Combined.
these sudics indicaie that penmancnl exposure o weven:
Bypaxia {mcumed by living i aliiudes sbove 1500m) elicis
a deciesse in musclhe audative capacily as well s in (b
acrobic work performance. If sevene hyposia is inoorned anly
dering the constrimeid kimits of endurance maining sewions,
ten e resuling inprovemonts are comparable 1o those
eliciend by wraiming for a simile poisl under mummaxic
conditions. Additioaally, i is sbserad that skeleial muscke
hhmadm}‘ulﬂinmumhlmﬂth|m
hypoxia but not in pormonia. Beanng these Gndimgs in mind,
exaduranie athlcies shenild Bt their hyposis exposane to the
miniwEit poresd | commensurste with  induction of s
erythropaiction respomse, If a pain in oxidative iascle mass
sl inyughshin comcentration are desaned, ihen thety would e
:himhlmmmmﬂhrmhﬁmx
comdiioms. The collislar mechamisms responsible for the
resposis ol skeleial musel: tissue io hyposia are cemenly not

Keey words: High abisude, Human, Excrcise iraining, Muscle.
Structure, Milochondria, Capillary, ¥00; max, Hyposia
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Background

Since the late fifiies and early sixties, there has
been  seemingly inconwrovenible experimental
evidence that continuous exposure 1o a hypoxic
environment, such as is incurred by living at high
altitede, leads to characteristic modifications in
skeletal  muscle  tissue.  Valdivia (1958)
demonstrated  a significantly  increased
capillarization of skeletal muscles harvested from
guinea pigs native 1o high altitudes as compared
o those derived from sea-level controls.
Reynafarje (1962) found higher myoglobin and
cytochrome reductase concentrations in sartorius
muscle biopsies oblained from subjects living
permanently at 4400m above sea level (in the
mining city of Cerro de Pasco) than in controls
living at sealevel (Lima). These milestone
findings had a profound influence on people’s
wleds concerning the effect of local hypoxia on
muscle structure and function, And when, a
decade later, it was demonstrated that continuous
endurance exercise rnining leads to an increase in
muscle oxidative capacity (Holloszy et al 1970;
Hoppeler et al. 1973), as well as increasing its
muscle capillarity (Andersen 1975), these
changes were accordingly altributed o (a
putative) local tissue hypoxia experienced during
training sessions. In 1983, Hochachka condensed
what was then the generally accepled view of the
mechanisms  responsible  for  high  altinde
acclimasization inmto what he called an
“interpretative hypothesis”. He proposed that an
organism living at high altitude was faced with
the problem of “maintaining an acceptably high
scope for acrobic metabolism in the face of the
reduced oxygen availability of the atmosphere”.
This was envisaged as being achieved (a) by
increasing the capacity of oxygen transfer to the
usswes and (h) by augmenting the capacity for
oxidative metabolism at the periphery by an
increase in mitochondrial enzyme activity, By
these means, the increase in capillary densiiy,
decrease in diffusion distance, increased capacity
for facilitmed diffusion and enhanced oxidative
capacity of muscles could all be explained within
a coherent  concepual  lramework.  “This
nterpretation of the “classical®  high-altilde
results also suggested that exposure o hypoxia,
such as that experienced in high-altitde training
camps, was beneficial for the capacity of muscle
lissue o transfer and utilize oxygen. However, an
ever-increasing hody of experimental evidence
now throws serious doubt upon the waability of
Hochachka's hypothesis, at beast as far as humons
arg concerned.

Lowlanders exposed 1o continuous severe
hiypoxia

During the late eighties and early nineties, a
number of studies became available reporting
results of skeletal muscle changes observed as a
consequence of prolonged esposure to severe
hypoxia at altitudes above S000m for several
weeks, 23 a comsequence of experiments
conducted during simulated (Green et al, 1989) or
real (Hoppeler et al.1990; Howald et al.1990)
attempts to climb Mount Everest. The general
consensus among these studies is that muscle
tissue oxidative capacity is reduced (by about 20-
30%), rather than increased after high-altitude
exposure. Such a  change s, moreover,
accompanied by an approximately 10% decrease
of muscle cross-sectional area and a concomitant
reduction in fiber size of similar magnitude (see
Hoppeler et al.1990). Consequently, subjects
returning from an Ewverest expedition have a
smaller muscle mass with a decreased oxidative
capacity. This massive reduction in  total
peripheral oxidative capacity is believed 10 be
partially responsible for the reduction in VO, max
regisiered after high-aliwde exposure (Hoppeler
el al.1990). It could also be demonstrated that the
increase in L‘ﬂpﬂlil‘ﬁ: density (1.c. the number of
capillaries per mm™ of muscle fiber) observed
after high-altitude exposure is ned a consequence
of capillary neoformation but rather of the
reduced muscle fiber size, the absolute extent of
the capillary network remaining essentially
unchanged. Nonetheless, the decrease in fiber size
combined with the increased myoglobin
concentration (Reynafarje 1962; Terrados et
al 1990} will most likely improve the oxygen
tramsfer conditions from erythrocyles 1o muscle
mitochondria. Since high-altitude training camps
are usually siwated at o modernte  altilude
(between 1800 and 2500m), rather than at the
exireme altiwdes necessary for  successful
attempis of climbing the highest peaks, one would
not expect the “negative” muscle changes
incurred by athletes training at these altitedes 1o
be as dramatic as those observed in “extreme"”
climbers; but that high-altitude training is “good”
for your muscles can no longer be regarded as a
valid tenet.

Permunent high-altitude residents

As Hochachkn's “interpretntive hypothesis” was
based  primarily on  data  obsined  Trom
highaltitude-adapted animals, such as llamas, we
wished 1o further explore the effects of permanent
high-altitede  residency  on  human  muscle
structure. One set ol studies was carmied outl on
Tibetans, inhabitants of the Tibetan highland for
many gencrations, (Kayser o1 al. 19915, and
andther on permanent high-altimde  residents of
multi-ethmic  background in La Paz, Bolivia
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(3600m). In both populations, muscle Ussue
oxidative capacity, measured by 1he vl
density of mitochondria as  well a5 _h'.!' v
aclivitics of oxidative enzymes, was Hignlﬁl:unl!;.r
lower (approximately 20%) than that in
lowlanders matched for age, socioeconomic s1aus
and training background; both high-altitede
populations also had a lower capillary-to-fiber
ratio. Interestingly, Tibetans tended 1o have a
reduced fiber size, which was not obscrved in
Bolivians, and their capillary density  was
consequently higher. Recemt data pertaining o
lowland-born  Tibetans  (Kayser ¢t al.  [996)
sirongly  suggest that  these  structural
inodifications are inherited. Taken together, the
data on high-altitude populmions indicate that
permanen, severe hypoxia leads 1o a significant
reduction in the acrobic work capacity of muscle
tissue. Athletes residing at these altitudes will
thus be at a considerable disadvaniage when
competing  under  sea-level conditions. It is
interesting 1o mote that inhabitams of  the
Ethiopian highland (1800-2800m) appear io
perform exceedingly well in long-term endurance
evenis. This populainon has, to my krowledge, no
been extensively studied, and it therefore remains
open Lo speculation whether the Ethiopians can
profit from the somewhat lower elevation of their
natural environment of whether they have a better
genctic  predisposition. This apparent  paradox
cetainly ments further investigation,

Training in severe normobaric hypoxia

In order to puwt Hochachka's - “inlerpretative
hypohesis®™ further to the tesd, we reasoned thm
whilst  permanent  hypoxin wos  obviously
detrimental 1o anabolic events in muscle, acule
exposure might in faci serve as an excellem
stimulus for improving its acrobic work capacity.
It is, indeed, wadely recognized thal a decrease in
ambicnl oxygen partial pressure hos o negative
influence on cullured cell growth. We therefore
devised an expenimental prodocol in which
subpects were exposed 0 severe  normohiric
hypoxia (cquivalent 10 an altimde above 4000m)
by decreasing oxygen concentration in the inhaled
air during training sessions. Our results indicale
that when an endurance training  regime  of
comparable  imensity s carried  oul wnder
normoxic “and  severe  (intermitient)  hyposic
conditions, similar, but not sdentical elfects are
clicited in skeletal musele structure, Subjects
traimed in bedh environments had similar increases
in capillary supply and mitochondrial volume
density, bul those exposed 1o hypoxia  had
additionally a 10% increase in muscle and fiber
cross-seclional area. It may be worth mentioning
here that such & response is nol achicved by
emdurance training in previously untrained males

{Hoppeler ¢t al, 1985), and that the increase in
musche erosssectional aren is more than hall of
that achieved afer a similar number of strengih-
training sessions (Luthi et al. 1986). Since such a
gain in  muscle  cross-sectional  area  afier
endurance training has a polential significance for
athleticism, we have since repeated this sudy
using a larger number of subjects. and the dala
thereby pleaned serve only 10 corroborate the
Mindings delineated above (Geiser and Hoppeler,
unpublished results).

Conclusions for athletic training

Drata pertaining to the changes in muscle structure
clicited by exposure 1o high=iltiledes need o be
considered  in the light of other relevant
performance-determining physiological variables
notably modifications in the hormonal  stacus
Additionally, one has 1o consider whether the
competition, an athlele irains Tor, is held at high-
of low-altitude. and linally, onc has to keep track
of “confounding  wvariables™, such as  heat
lolerance, high-altitude sleep disorders ete. when
using altitude or hypoxia as an crgogenic aid.

Competition at high altitudes

Most exercise scientists would agree that it is
usually a good strategy for athletes to wrain a1 the
altinude a1 which the competition is 1o be held,
acclimatization over a period of 3 weeks being
sufficicnt. If for financial or logistic reasons, an
adequate  altitude-training  for  the  necessary
duration is not practicable, then it can be replaced
by trining sessions wnder hypoxic conditions.
We wsed this method 1o advantage in preparing
the Swiss Mountainhike wam for the World
Championships at Yail in 1994, Competitors wene
asked 1o undergo three strenuous training sessions
per week umder hypoxic conditions (30min,
approx, BHE of VO, max) during ihe 3 weck
period prior o the race, with their race bikes
mounted on rollers. This afforded participants
with the oppartunity of becoming used to working
hard under hypoxic (race-b conditions. Although
this experiment was not supervised closely Trom a
scienlific point of view, we nonetheless gained
the impression  that  the  reporied  benefit
considered in e light of the excellent resulls
achieved, wax attributable to an enhanced Tacility
lor adjusting respirmtory and leg muscle work 10
hyposic conditions.

Competition ot sen level

I 35 still a matter of dispute whether high-altitude
training is of beneft for o competition aking
ploce m sea level. Recem datn by Levine and
atray-Gundersen  (manuscript) suggest that the
hest strtegy for an athlete relying heavily on his
acrobic work capacity dering compelition {ic.
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activity exceeding a 2 minutes duration) is to live
at moderate altitade (approximately 2000m) and
train at low altitudes. The sojourn al moderate
altitude permits an augmentation of VO, max by
increasing the mass of circulating erythrocytes;
the iraining at low altitude enables the sthlete o
sustain high levels of training intensity, which iz
of technical advantage and results in an increased
Y0 at the maximal possible steady state.

As an allernative o living ot high altitede,
athletes can, of course, also sleep in a house with
a reduced oxygen atmosphere at sea level {a so-
called “Finnish House™). All these training
paradigms must necessarily take into sccount the
potentially negative effects related 1o highalitde
sojourn, such as sleep disorders or different
temperature and humidity conditions (discussed
by Reach in this issee), One might additionally
consider the use of severe hypoxin during training
sessions as @ mwans of  increasing  the
physiclogical effects of the exercise stimulus; this
should allow a gain in muscle mass during
aerpbic training, The potential benefits of
utilizing hypoxia in this way during preparatory
off-season training would appear o be patent,
And yet, few 1eams, if any, employ hypoxia as an
crgogenic aid. In the context of s asets, it would
be ineresting to ascertnin whether acute hypoxia
applicd during strength-iraining sessions would
induce an augmented skeletal muscle response 1o
high inensity loads,
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RESUMEN: T.H. Ravenkill, hMal de Montaia y las Contribugisnes Ferianas al Edena Pulnoomar de Alturs

Thioisis Holmes Ravenhill (EEB1-1952) foe wna figum elave en la historda del mal de montafa pero b imponancia de sus comribuciones
sillo 5¢ ha apreciado recienicmente. Bl fue quicn brindd las primeras deseripesones convincentes del edema pelimensr de altura ¥ del edema
cerchanl de alvera, ¥ su clasificaciin del mal de montafia es ls que wiilizamos scualmente. Sin cmbargo, luego de so publcacion e 1913,
s artéoulo fiee pricticomente olvidado duranse 50 afios. Mientras ianto, el edema pubmonar de aliura fue independicnsemente descrine con
exaclitml y defalle en el Pend, pero dessfonmensdaments la informacidn o fue comocida fuera de Aménica ded Sur. Fue recidn 3 pastir del
winje de Herbert N. Haligren. M.D. o La Oroya e 1953 que of mundo de habla no hispana toma conocimiento de estas impeetantes

avances,

Palabiras elaves: Mal de mosiafia; Hissoris; Edera pulmonar de alism

RESUME: T.H. HRaveshill, Mal des Montagnes el
comntrihalions péruviennes i ecdime pubnsnaine de hoote
altitude.

Theenas Haliwes Bavenhill (1881-1952) est une figure ol de
Phésipbre du mal des manlagnes, mais Uimpostasee e scs
contributions n*a dd peconnug que récemment, Cest el qui £t
les promittnes descriptions rdellemsent convaincanices de |oediome
pubmonaire ef de Pocdime cénthes] d¢ haule aliflude = s
classificstion du mal des montagnes st celle qui o1 ulilisle de
nos jowrs, Cependant, spiis a publication en 1913, son arick
het pratiquement oublie pendant 50 ans. Pendant oz emps, o
indipenlamment, une deseripiion exacte e démillde &
Vel palvonaire de boute aleinede fut Eile au Pérou,
Malhcurcusernent Pinformation ne fur pas divelgude hors
' Amsdrigue du Suil Ce a'est qu'h partic dw voyape " Herlsen
M. Hultpren, MDD & Lo Creya en 1959 que avancement
important s connaissances dans go dosmine parving
meonde non hispasaphanc.

Mats-chis : Mal des Montsgnes, Hisiobre, Oodime pulmonaire
ithe hawie aliisde

THOMAS HOLMES RAVENHILL (1881-1952)

T.H. Ravenhill was a key figure in the history of
mountain  sickness but the significance of his
contiibutions  has  only  recently  been fully
appreciated. He was born in Birmingham, England
where his lfuher was a surgeon and obtained his
medical degree at the University of Birmingham in

SUMMARY: Thomas Holmes Rovenhsll (1821-1952) was o
key figure in the hisiory of mousiain sickness bui the
tmpanane: of his coninbutions hes oply reomily ke
appreciated, He gave the fint convincing clinisal descriptions
af high-almiude pulmonary odema and high-alinsde cenchial
edicrma, and Bis classificmics of mosniain sickness is the see we
use doday. Mowever afler s pubbication in 1913, his paper
dropped out of sight and was essentially forgotien for 30 yeas
In the meastime,  high-ahitude  pubmonary  cdena was
imdependenaly doscribed with occursey aned detail in Peru bui
unforienasedy ibe infortmbion was mol kpewn outside South
Armenca I was pot uniil Herbonn N, Hubgren, MDD, sasined
Uroya im 1959 ihat the nes-Spanish speaking woeld were mad:
mware af these imponant sdvanees.

Key Words | Mowniole sicncs, History, High  alanks
pubmonary edéma

1905 (1) In 1909 he went 1o the Poderosa and
Collahuasi mines in nosth Chile for two years ax
medical officer or “Surgeon” as the position was
then called. These mines are in a remote part of
north Chile clase 0 the Bolivian border and
Ravenhill gave their altitudes as 15,400- 16,200 [
(4690-4940 m) though these  were  shight
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overestimates. It is not clear what prompted
Ravenhill 10 go 10 the mines but there were very
strong links between Britain and the Chilean
mining industry at that time. Funthermore, the
mines were growing fast because the railway link
between Ollague {on the main Antofagasta-La Paz
line) and Collahuasi had just been completed.

As o resulis of his period there, Ravenhill wrote a
landmark paper "Some Experiences of Mountain
Sickness in the Andes” (2), The paper conlaing the
classification of mountain sickness that we still use,
and also vivid, sccurate descriptions of what we
now know as acute mountain sickness, high-
altiude  pulmonary  edema, and  high-altiwde
cerchral edema,

Ravenhill used the term “puna® for mountain
sickness because that was the local word. His
classilication of mountain sickness was as follows:

A) Acute mountain sickness (puna of a
normal (vpe)

B} Twa divergent types of the discase

I.  High-altitude pulmonary edema
{puna of a cardiac type)

2. High-aliitude cerebral edema (puna
of o nervous type)

This is the classification that we use today, The
term “divergent” is a particularly happy onc
because it 15 difficult to think of a better term. It is
somewhal misleading 10 refer 0 highakinde
pulmonary cdema and high-altitude cerebral edema
a5 complications of acofe mouniain  sickness
because they occasionally occur in its absence,

Acute  moumain _sickpess.  Ravenhill's  clinical
description of acute mountain sickness is accurate
and vivid. Here is part of it,

It is a curious fact that the symptoms of puna do
nel wsually evince themselves at once. The
majority of newcomers  have  expressed
themselves as being guite well on first arrival. As
a rule, towards the evening the patient begins to
feel rather slack and disinclined for exertion. He
goes 10 bed, but has o restless and troubled nigh,
and wakes up next morning with a severe frontal
headache. There may be vomiting, frequently
there is a sense of oppression in the chest, but
there is rurely any respiratory distress or alteramtion
in the normal rate of breathing so long as the
patient is at rest. The patient may feel slightly
giddy on rising from bed. and any anemp m
exertion increases the headache, which is nearly
always confined 1o the fromal region,

OF course there have been many descriptions of

acute mountain sickness before Ravenhill's but
very few of them ring as true as his.

High-altiude pulmonary _edema.  Ravenhill
describes three cases of "puna of a cardiac type”
and here is part of the description of the firsl case,

He seemed in good health on arrival, and said that
he felt quite well, but nevertheless he kept quict,
ate sparingly, and went to bed early. He woke next
morning fecling ill, with symptoms of the normal
Lype of puna.

As the day drew on he began to feel very ill indeed.
In the afternoon his pulse rate was 144, respirations
40. Later in the evening he became very cyanosed,
had acule dyspnea, and evident air hunger, all the
extraordinary muscles of respiration being called
imo play. The heart sounds were very fnint, the
pulse irregular and of small tension, He seemed 1o
present a typical picture of a failing heart. This
condition persisted during the night; he coughed up
with difficulty. He vomited at intervals. This
condition persisted during the night; he had several
inhalations of oxygen; strychnine and digitalis also
were given. Towards morming he recovered
slightly, and as there was luckily o train going
down 1o Antofagasta in the early moming, he was
sent straight down,

I heard that when he got down 1 12,000 i [3660
m] he was considerably better, and at 7,000 fi.
[2130 m] he was nearly well, It seemed 10 me that
he would have died had he stayed in the altitsdes
for another day.

The third case described by Ravenhill was
interesting because it was of a young man, aged 23,
who had lived in the mining areas for some months
but had descended to sea level for some weeks and
then developed puna of the cardiac wype after
returning 1o high alitde. This “re-ascent” high
altitude pulmonary edema has been described
many Limes since,

COne of the remarkable leatures of Ravenhill's paper
was how il disappeared from sight and was
essentindly lorgotien before it was discovered some
30 years Imter. It was not until 1964 that William H.
Hall, M.D. was doing an extensive lilerature search
and brought the paper 1o gencral notice, In the
meantime,  however,  high-altilede  pulmonary
edema was described independently in Peru b
again these descriptions were unknown oulside
South America until 1960, just before Ravenhill's
description was rediscovered.

Peruvian  Contributions  to  High-Altitude
Pulmonary Edema
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One of the first articles in the Peruvian literature 1o
refer to pulmonary edema at high altitude was-that
by Alberto Hurtado in 1937. This was a smuall
booklet (Aspectos Fisidlogicos y Patolégicos de la
Vida en la Alnera) (3) which now is extremely
difficult 1o find outside Peru. On page 29 he states
(in English translation):

There is undoubledly a type of Soroche
[mountain sickness] which is quite rare and
infrequent, and is characterized by the
presence of intense congestion and edema of
the lung. Possibly in these cases there is a
prior cardiac condition of myocardial disease,
and the acute and severe episode on arrival at
altitede can be best classificd as a stale of
circulatory insufficiency rather than a true
high altinsde sickness.

Hurtado then went on 1o describe a 48 year old
man who was a native of Jonin and of indigent
race, and who had resided at altinade Tor the st 29
vears. He went down 1o Lima for three days but on
peturping to Oroya by irain he became  very
dyspneic, had a severe headache and some mental
confusion. Examination showed onthopnea, intense
¢yanosis, and there were crepitations at the bases of
the lungs. The sputum contained bloed. The patient
descended 1o Lima and improved slowly, When he
returned to high altitude after two months there
were signs of circulatory insulfeciency including
dyspnea, congestion of the lung bases, and cdema
of the extremities. Thus this paticnl is not typical of
high-altitude  pulmonary  edema  because  the
continuation of signs of circulatory insufficiency
suggest that there was underlying cardiac disease,

However a few years later a number of clinical
descriptions in Peru leave no doubt that high-
altitude pulmonary edema was clearly recognized
there. The first descriptions came from the Chulec
General Hospital in Oroya (3750 m) where
Leoncio Lizdrraga Morla (4) described 7 cases of
high-altitude pulmonary edema seen between July
1951 and Auvgust 1951, Previously Einar Al
Lundberg, Chiel of Medicine at Chulec General
Hospital, had presented 6 cases to the Asociacion
Médica de Yauli bul these cases were not
published.

Lizdrraga described his coses in detail with
summarics of their clinical history, physical
cxamination, hematology, chest  radiography,
clectrocardiography, reatment and outcome, He
described the condition both in individuals making
their first ascent o high altitude, and also in people
who had been m high altitude for some time, had
descended 1o sea level for a few days, and then
returned o high altitude. The patients typically had

severe dyspnea and rales in their lungs. The ches
radiograph showed increased shadowing but the
heart size was normal, The electrocardiogram
showed right axis deviation and sometimes P
waves were prominent suggesting cor pulmonale,
Most cases respended well 1o rest, though oxyges
and digitalis were sometimes administered.

Following Lizdrraga's classical paper, Arturo
Barddlez Vega (5-7) described 12 additional cases
in Morococha (4500 m) which he saw between
August 1953 and November 1955, Agam the
descriptions were detailed along with the clinical
history, physical examination, chest radiology,
hematology, electrocardiography, and outcome.
Barddlez siated that a frequent complication was
bronchitis or  bronchopneumonia  and  he
recommended the administration of penicillin or

some other chemotherapeutic agent.

It is remarkable that the detailed swdies by
Lizirraga and Barddlez were essentially unknown
puiside South America. The only report in the
English-speaking literature was a briefl “Foreign
Letter” & the Jourmal of the America Medical
Association (8). However thiz was generally
overlooked, panly because of its brevity and parily
because the readers were not preparcd for this new
disease,

Introduection of the Peruvian Studies to MNorth
America

In February and March of 1959 Herbenn Nils
Huligren (1917- ), a cardiologisi ai Stanford
University School of Medicinge and a moungain
climber, visited Chulec General Hospital and was
astonished 1o find that high-altitude polmonary
edema was a well-known condition which had been
accurately described on many occasions. When he
returned 1o California he wrote an account with Dr,
Warren  Spickard  under the title “Medical
Experiences in Peru™ which was published in the
Stanford Medical Bulletin in March 1960 (9). After
some general remarks abowt Peru, and Lima i
particular, they stated, "During the two weeks spent
at the Chulec General Hospital, the authors had the
oppartunity to review the clinical records of 41
puticnts who had experiecnced acute pulmonary
edema shortly afler their arvival on the hill.” The
climical features were described and were much as
reporied by Lizirraga (4) and Barddlez (5-7)
Hultgren and Spickard pointed ow tha the
mechanism of the disease was unknown, However
the normal casdise size and absence of murmurs o
gollop sounds suggested that left ventricular failure
was absent. In addition there was evidence of
physiological pulmonary hypertension and right
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ventricular hypertrophy. This parily came from
electrocardiographic studies referced to above, but
they also cited the work of Rotta er al. (10) who
had recently demonstrated pulmonary hyperiension
in 4 native residents of Morococha.

In rewrospect this important paper by Huligren and
Spickard did not make the impact that might have
been expected. Partly this was because the Stanford
Medical Bulletin is not widely read, and also the
authors implied that a fuller account of the patients
with high-altiude pulmonary edema would be
published later. This is regretiable because this
classical paper was the first full account of high-
altitude pulmonary edema published in English.
Not only did the authors review a large series of
cases and clearly report the salient clinical and
investigative findings, but they also gave useful
insights into possible mechanismes of the disease.

In the event, the most influential publication in the
rediscovery of high-altitude pulmonary edema in
the English-speaking literature was by Charles
Snead Houston (1913- ). In January 1959 he saw a
21 year old college stwdent who had begun a cross-
country ski trip from Aspen, Colorado about 4 days
before and had become so ill with severe dyspnea,
wieakness and cough that he had 1o be evacuated 1o
the nearcst hospital. On examinmtion there was
cyanosis, marked onhopnea and dyspnea, and both
lungs were filled with coarse o medium rales, A
chest radiograph showed mottled infiliration
especially on the nghl side. The dingnosis was
initially unclear and the case was first reported as
"Preumonia or Heart Fallure? {11). However later
the diagnosis was changed and the case was writien
up for the New England Journal of Medicine under
the title “Acute Pulmonary Edema of High
Altiude” and published in the September B, 1960
issue (12). The pathogencsis was uncertain and the
conclusion was that, "The condilion is altributed 1o
the combined stresses of cold, exeriion and the
anoxia occuming at 12,000 feet.” The Peruvian
studies were not cited although the text included
the statement, “More recently, Hultgren examined
the records of a large number of patients with acute
pulmonary congestion believed o be due 1o acute
exposure (0 high altitwde.” However the New
England Jowrmal of Medicine is widely read
throughout the wiorld and Houston's article brought
the condition of high-altitude pulmonary edema
inlo greal promincnce.
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RESUMEN: Balance Hidrico y Mal de Montafia Agudo Antes ¥ Después de 1a Liegada a Aluras de 4.350 m

Exte extudio ex ¢l primero que imtenta medir of bakasce hidrce y sus componentes en alura. usando agsa marcada y dilucde d
beomurn, ¥ relaciananda ks resultades con nal de monafs agedo (AMS). Se midid ingesta de agen, excrecidin total de agua y
excrecide de apea en heces y orina en un inservale de tempo de 4 dios, anies y leego de un pesiodo de de 4 dias de permanencia o
4350 m, Se midid el ngua corporad intal y € agun extrmcelular al inicio y al final de ambaos intorvalos. Hubo una relacidn estrecha entre
la ingests encrpdtica v k ingesta de agua ¥ 1 relacidin no cambid con 1a permanencia en la alura. Los sujetos qee desamallaron AMS
redujeron consecuentemente su ingesia encrgdtica v sa ingesia de agea, El incremento en ol agua corpornl foiad (TAW) en sejenos
afectados por AMS 52 acompadd de una reducciin on la péndida total de agua. Ellos no mostranon un débiio wrinasio incremeniado

de bs pérdisda evaporativa reducida de agua que s¢ describe en alturn, Los sujclos imedisron un incremendo significai
de TBW luggo de 4 dias en altora, Los afessdos con AMS mostraron las variociones neks grandes en agua extracelular (ECW) cn
relscidin ol TAW. En conclusidn o retencidn de liguido en relackin ol AMS ox independienic de un cambio on bos regoerimisnio
hidricos debidas o la exposiciin o b aliura. Los sejeios qee desamollumn AMS fecnon los que mostearon un pasage de liguido de por s

memas | 1 del compartimienio intracelular al exiracebular o ded exirocelular al intracelular.
Palabras claves: Ingesta hidnica, Péndids hidden, Balance hidrico, Aguea corporal tatal, Aguoa extracelular.

La présenie éoade est la premidre entative die mesune ds Blan
Edrgque of de g composards en altilude a0 moyen d'ean
marguée of d'une dilution de brormne, of d'wne mise cn
relation des rdsulins aves e mal des maragnes sapu (ARMSR
Lingestion o'cam, I"dimination toinle «'ean e I'éliminason
d'can par Panne o les selles oot ébd mesurdes dans un
intervalle & wenps de 4 pourd, immédinicment avant el opeés
wne prinde de 4 jours de sdjosr & 4 350 m. L'eau corporelbe
totale el I'eau eximeetlulaine cea dié mesuste au débul ol b
fim des deus péricdes. Une #roile gelmion entie 1"inpestion
éncrpitipee o Dingestion d'cas o did pbagmde,  aans
changemem apris passage en altitude. Les sujets affecnds por
PARS réduizient en consdpaence leur ingestion dmerpdriqus
el hydrigue, L'ougmentation du pablds campancl iotal (TEW )
chiz les supeis affocids s'est nocompapnée d'une réduction de
E1 purie 1edalo o can. Use augmentation de "excedison urinaine
cogensanl une porte par dvaporalion ndwite de G &
Unhimid: 05 paz &¢ shiafde Co sonl ks sujeis aneiss
"AMS qui ont mosied les plus prandes variations de ey
coracellwlaice (ECW) en mppen avee e TBW, En
conclusion, b régenibon de lhquides lide & I'AME e
tekipendlanie d"un changement des boeing bydrigoes oG &
Paliude. Chee les sujets alTeckds par I AMS on g constasé be
pussage o moins 1 liee denn e compastiment
intracellulaive & Peswaccllulsire, oo de Vemmecllulaine i
Iintracelllmine

Motscbés : Inpestion hydrigee, Peme lydrique.  Bilan
hydrigue, Eau compandlo 1ofale, Fau exorocedlulaine.

INTRODUCTION

One of the problems of high alimde is the
maintenance  of  water  balance.  Waler
availability is low when the only water source is
by meliing  snow.  Theoretically  wmer
requirement 15 increased due 0 increased

ABSTRACT

The present ety i a hist stampl fo measans water balance
and s components @ aliede, wsing labelod waler aad
beomide diluricn, sl relaning 1be resmits with acule mountiin
sicknesy (AMS). Waler inaake. otal walér outpud and waics
oalpul in wrne and feves were measurcd vver a d-day inieral
before and o subsequent 4-iday inerval afier Imnsport 1o 4,350
i, Tolal body waber and exvraceilalar waler wore mossured ai
the san and ad the emad of the swo bervals. Thene was a close
relatiorship between encrgy Ingake and water intake and the
relation was unchanged by the altinude interveniion. Sebjecs
developing AMS reduced encrgy inlake and water imtake
cormespandingly. The increase in THW in subjects developing
AMS was poeompanied by o reduction in iotal wader ks
They did ned show the imcreaxsed urine oukpal, compensating
far the reduced evaporative walgr boss an altitude. Subgects
showed a significam increase in THW alier 4 days at alfiiude
Subjocts with AMS shewed the bilgpes shifis in ECW peative
= TBW. In conclusion. fluid retention in relation 10 AMS is
imtlependent of 3 chamge in water sequirements due b altiisde
exposure. Subjects developing AMS were those showeng a
Muid shift of at keast 1 | from the inoeelbular 1o the

-_rxlmnl:llulnr omparmen or fiom the extmeclbolar o the
imdracellular comparmnsm).

Imdben terme: Waser Intake, ‘Wiater loss, Witer balance, Total
body waler, Extrsechular water

insensible water loss at low ambient water Vapi
pressure (Ferrus ot al 1984), Conzolazio e o
(1968) measured consistently negative Mud
balances during I8-day high-aliiude cxposure
0 4,300 m. One of the speculative explanations
WIS AN INCTease in respiraiory water loss due 1o
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the increased pulmonary wventilation and the
decreased humidity at high altitade. However,

there is insufficient data to support this
statement.

The present study allowed the measurement of
insénsible water loss at high alttude by
simullaneously measuring 1odal water wrnover
and fluid loss in urine and feces. Water intake,
total water output and water owtpul in urine and
feces were measured over a d-day interval
before and a subsequent 4-day interval after
transport 10 4,350 m, Towal body water and
extracellular water were measured at the start
and at the end of the two intervals.

METHODS

Subjects were three women and seven men,
aged 3028 (5D) and with a body mass index of
21.1£20 kg/m' (Table 1) They gave their
informed consent to participate in the study and

the protocol was approved by the Ethical
commitiee of MNecker Hospital, Paris. The
observation started with baseline measurements
over 4 days al sea level (Paris, France). On the
5th day subjects were transported by car and
helicopter o a field laboratory on Mont Blanc in
the French Alps (observatoire Vallot, 4,350 m)
to be observed for another 4 days (day 6-9, Fig.
I). The activity level of the subjects was low.
They spent most of the time in reading and
household activities and underwent two short
exercise tests at sea level and ar altitede, Mean
ambient temperature, pressure and relative
humidity in the laboralory in Paris and in
observatoire Vallot on Mont Blanc were,
respectively, 3123 °C and 2123 °C, 76126 mm
Hg and 45241 mm Hg, and 5824% and 48+2%.
Meagurements of water balance comprised food
and water intake, water loss, and changes in
body composition over the two obervation
infervals,

Table 1. Subject characteristics
Subj SEX age height body weight body fal
No. iy} {m) {kg) (%)
| m 29 1.80 T70.0 12
2 m 30 1.82 67.5 12
3 m 26 1.92 B4.0 i1
4 [ 26 161 52.2 17
5 [ 34 163 G225 20
& f 22 1.56 41.5 12
7 m 23 1.76 58.0 9
8 m 2 1.78 73.0 5
L) Im a6 1.582 7.0 14
1 im 47 1.66 59.4 11
mican 30 1.74 .0 12
S B ol 12.0 4




Acta Andina, VI(2); 1,997

Paris (sea level)
< water balance
BM
TBW

»< Vallot (4,350 m)

< waler balance >

BM

TBW TBW

Fig. 1. The protocol. Body mass (BM), total body water (TEW), and exiraccllular water (ECW) were
measured before and after two 4-day observation intervals of water balance, the first al sea level (day 1-4)
and the second at 4,350 m {day 6-9). Vallot, Observatoire Vallot, French Alps.

Food and waler intake was measured with a
dictary record. Subjects recorded their food and
fluid intake in a diary, including brand names
and cooking recipes where appropriate. Food
items were weighed with a table scale in most
cases and volumes were mensured with a
graduated containgr, During the stay in the feld
laboratory the diaries were examined with the
subject 1o clarify and climinate inconsisigncics.
The encrgy and water content of the intake was
then derived from food tables  (Stichting
Nederlands Voedingsstoffenbesiand)

Total water Joss was measured with labeled
water {'H,0). The observation covered two
times 4 days, day 1-4 at sea level and day 6-9 ai
altiiude (Fig. 1). Subjecis were given o weighed
dase of 75 ml water with a measvred enrichment
of 436276 APE "H =0 that bascline levels were
increased to -100 ppm. Urne samples [or
isotope measuremend were collected  beforc
dosing at night and from the second veiding
every moming alterwords until the end of the
ohservation interval. Tsolope abundancics in the
uring  samples wore  measured  with  an
isotope-ratio mass spectrometer (VG Isogas,
Agua Sira). Water loss was calculated from
dewterium  climinmion oz deseribed  before

{(Westerterp et al 1992). Subjects drank lowland
waler at altiude, allowing the assumption that
background 2H levels do not change as has been
observed befare (Westerterp et al 1992,

To determing wioter loss in urine and feces,
subjects collected total wrine and 1dal feces for
all days. Urine was collected in o calibrated
container 0 mesure volume ab each voiding
and sampled for isotope analysis il appropriate,
Feces were collected in  preweighed bags,
weighed, and a sample was collected in an
mriight container for the messurement  of
moisture content by frecze drying in the
laboratory.

Body mass, total body water, and extracellular
waler were measuned i the sian and end of the
wo d-day intervals, Body moss (BM) was
measured on rising, afler emptying of the
bladder, on a scale £0.1 kg (Seca). Towl body
water (TBW) was calculated as the deuterium
dilution space, from the dewterium enrichment of
the second woiding minus the dewterium
concentration  of the sample before  dose
administration (Van Marken Lichienbelt ot al
1994a). The deuterium dilulion space was
divided by 1.0d 10 correct for isotope exchange
with non-aqueous  hydrogen of body  solids
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(Schoeller at al 1980). Extracellular water (ECW)
was determined by bromide dilution. A known
amount of sodium bromide (60 mg Brl
estimated TBW) was mixed with the "HO
solution and thus administered simulianeously
with the deuteriom  solution. Venous blood
samples were obtained at 1030 PM, before
bromide intake, and al 0800 AM the next
morning, within one h before or afier the second
uring voiding for the measurement of TBW

Bromide conceniration was determined in serum
ultrafiltrate with HPLC, and ECW was calculated
from correcied bromide space as described before
{Wan Marken Lichtenbelt ef al 199405

Acclimatization to altiude was evaluated by a
standardized sconng system of AMS of 4
sympioms: headache, digestive gigns, Tatigue,

einergy intake pliipudeisea level
waier Intake sliitodeisen level

dmae at alifads ()

Lol
-

and insommia (The Lake Louise consensus,
1992}, The symploms were scored on i 3-point
scale each, 4 times a day with 4-hour intervals.

RESULTS

Four subjects, two women and two men,
developed AMS afier transport 1o 4,350 m.
They had a mean AMS score of 17.0 (range,
16-18), 14.3 (8-19). 5.0 (3-T), and 4.5 (0- 11) on
day 1 1o 4 of the 4-day interval at alitode,
respectively. The corresponding score for those
who did not develop AMS was 2.5 (0-9), 2.0
(=73, 0.5 {0-1), and 0.5 (3- 1} Resulis on food
intake and the measured components of water
balance will be presented for the group with
AMS (n=4) and the group without AMS (n=0)
separately (Fig. 2).

e it altitude (d)

Fig 2. Energy intake (A} and water intake (BY on day 1 to 4 afier arvival ot 4,350 m, expressed as a
multiple of the 4-day mean value over the preceding interval at sea level, Value was significantly different
from value over preceding mnterval at sca level (*P<0.05, **P<0.01). AMS, acule mountain sickness.

Companng energy inake of the subseguent
days an altitede with the d-day mean energy
intake at sea level, all subjects with AMS
showed a reduction of inake ol altide. Energy
tntoke was 48425% 53422 916, and 95221
% ol the mean sea kevel value an the subsequent
days a1 altitude. Cormesponding values in the
other six  subjects were 93£24%, 97238%,
PIS£3T%, and 1082258%. Woaler 1mtake was
more varrhle bul showed the same irend, Wiler
infake in subjects with AMS wos 75233%,
S6x230, B2x24%, and TO:21% of the mean
sea level value on the subscquent days m
altitede, Corresponding values in the other six
suhjects were W00 5%, 82 4%, 104:20%,
and 100 £15%. Comparing mean energy intake
and mean water intake over the two 4-doy
intervals (there was a signilicant relition a0 sea

level {r = 083, p < 0.01) and ot altiwde (r =
084, p < 0.01), with no difference between
slope and intercepd of the two regression lines
(Fig. 3, co-variance analysis).

Mean wdal water loss at altitwde in subjecis with
AMS (nrs 3.4.5,10) was significantly reduced to
74421 % of the sca level value (p = (L05), while
the change in subjects without AMS 10 92£15%
wias not significant.

Urine produsction, s i component of wiler Joss,
in subjects with AMS was B3£2T%, 97236%,
99£34%, and 68222% of the mean sea level
value on the subscquent days at altitude.
Comesponding values in the other six subjects
were  00:58%, 165£52%, 179+34%, and
42500, iLe. significantly increased on the
first day (p <0L01), second day (p <0.01 3, and
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waler intake (Vd)

L T T T
L] ] 10 (1 Ia

energy Intake (M)

Fig. 3. Mean water intake as a function of mean
energy intake in ten subjects over 4-day
intervals an sea level and at altitude with the
calculated linear regression line.

third day (p <0.00013 st alutude. Water loss in
feces was at alitude decreased in all subjects
with AMS. The decrease was due do a decrease
of mean fecal mass from 0,250,014 kg'd at sea
level o OLI320.08 kpid an altitude and a
decrease in mean fecal hydration from 79£5%
1o 6Ex11%. Water loss in feces at altitude was
unchanged in subjects without AMS.

&0
'D-'-'-_-_-_-G
50= e o
E:;:.:_.::Ezﬁ

404 O emmmmmm==== g

total body water (1)

Tl =
...... -0
PR
20 : Y
gea level altitude

The mean fecol moss was 0. 1940006 kgfd ol sca
lewvel and 0192010 kgfd av altitude, and the
cormesponding values for mean fecal hydration
were 622 17% and 67+ 18%. Evaporative waler
loss, calculated as total water loss minus urine
water and feeal water, was decreased an altitude,
In absolute figures it went down from 25208
Ifd to 1.3=0.5 Iid (p < 0.001). Expressed as a
proportion of total water loss it went down from
57+14% to 3B£11% (p < 0.01). Changes in
evaporative waler loss were not different for
subjecis with AMS and subjects without AMS.

Mean changes in TBW and ECW were not
different for subjects without and with AMS.
There was. a significant increase in TBW of
1.2£1.00 | between the mean of the iwo
observations ol sea level and afier 4 days a0
altitude {p=0.01}. The increase in ECW of
0.541.2 | was not significant. However, subjects
with AMS showed ihe biggest shifts in ECW
(Fig. 4). Three subjects pained more than 1.5 1
ECW (nrs: 3, 4, 10) and one subject lost 101
ECW (nr 5), while the mean change in ECW in
the subjects without AMS was -0.1£005 | (range
#0.5 1o -0L8 [).

i85
E y//,a
=
-] 20 =
E
* e =
E Eiteeeamp
g 15 —=
3

Cremmmms - o
ig - |
sea level altltude

Fig. 4. Change in todal body water and extracellular water from sea level (o altitede for subjects without
acule mountain sickness (data points connected with comtinuous lines) and subjects developing acute
mountain sickness (data points connected with dotted lines).
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DISCUSSION

The present siudy is a first atlempt 1o measure
waler balance and its components at altitude,
using labeled water and bromide dilution, and
relating the results with AMS. There was a close
relationship between energy intake and waler
intake and the relation was unchanged by the
altitude intervention. Subjecis developing AMS
reduced  energy  intake ond  water intake
correspondingly  because nausen and loss of
appeuite are part of the clinical syndrome of
AMS. The imcrease in TBW in subjects
developing AMS was accompanied by a
reduction in total water loss. They did not show
the increased uring oulput, compensating for the
reduced evaporative water loss ot altitude,

AMS is associated with rspid ascent and with
Muid retention (B&rsch et al 19913

Fluid retention seemed 10 be independent of a
change in waler requirements duc o altitude
exposure. The relation between energy intake
and water intake was not affected by the ascent,
not in subjects without AMS nor in subjects
with AMS. Apparently altilude exposure docs
not affect fluid intake independent from energy
ifood)  intake. Water requirement is ot
mercased. The increase in cvaporative waler
Ilnss due 1o decrcased haromelric pressure is
counterbalanced by additional clothing reducing
culancous waler efflux as sugpested by Hoyt et
al (1994), Evaporative witer boss in the present
study even went down from 25208 1 1o
1.320.5 I (p < 0.001) or from 57+14% 10
FB_N1% (p < 0U00) of wval water loss. The
decrease could be an effect of the high
temperature during the interval at sea level
(31£3 2C) though temperature ot altinde also
was relatively high. Subjects stayed nearly all
the time in o comforable hut a1 room
temperalue (2123 2C), The difference of 10 °C
between sea level and altitede was probably
even less than subjects normally experience in
altitude studies, Thus, altitwde exposure in the
presence of sufficient food and water is a
problem of how (o increase water loss. This
stucly shows for the first time that total water
foss wis reduced in subjects with AMS because
they did not increase divresis al the reduced
exmporalive wiler [oss,

Subpects showed o significant increxse in TBW
after 4 doys at alowde. Subjects with AMS
showed the biggest shilts in ECW reluive 1o
TBW. Haonnon et al, {1969 observed a shilt
from ECW o imtcacellular waler (1CW = TEW -
ECW) while TBW wis unchanged in subjects

exposed 1o 4,300 m, under sedentary conditions
and no change in environmental temperature (25
#C), by transporting soldiers from sea level o a
laboratory trailer at altitude. Krzywicki et al.
(1971) observed a deerense in TBW and ICW
alter 6 days exposure 10 4,300 m with 'nermal’
exercise, while ECW was increased. In both
studies mentioned, subjects had  minimal
symptoms of AMS, Whatever happens with
TBW al altiwde cxposure, hypohydration
(Krzywicki et al 1971), cuhydration {Hannon et
al 1969}, or hyperhydration (present study), the
present study showed that subjects with AMS
showed the biggest shifts in ECW relative to
TBW. This is in accordance with a study of
Carson et al. {1969) also showing that maximum
severity of AMS went together with the greaest
Muid shifis. This can be a relative gain (present
study 3 subjects) or relmive loss in ECW
(present study | subject).

In conclusion, Muid retention in relation o AMS
is independent of a change in water requirements
due o alttude exposure, Subjects developing
AMSE were those showing o Muid shift of at lenst
Il from the intracellular to the extracellular
compariment or from the extracellular to the
intracellular compartment.
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THE HIGH ALTITUDE MEDICAL STUDIES IN JAPAN
Michiro Nakashima M.D.

Osakafu Saiseikai lauo-Daini Hespital Sangenya-MNishi, Taishoku, Osaka, 351 Japan
Phone:+81-6-551-0454, PAX:+81-6-551-2110

RESUMEN: Los Estudies Médicos Sobre Altura en Japén

Laos estodvas médicos japoneses sobre oltur empezamon con 3 expedicidn de Monaslu em 1953, desde emionces, cnbre muochas
oxpediciones de Japdn a los Himalayas, 34 de ellas ban reportado trabajos médicos, Ocko reponies fuenon destacados endre gstas 34
expodiciones, ¥ eipocialments dos de ellas se distinguieron: la Jopanere Alpine Club Mt Everest Expeditioa, 1970 (IMEET0) ¥ ba
Ko Univerriny Medicol Reseirck Expedifon o Xivaboegmn, 1990 (KUMREX90). Se presenta una introduccidn de alganos
articulos de KUMREX W), La Sociedod Japoneso de Medicimg de Moaneda (JSHM] 90 coablecid en 1981 v s publica cada afio los
pepores de baa Symposia Japonescs sobee Medscina de Montafia. EL JIMB wvol. 16, @ilmo nimens, se peblbed en Diclembee de 1906
Eniee los nemencsos eipectalissa ¢ imvestipadonss de aliud, b Dves. Matsubayashl, Sadie, Masuyama y Hoel han realizada
remarcahles conmtbucionss ¥ 3¢ presentan nqul akpenos de s wmbajos. Desde 15966, s¢ ha reponade muches cases de AMS severo
(HAPESHACE) en Japdn, s bien no hay muchas mostshas por encima de 3000 m. El DOr. Kobayashi y sus colasbomdones ban
mepostada investigociones sobre muchos casos de HAFE v de alin susceptshifidad de los cosos o b abturm. Ademds de la medicina de
montafia, s estin realizando también tabajos sobre fisiologia en altura. El Dr. Asana de b Universidad de Tsakuba e ol lider en ease

camp en Lapdn.
Palnbras claves ¢ JIMM. Expedicitn Medicing

RESUME: Les dowdes moidicales de haute altitede am
LETET

Hustemique ¢l ravaox phients sud B pecherohe mddicale de
haaic aliiluds @ lapon | Les  Ensdes mddicales japomatses
dans e domaine ot comenencd avee "expddiibon Manash en
1953, Depuis loes. 34 expéditicns japonsises b I"Himalzya om
rendu comgie de trovoux de echerche mddicale, Huit de ces
reponiages  sont 4 signaler & deux se  distingoesi
particuligrement ¢ ceux de la Sopawese Aipine Clulb MY
Everest Expedition, 1970 (JMEE 70) et de B Kywo
University Medival Research Expedilion e Xivabomge,
1990 |KUMEEX 90). Une inbroduction 3 quelques articles
sur by KUMRBEX est proposée. La Jepanese Sociery for
Miveatein Medecine {FSMM] a é1¢ eréde en 1981 el la revue
Japenese Jourreal of Mosntain Medecime (13M) - compies
remilus e la nfumion amnuclle du symposiom jupomais de
meckting de monkagre - it pubdide chages annde. Lo domaer
namdre da JIMM, vol 16 a paru en décembee 1996,

Parmd Jes pomdweux spiviafisies de hawle montages e
chercheors  d'aliode, ks D, Mstsubayoshi,  Sado,
Mnsuyamas 21 Horik ong réalisd des mavaux remanquables dont
cjuhuess s sond pricents ici

Blem qu'za Japon |y alt pea de montageess ddpassans § (00
m, de pombeeuy cas graves de AMS (HAPEHACE) ont ol
signaks depuiz 19466, Le D, Kobayashi et ses colkipues ant
mendu compie de leurs recherches sar de nombreux oo de
HWAPE et de la s grande suscepiabifild des sujeis alfeciés a
ln hawic alimude. En ples de ln médecine d'expédition,
I imvestigation physiologiges comprond Paltiiode <imulée quo
"o réalse dars die nombecuscs umivoralés. Le Dr. Asano de
I'Undversid Tookuba oil 3 la s des recherches dams ec
tainaies au fapan

Mimts-chin  JIIN, Ocdime pulimonain o altivsde, Médecing
dexpithivon

L INTRODUCTION

In Japan, there are many mountaineers, hikers,
climbers and trekkers going up not only low
mornlaing within Japan but high mountains all
over e world, so consequently, the number of

SUMMARY: Japasese high ahitude medical siudy began ot
Manaslu Expeditios §n 1953, Since then, among many
expeiditicas 1o Himalayn fram Japan, 34 of them have repor
ted medical research works, Eight reports weee remarkable
among these 34 expeditions, and especially two of them were
distingwished. These iwo reporis were Jopanese Alpine Cimd
MyEverest Expedilion, 1970 (JMEETD) and Kyore
Uwiversity Medical Repecirch Expedition tr Xioobaiges,
1990 (KUMREXSD). Absract of some papers  an
EUMREX T ane inroduced hare. The Socicly of
Maonntain Medicine{ LS was establighed in 1951, ane the
Jopanese  Seweud of  Mewaran  MedicbueLIMM),
procecdings ef (b anmual Eecting of (ke Japaees:
Symposium on Mountxin Medichne is betng published every
yar, JIMM wvol. 16, the Babesi dssie, was pubdished bn Dee
M6, Amesg many lapancse medical pescarcher-mountain
climbors, Dy, Massubayashl, Dy, Sabie, Dr. Moswyama ond [,
Huoeil did nemarkable works and some of their main works are
imraduced  hene. Saee 166, many cases ol severe
AMSHAPEHACE) have been reponed in Japan though
ere afc nof many mountxing higher than 3000m. Dr
Kobayachi amd his colleagues hove reponied rescarches on
ey HAPE cames ond high susceplibility to high aliitude o
e cxses. Besides  expediibon  medicme, ph}t‘il.lh‘]h|
research works on simudsted altitude are alvo caming oul bl
several mniversities. B, Asmar of Tsukeha University s the
leader of this leld in Japan.

Key Wardss JIMM, Migh Alude polimomary edens,
Expeditbon Medicine.

victins of scule mountain sickness(AMS) or
even high altiiwde pulmonary edemalHAPE)
and/ or high altitude cerchral edemalHACE) is
nd a few cven on the mountains in Japon,
ihough there are few mountains over 3, 000m
height. Accordingly, we have many works on
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mountain medicine. However, the most of them
are not well known in the waorld, because the
rale of numbess of these papers published in
foreign medical journals has been low,

In 1983, Dr.Houston kindly offered me the

opportunity to introduce our works to people
outside of Japan at the Third International
Hypoxia  Symposiuom  held ol BanlT,
CANADAL). And Dr.Monge and
Dr.Ledn-Velarde gave me the second chance o
introduce our recent works on high alitude
medical rescarches in Japan at the Second
World Congress on High Altitude Medicine and
Physiology, 1996 held in Cusco, PERU.

2. JAPANESE SOCIETY OF MOUNTAIN
MEDICINE

The Japanese Society of  Mountain
Medicine{(J5MM) was cstablished in 98], The
Japanese Symposium on Mountain  Medicine
has been held annually and s proceedings,” The
Japanese Journal ol Mountain
Medicine(JJMM)_ is being published every
vear. This journal, writlen in Japanese with
English abstracis, containg most of our works on
mouniain  medicine, As for example, the
conlenis of the latest issue of JIMM wol 16
published in Dec, 1996 are introduced here,

SISOMURA: Special Lecure:  International
Travel and Health

M.HORIE: Memory of the Late DrJohn Sutton

LESUTTOMN: Lessons Irom Operation Evengst
|

FOKUDA: Prediction of Acuie Mountain
Sickness by Uric pH Measurement

S.ONODERA: Relationship Between Ratng of
Perceived Expedition and Heart Rate on Hiking
or Climbing of Middle and High Age

M.MNAKASHIMA: Recurrenl Symploms  of
Prcumothorax with Up and Dewn st Moderate
Altinude (A Case Report)

Y. MATSUZAWA: Ventlatory Responce 1o
Sustnined Hypoxin in Subjects with Previous
Histories of High-Altiwude Pulmonary Edema

T.RIZAKL Swimming Training Improves
Immune Besponce

K-MATSUBA: Trial of Disinfection  of
Drinking Water by Sodiom  Hypochloriie
Solution  during  Mywingentanglhai 7,04 6m )

Expediticn

M.TAGAWA: A Report on & HRA Pheriche
Clinic during Autumn in 1993

TKOBAYASHI: Effect of 0, Breathing on
Changes of Arlerial Oxygen Saturation and
Breath-Holding Time (BHT) during High
Altitude Trekking

H.OKAMOTO: Enegymatic  Adaptation  of
Skeletal Muscles after Hypobaric Training in
Fats,

M.YAMAMOTO: Exercise Physiology of
Climbing 8,000m Peak without Bottled Oxygen:
Fitness, Acclimatization, and Wark Capacity

M.CHIDA: The Effects of Niric Oxide Donor
on the Change of Oxygen Saturation at Hagh
Altinude

ROGIWARA: Risk Management for High
Altitude Disease in Travel Agencies Which are
in Charge of High Aliitude Trip and Tours in

Japan
M.NAKASHIMA: Repon of The Second Workd

Congress on High Altitude Medicine  and
Physiology 1996

For more informations, contaclt  with  the
secretariaie of JSMBM.

Hideki Olino M.,

Department  of Hygiene, Nstional  Delence
Medical College 3-2, Namiki, Tokorozawa, 359
JAPAN Fax: +81-429.06-51035

3. JAPANESE HAPE, THE WORKS OF
SHINSHU UNIVERSITY GROUP

The highest peak in Japan is MuFujii3,776im).
More than 1L K] people go up this mouniain
ewvery summer scason, but the incidence of
severe AMS is very lew,

Supposedly, MrFuji is @ single peok and easy (o
approach so the most of the climbers can get 1o
top and to down before AMS symploms appear.
On the contrary, in case of traverse of Japan
Alps. mountaineers should stav at altitedes
higher than 2400m [or several days, and some
people hypersensitive 1o altitude often suffer
[rom AMS or even HAPE. The (irst case of
Japanese HAPE was reported by Arai ¢ al in
1966, Since then, more than B0 cases have
been reported. The aliiude of onsct of Japanese
HAPE is as low as 2.680m-3, 190m. Among
those reports on Japancse HAPLE. the clinca
works of Kobayashi and his colleagues of
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Shimshu University are excellent. The summary
of deal works on their own 46 cases are as
follows(3, 4);

l. Feawres of physical examinations on
admission;

2] Hematological and biochemical analysis;

increased; Hi, WBC,Cremine kinase

decreased; Pli, Serum protein and Serum
Fo:

b) Artcrial gas analysis: Ph; 7.4820.04,

PCO, ; 312627 o, PO, ; 446240
torr

¢) Broncho-alveolar lavage: increased; IL1-
E1L-6,IL-8TNF- » and ICAM-1

di Chest X-ray and brain CT films:
Characteristic findings of pulmonary
edema,

2. Common  physical chomacteristics  of
Japanese HAPE patients:

a) Greater increase in pulmonary vascular
resistance index

b} Higher pulmonary arerial pressure level
during hypoxia

1 Blunted hypoxic ventilmory drive

d) High frequency of increase of human
leukocyie antigen DRE-6

They concluded that these paticnts might have
penelic predisposilion o hypoxic
hypersensitivity(3, 6, 7) They also have
published several other HAPE-related reporis (3,
9)

Furthermore, Ueda and others of Shinshu
University group  organized  Matsumoto
Inter-national  Symposium  on High-altitude
Medical Science with splendid proceedin-ses
(10, 11} twice in 1987 and 1991.

4. THE HISTORY OF JAPANESE
MEDICAL RESEARCHES RELATED
TO EXPEIMTONS

The Japancse high altitede medical study began
at Manaslu Expedition by Japanese Alpine Club
in 1953, Since then, among many expeditions 1o
Himalaya from Japan, 34 of them({Table | and
Table 2) have rerported medical research works.
The following 3 reports out of these 34
expedilons were remarkable and especially pwo
of them were distinguished. These two reporis
were  lapanese  Alpine Club  MLEwverest

Expedition, |197\IMEE70) and Kyoio
University Medical Rescarch Expedition 1w
Kixabangma, |990(KUMREX90).

1953-56; Manaslu(8,125) (Nepal) (12)
Tatsunuma, Sumiyoshi, Tokunog

i

1970;  Mt.Everest(8,848) (Nepal) (13)
Sumiyosi,Makashima,Hirotani,
Ohmori. This was the first
Japanese expedition equipped
with  large scale  medical
rescarch team. Some results of
this physiological, hemao-
logical and biochemical
research works were presented
st The Tth Internotional
Congress of Biometeorology at
Mordwijk, Metherland in 1971,

1976;  Pik Kommnizma(7,5%3) (Pamir)
(14} Asano. Asano obscrved
very high incidence of high
alistude  refinal  hacmorage
(HARH) among climbers of
this  expedition. He iook
retinophotograms of climbers at
the base-camp before and after
the ascent. He found 15 HARH
cases out of 16(94%) climbers
after the ascent.

1980; Ganesh Himal Y{6,750) (Mepal)
(15} Magao,Shinohara,Sasaki,
Imaizami, et al.

1984; KangchenjumgaiB.5935) (Mepal)
(16} Basuyama. 1988;
MiEveresti® 848) [Mepal-
Tibet) (17 Saito,
Masuyama,Suruki,

Harii, Hirata,
Mukariya, Mizukoshi.

1900; Xixabangma(8,012) (Tibet) Saito,
Matsubayashi, Makashima, et
al. This was the genuine lnrge
scale medical rescarch
expedition of Kyoln
Univeraity. The medical reports
of  this  expediion  was
distingushed. Absiracis of some
pApPErs ane introdwced
separatedly [ater in 6.

1991  Cho Oyu(B201) (Tibety (19)

Hari,
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5 THE FOUR  DISTINGUISHED
JAPANESE MEDICAL RERSEARCHER
« CLIMBERS

The names of the most distinguished 4 medical
doctors in Japan and their main mountaineering
records and research works are as follows:

{% :Summit-climh, ¥The first ascent, % Pary
leader)

SAITO, Atsuo M.D. (Kyoto University )

1942:Saltoro Kangri i (7.742)
{ Karakorum);Elecrocardiogram (20)

He recorded electrocardiograms of climbers at
the base camp,

Thisz was the first EKG record ook ot 5,200m
above sea level,

1973:Yalung Kang <% (8,420) (MNepal);
Elecrocardiogram (21}

1980: Everest # (8.8423) {Tibet);

Elecrocardiogram {22)

[984:Naimonany:  *  7.695)  (Tibet);
HAPE. Respiratory Function (23}

1988:Everest & (Tibel-Nepal); ERKG. EEG,
HARH, Respiratory, ete. (17, 18)

1990: Xixobangma % < (8012) (Tibet); EKG,
EEG, HARH, Hormaons ebe.

1992: Mamcha Barwa & (7.762) (Tibet):

MATSUBAYASHI, Kozo M.D.  {Kyoio
Ulniversity)

1982:Gang Ben Cheng 1 <k (7,281) (Tibet);
Urine Catecholamines {24)

1984 Noimonanyi 4% (7,695) (Tibet); HAPE,

Respiraory Funetion (23)

985 Mnsakong < 4 (7.20d) {(Bhutan};

Cerchial Blood Flow.ate, {25, 263

90 XMixabanomna <= (8012} (Tihet); EKG,

EEG, HARH. Hormons, eic,

MASUYAMA Shigeru M.D. (Chiba University)

1984: Kangehenjungl 8,595 Yentilaion
comtred {16}

980 Kunlun, Peak?, 167 & ; WVennlwion
Chemosensifivity (27}

1988:Everest; EKG. EEG, HARH,
Respiratory, Hormons (28) 29)

He observed hypoxic ventilatory response
of highlanders (Sherpa) and concluded thal,

1. It is not always blunted,

2. They keep good ventilation both at rest and
at exercise or acute hypoxic exposure.

3. Even highlanders, hypoxic ventilalory
responce curve decreases by age, but good
ventilation and oxygenation are still kept.

HORII, Masako MD. (Kanagawa Canser
Center Hospital}

[980:Kedarnath Dome (_.831) Circulatory
Physiology of Women (30}

[988:Everest  (Tibet-Nepal); ERG, EEG,
HARH, Respiratory, Hormaons (31)

90 1:Che Oyu (8.201) (Tibet): High Altitude
Physiology of Aged (19}

She found thmt VO__ of 4 lapanese
middle-aged{52-55 years old} Mi.Cho
Oryu(B M Tm) summit-climbers wis
between 52.6and 639 mbfks'min, almost
sammee. bevel of excellent marathon runncrs.
She also found that mean 300, of swmimit-
climbers was always higher than that of
non-summil climbers significantly at any
altitede,

6, MEDCAL STUDES OF HIMALAYAN
EXPEDITIONS {F EYOTO
UNIVERSITY

Kyolo  University is o really  outstanding
university in Japan, which dispaiched iotal 28
scienlilic expeditions w Himalaya and  otlser
high moumains Among them, 6 expeditions
shown in Table 3 have perlormed distinguished
medical works, amd the last one,  Kvolo
University Medical Rescarch Expedition o
Xixabangma, 1990 {KUMREX™0N) was the first
amd the best genuwine large scale  medical
rescarch  expedition in Japanese  history  of
moumainecring. Some of their works wene
presented on the Tih Imternational Hypoxia
Symposium, Lake Louise, in 1991, (Hypoxia
amd Mountain Medicine, )R Sutton.G.Coates
and C.5 Houston ed. Queen City Printers Inc,
Burlinaon, Wi 19923
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Table 1. CHRONICLE OF JAPANESE EXPEDITIONS TO HIGH MOUNTAINS
WITH MEDICAL RESEARCH{1953-1981)
(BEFORE ESTABLISHMENT OF JAPANESE SOCIETY OF MOUNTAIN MEDICINE)

YEAR | MOUNTAIN(m) | AREA | RESEARCH MEMEER
[953-56 Manaslu(8,125)* Mepal Tatsunuma,et al.

1962 Salioro Kangh®*(7,654) Karakorum Saito. Hayashi.

1966 Aconcagual6,960) Peru Takasi,Hara,et al.

1970 Everesi{8,.842)% Mepal Makashima, Ohmari.et al,
1973 Yalung Kang(8,410) Mepal Sailo.

1975 Pik Kommnpizma®({7,595) Punnir Asano, Hara,

1977 Tharkow{6,099) India Haraet al.

1979 Huascaran{ 6, T67) Peru Hara,et al.

1980 Ganesh Himal V*(6,750) Mepal Magao,et al.

1980 Kedarnath{6,940) India Horii.

1980 Everes1*(8.842) Nepal Saito,en al.

1951 Bogoda(5.445) China Mose,ct al.

19381 Evercsy(8,842) Mepal Hayashida, e al,

19%1 Japanese Society of Mountain Medicne{JSMM) Esiablished

*Remarkable Rescarch

ADACHI Minami {32 /measured hematocrit{Hi)
and erythropoietin, The mean Hial 6,920m was
65.5 + 3.0%(47-70%). Erythropoictin increased
with ascent prior 0 increase of Hi, then
decrensed  oacutely with progress  of
seclimatization, and increased again with funhor
gain of altitude.

DEMIZUAkica (33) obscrved high altutude

Chi armvall Aprfl Tk
(n keavimgl May/28):

ENDO, Emsuaki (34irecorded EEG of climbers,
He siored it on magnetic tape and brought back o
Kyoto. The event related potentiinls and awditory
evoked potentials in humin brain were analysed
by means of a0 computer. Both  polentiols
decreased wl high almede, I is very intercsting
finding (hat, the evend relaled potentials of
clhimbers with high altinile retinal
hemorrage HARH) was oviously lower than that
ol chumbers without HARH.

HIRATA Eaeun (35} observed left ventricular
function and cardiac wall motion potentials
using centerline method by means of 2-
Dimension  Echocardiography,  which  wos
browght wp to the base camp(3.020m). He
ohserved depression of scptal movement which
reflected  increased  right  ventmicular Lo,
indweed by pulmonary hypertention came from

Pl 1237 -4 3w,

insomnia of climbers through the incidence of
day-time sleepiness. [t was observed 2.7% at 5,-
6,000m, 12% o 6,-7.000 m then 28% at 7,-
B000misumming,008m),  Oxygen  saturation
measured by  pulsoximeter(Sp0.)  was  also
ohserved. Mean SpO, in night was 98% at sca
level, 77% at 3,650m, T3% ol 5,640m then 59%
al 7,430m respectively. Amerial gas analysis al
base camp(3.020m) was as follows:

FalC(2; 1 8-5ne, pH; 7 A4B-T.61
17-31 T.40-7.58

emvironmental hypoxia. On the other hand, the
movement of lefl ventricular posierior wall
incresnsed for the compensation of depressed
seplum movement.

JIN-MOUCHL Yosuke (36) observed lower lelt
veptricular function among  Himalayan
highlanders comparing with Iapancse by means
ol echocardiography.

MATSUBAYASHI, Kozo (37} reporied the
discrepancy between brain oxygen and glucose
metabolism  afier coming back from  high
altitude climbing by means of positron amissicn
computed 1wwmograghy(PET). Tt was abserved
that brain blood Mow was decreased and brxin
oxyoen wpake was  increascd but  plucosc
metabolism was unchanged. He supposed this
phenomenon might suggest that human blood
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flow, oxygen uptake and glucose metabolism
increased ot altinede.

MATSUBAYASHI, Kivoaki (38) hrought two
young Japanese monkeys up (0 comp 5.640m
and measured several physiological indicators,
such as, body weight, respiratory rate, puls rate,
expiratory gas analysis, EEG, RBC. Hy,
Erythropodetin, T3, Td and Cortisol. “The resulis
from monkeys were almost same as human
samples,

MAKASHIMA, Michiro (39, 40, the awhaor,
observed the incidence of HARH at the base
camp(5,020m) by means of retinocamera. He
found wery high HARH incidence among
Himalayan newcomers. On armival 1o hase camp,
7 out of 9 newcomers{T8%), and on leaving
from base camp, B of 9 newcomers whio had
climbed above 6.000m(B9%) were suffered
from severe HARH, On the contrary, in case of
Himalayan experiences, not oaly the incidence
was lowl | out of 8{13%) on arrival, and 7 owt of
19 summil climbers{3T%) on leaving), but all
HARH findings of them were mild, Tt s
interesting enough that, inspite of such high
incickence of HARH, none of all cages
complained any symploms.

SETOSirg (41) messured platelet Tacior 4(PF4),
E-thromboglobulin (BTG, thrombaxan
B2Z(TXB2) and 6-keto prostaglandin FIQ (6-
PGFIa), and Tound all but 6-POGFI0 inceased.
These results  suggested  increased  blood
coaglation tendency, bul comparing with high
rate of this tendency the real incidence of
intravascular blood coagulmion at high altinde
was relatively not so high, especially among
Japanese chimbers, so, he supposcd thai there
might be some unknoan counter [actors o
prodcet blood coagulaion ot high altinede.

SUGIE. Tomoharu (42) brought gastrofiberscope
up 1o the base camp and found high incidence of
acule gosiric mucosal lesion among expedition
members. He concluded that hypoxia might be
one of the major factors of gastnic hemorrhage,
which is not uncommon among high aliitde
climbers.

7. RESEARCH WORKS ON SIMULATED
HIGH ALTITUDE

Besides these great deal of medical rescarches
on expeditions, several experimental training (o
get acclimatization by mcans of  hypobaric
chamber prior 1o the expedition have also been
mvestigated al some universities. According 1o

Asano and his colleagues of Tsukuba University
(43}, it was mentioned that the Himalayan
candidate  examinces could  get  good
acchmatization and cosier and Faster Himalayan
climb after this sort of simulated alinsde

iralning.

B. DISCUSSION

There is an anccdote. About 200 years ago, an
American natural scientist was invited 1o Japan
as the teacher of natural science. He taught his
siudents  mathematics, chemistry, physics,
botany and so on from the begining. One day he
suddenly realized that his studens knew all
about natural sciences but English language.
They hod alrcady learmed natural sciences
through Dutch. The lesson of this anecdaote is “l
is unavoidahle for spmoeone o be considered as
ignorant, il he has no means o express s
knowledge.”

The volume of medical documents writicn in
English and published in foreign journals by
Japanese researchers is not so few, but mast o
the documents have been  wiitten  oaly i
Japanese and published in Japunese journals
within Japan, How huge is the accumulation of
researches on mountain medicing, expedition
medicine and high altinede physiclogy, as long
os writlen in Japanese only, i is no use lor the
progress of medical sciences of the world, All of
Jopanese medical investigators should take this
lesson to heard,

9. OVERVIEW

Japanese Society ol Mountsin Medicing was
cuablished in 1981, which is  publishing
Jopanese Journal on Mountain Medicine with
English abstracts every year. The latest issoe,
vol, 16 was published i Dec., 1996,

We have many cases of AMS or even HAPE
andfor HACE in Japan at altinede above 2.700m.
Why at relatively not so high altitude Kobayashi
and his colicagues of Shinshu University have
boen investigating the genetic hypersensitivily
predisposition 10 altilude of Japanese HAPE
patienis.  Shinshu University  group also s
organized splendid international symposiums on
high altitude medicine wice,

Until now, 34 Japanese expeditions reported
medical researches, and & of them were
remerkable,
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Table 2. CHRONICLE OF JAPANESE EXPEDITIONS TO HIGH MOUNTAINS
WITH MEDICAL RESEARCH(1982-1994)
(AFTER ESTABLISHMENT OF JAPANESE SOCIETY OF MOUNTAIN MEDICINE)

YEAR | MOUNTAIN(m) | AREA | RESEARCH MEMBER

1982 Gang Ben Cheng®(7,281) Tibet Matsubayashi,et al.

1983 Jichudrake(7,012) Bhutan Hashimoto,et al.

1983-84  Everest-Lhoise(8,511) Mepal Asaji,Song, Kobayashi.

1984 Kanschenjunga®(8,595) Mepal Masuyama,et al.

1984 MNaimonanyi{7,694) Tibet Saito, Matsubayashi,et al

1984 Bhagirathill India Kawaiet al.

1983 Masakong(7, 200} Bhutan Matsubayashi,

1986 Nianguinglanggula Tibet Katayama, Sakai, Kasai.

1986 Kuniun,P.7,167 China Masuyama,

1988 Everest* Mepal- Saito,Suzuki,Mukariya,
Tibet Masuyama.

1988 Yan(6,230) India Honjo,et al.

1989 K.P.6,666 Karakorum Nito,et al.

1990 Xixabansma*(8,012) Tibet Nakashima,et al,

1990 Cho Oyui(B,201) Tibet Dozt al.

199] Cho Oyu=(8,201) Tibet Heorii.

|GG Gasherbrum 1 (8,068) Eamakorum Kamio.

1992 Crown{7,265) China Shimada,

1903 Damavand(5,611) Iran MNoguchi.

1993-04  Everest Mepal Sumiyosi.

1994 Bhagirathi(6,856) India Makashima.

1904 Lobche Peak(f, 145) Nepal Kashimura,

“Remarkable Besearch

The names and main works of following 4
medical doctores, Saito and Matsubayashi (Kyoto
University), Masuyama (Chiba Univ.) and Horii
(Yokohama) are introduced as the distinguished
mountain climber-medical researchers,

The best and the largest medical research
cxpedition from Japan wis Kyoto Univeraity
Medical Rescarch Expedition to Xixabangma,
19N KUZREX®). Some of the papers, mainly
presented on the Tih Imternational Hypoxia
Symposium, Lake Lowse, in 1991, were
introduced.

Besides medical studies on expedition, some
succesful trinds 0 get acclimatization using
hypobaric chamber have been reported by
Asano et al.
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Table 3. HIMALAYAN EXPEDITIONS OF KYOTO UNIVERSITY WITH REMARKABLE
MEDICAL RESEARCHES

1962 Saltoro Kangli(7,742), Karakerum
Sano, Hayashi;
Cardiograghic Observations at 5.200m above sea level
1973 Yalung Kang(8,420) Nepal
Saito, Takasi,
EKG.Blood Pressure. Breath Holding Time.
1982 Gang Ben Cheng{7.281) Tibet
Matsubayashi,
Urine Catecholamines and their Metabolites at Altitude
1984 Maimonanyi(7,694) Tibet
Saito, Matsubayashi,
High Altitude Pulmonary Edema(HAPE)
Respirvory Function During Long Term Sojourn Above 4, 700m

1985 Masakong(7,200) Bhutan
Matzubayashi;
Cerebral Blood Flow and Metabolism Before and After High Altitude Solourn
1990 Xixabansma(8,012) Tibet
Adachi;
Sequential Analysis of Erythropoietic Drive
Demnizu,
High Altitude Insommnia and Continuous Pulsoxymetry
Endo;
Event Related Potentials and Auditory Evoked Potentinls
Hirata;
Left Ventricular Function and Wall Motion Examined by 2-D Echocardiograshy
Jin-nouchi;

Characteristics of Cardiovascular Physiology
Mataubayashi Ka.;
Dhiscrepancy Between Brain Oxygen and Glucose Melabalism
Alier High Altitsde Climbing
Matsubavashi, Ki.;
Hematological and Physiolosical Study of Monkey

Makashima:

High Altitude Retinal Hacmorrhase(HARH)
Sato;

Plateber Activation Is Presemt or Mot at High Aliude
Sugic;

Acute Gastric Mucosal Lesion at the High ARiwde
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RESUMEN: Respaesta Quimdosensorial Atenuada del Cucrpo Carsdbden a la Hipoxia: Lecclones: Fundamentalis

Las eélulas del eserpo caroiideo estdn conectads sindpticamacie com Abeas aferenies individuales, ¥ b despolanzcidn & 1a eélula resulin
v bnensmentos de (o [Ca™)i , de la nosrosecrecide ¥ de ka descanga neurml, Se supone que la sapecsicn de b cormente de K” por un bajo
(%3 despolariza las célubas del cucrpo caroliden. Por tanso, una respuesia quimicsensorial atcresda puede brindar una clave pan la
percepeitn de O por las celulas issensibles &l Oy, Sin embargo la lieraturn densosird gee b depresidn de bos canales de K°20; por un bajo
(3 ern nonmal, si bien las eflulas mo s¢ despolanizaban, Ademds, s fibras sensorinles can respueita hipdoica atenuada mesiraban una
respuesta COyH* normal o supesnormal. Consigeiememente, deberian manifistar una depresidn de corriente de K* normal o sapranormal

con extimulos OOYH® ncremeneados,

RESUME: Hépense chimiosenserielle atbténuée du corps
caratidicn i Phypoxie @ kgons fondaneniales.

Les eellubes du corpa campidien sond relifes synapliquement &
dics fibees afférenies individuedles et o dpolasstion de la
pellibe emraine I'élévation de [Ca™), de la neurosécrilion ol de
la décharpe neanle, Lo suppression du courant do K* par un
POy Taikle et supposde ddpolanser les celloles do corpe
caralidien. Upe réposse chimicsensoriclle afiénude peul dong
Sourmir uee cbd b by perception "0 par ket coliubes inscnsibles &
"0y, Cependani, la lindrabare montne que la dépression des
cangux e K < O par un POy fathle ok nonmalk:, bien que les
celbules ne e scéerd pas dépolarisécs. D'autre pare, ks fibees
senscaielles b réponse hypoxigee andmude monicsoni use
réponse OO0 normale ou suprs-rormale. En comsdquence,
clies devraient manifesier ume dépression de cournnt de K°
ke o s pea-eormale avee des siimisl] O0xH" nocrus

Mats-chis 1 Répomse COSH', Accroissemest de [Ca™)
Conaox de membrane K°-Ok, DEpolarisaibon de membrans,
R éponse neurale, Képanse b 17U

INTRODUCTION

Blunted  response  of  carolid  chemosensory
discharge to hyposia occurs in pature (1-B), a

SUMMARY: Glomus cells aro synaplically connecied with
single afferent fiber, and depaladzstion of the cell should nesull
in increases of [Ca™' ke neuroseerstion and neural discharge
Suppeession of K curnent by low POy is suppased to depolorize
the glomus cells. Theralane. o blusied chemoseniary poipofss
can provide a clue 1o Oy sensing by the cells bemg insengitive
ks But literalure showed that KO depression by low POy was
marmal, although e cells dad not depolarize. Alio, the sersory
fiber with blusaed Bypoxic response showed & eormal oo
supcrmormal  OOyH®  mesponse.  Accordingly, they  shouhd
manifest normal of supemmormal K° curent depression wiih
raised C0yH" stimula,

Key wards: COyH® nesponse, = [Cax'] rse, K'-Op membrane
channels, membmne depolaneation, nesegecrelion, neuml
response, O response

phenomenon  which can provide a clue (o
fundamental mechanisms of O, sensing. Since O,
sensing is based upon K° - O, channels ol carotid
body iypel glomus cells (9-11), blunting of
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chemosensory discharge should be associated with
the appropriate cellular responses. Also, the same
fiber of caratid body responds 1o hypoxia and a rise
in CO/H" (12) as the same K° channel responds 1o
both the stimuli (13). These ideas are presented in
the following postulated model, cell o
chemosensory discharge (Fig. 1), Hypoxia and
CO/H' cause K current depression, depolarizing
the glomus cell and opening the voltage gated Ca™
channels. Extracellular Ca”, whose concentration is

10f-10" greater than intracellular Ca™, then enters
which activates neurosecretion  and  newral
discharge. This is the main mechanism which hos
been postulated. There is also mechanism for
mitochondrinl depolarization which can release
intracellular Ca™ Also, a rise of [H')i can increase
[Ca™]i by way of [Ma'] rise first and then by
exchange with [Ca™]e. K™ current will be the focus
of the discussion that follows revealing some gaps
in our knowledge.

HY POMIAS oo, () T

™

T LMa™],

rm-rﬂﬂ
M g s

e— T L]
A" choannasl
Lw d Ty
wat release
From sEorosm
Depoliaci=ation

rea®™ dnf s

*

e e

i
T cytosclla [ca®™]

T Haurcosacrat ion

¥ Haural &di1isohargs

Figure 1. The postulated mechanisms for hypoxic and CO/H™ stimuli in glomus cells. Note that K+ current is

common (o hoth 2iimuli.

HYPERTROPHY OF GOMUS CELLS AND
INCREASES DOPAMINE CONTENT
DURING CHRONIC HYPOXIA

Chronic exposure 10 hypoxia 15 followed by
hypertrophy of glomus cells, and presumably stay
that way as long chronkc hypoxsia persists (14,15}
Zo is the dopamine contend of the cell. However,
chemosenzory discharge increases Nirst (16-18),
and then becomes blunted (14). What makes the
sensory response blunted is the question. We will
see that K channels thm are sensitive w O,
remain  intacl, although glomus  membrane
depolarize (5). many questions con be asked.
What wos the oxygen of the cells; what pre the
pathways by which the cells become
hyperrophied, and like?.

EFFECT OF CHRONIC HYPOXIA:
CHEMOSENSORY DISCHARGE
AUGMENTS HYPOXIC RESPONSE

It is well known thal chronic hypoxia couses
hypertrophy of ype I glomus cell of the carotd
bady (14,15 It is also well accepied that O,
sensitive K+ conductance is depressed by low PO,
{(9-11). This K' currenl. however, is similarly
depressed in cells which are exposed 10 chronic
hypoxia (11} But the cells from the hypoxic ras
being larger, K° chonnel density was decreased al
all activating test potentials. This would tend io
support the obscrvations that chronic hypoxia
imitially  increased  hypoxic  semsitivity of
chemosensory discharge (16-18). This increasid
discharge rate is  illustrated n Fig. 2



Molecular Physiology O, sensing!

63

o

= (LY "

gty

I

)

= M=

B 2

i3

- al

2

o
o g P o
] Bo L) Ba0 aco

Pagy (Perr

Figure 2. Cat carotid chemosensory response to hypoxia. Responses from normal (acute) and chronically
hypoxic cats are compared (from Barnard et al., 1987. Ref. 16).

BLUNTED HYPOXIC RESPONSE IN
CHRONIC HYPOXIA

O the other hand, prolonged hypoxia in humans
{1.2) can give rise to blunted respiratory response
1o hypoxia. Now it is found in animals also (3.4),
and glomus cell from the carotid of these animals
can provide a clue as 1o O, sensing if K'-O,
channels is the basis of it. That is, inhibition of K”
channels by hypoxia leads 1o depolarization and
increased excitability of glomus cells sufficient to
activate  wvoltage-pated Ca’  channels  and

A

= -9

neurotransmitter release and neural discharge.
However, experimenting with such glomus cells
from ventilatory response to hypoxia Wyatt et al.
(5) found that K'-O, channels were intact (see Fig.
3) but the cells failed to depolarize. That also
means, that these cells would not show a rise of
[Ca™li and neurctransmitter release.  These
experiments have not been done, However, these
showed low K+ channel density, and should have
shown increased sensory response 1o hypoxia.
Instead, these cells did not depolarize and would
show a chemosensory response 1o hypoxia

Figure 3. Effect of acute hypoxia on whole-cell K™ currents in type 1 cells isolated from normoxically reared
and chronically hypoxically reared neonatal ruts, as messured by using the perforated-patch technique. (A} I-V
relationships obained from a type | cell isolated from a normoxically reared neonaial rat before (=), during (Q),
and after { » ) exchange of normoxic perfusate o o hypoxic perfusate (PO, between 12 and 20 mmHg). (Inset)
Example traces obiained from the same cell under the same three conditions (C, control; W, wash; test pedential,
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+20 mV). (B) Experiment identical to that in A, bui in this case the K cuments were oblained from a
hypoxically reared neonatal rat. In A and B the holding potential was - TO mV.

Response to CO/H*

According o the model of cellular
chemoreception, (see Fig. 1) K'channel is
common o both O, and COJH'. Thus, when K-
0, channel is insensitive, CO/H" effect should
also desensitize. This expeniment alse has Ao
heen done,

Effects of chronic hyperoxia: blunted hypoxic

but supernormal COYH

Another testing model is the carotid body of
chronically hyperoxic cats in which both
ventilation and carotid chemosensory discharge
are insensitive o hypoxia but it is sensitive o
hypercapnia (6-8), Fig. 4 shows an illustration.
Hypoxia {A) failed 1o clicit a response, whereas
(B} inmiteal hypercapnia  manifested a3 huge
response with an overshoat,

Figure 4 Blumied hypoxic chemosensory response (A) and normal Co2 response (B} of caroid body of cas

which has been exposed 1o prolonged hyperoxia

Blunting of hypoxia but net CO, response of
chemosensory discharge by inhibitor oxidative
phiosphorilation.

The blunting of chemosensory response 1o
hypoxia but not to CO/H" occurred in oligomycin
treptment of corodid body (19,200, This mimicked
the foregoing responses to chronie hyperoxia.

In summary, carotid chemosensory fiber while
showing a normal or super normal response o
COJ/H' can manifest a blunted response 1o
hypoxia. This blunting is seen in the glomus
membrane  depolarization being  insensitive 1o
hypoxia whereas K'-0, channel appears normal.
Co 0, response of these eells is nol known but K
channel depression and membrane depolarization
are expected as the rise in sensory discharge,

In perspective, these cells with blunted hypoxic
response should not show a response 1o [Ca™ i and
NOUTOS0OCHOLon,
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BIOCHEMISTRY OF ACUTE AND CHRONIC HYPOXIA

EVOLUTION OF HYPOXIA TOLERANCE: DIVING PINNIPED MODEL AND HUMAN
HYPOBARIC HYPOXIA MODEL

Peter W, Hochachka
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174
RESUMEN: Evolucidn de ln Telerancia 3 la Hipoxia: ¢ Modelo de Pinnipedo Baceador v o Moddo Humano de Bipeada
Hipohdirica

Fara los fsiblogos, el saming “adopascidn™ usunimense ¢ eficne o cualquicr raspo considorado venlajoso. los hidlegos evolutivos
restringen el iénming pam bos raspos goe se oniginge y s manticres pof seleecidn. Sepdn i definboidn imuchon pspos Rusldglces pacden
meramenle relkojar herencia Imsmilida por penemciones. Al considerar o evolucids de b olemneis o 1o disponibilidad eeducnla de
nxigeno, hemos estediada lns pinnipados, on los que bay dos grepos dominanies, phockds v otanids goe varian cnoses capacidades o
bwcea, y generascinnes humangs expusstas por vanod licmpos penoracionales a hipowia hipobsdinica, Les principes bdasicos de la evolagnb
dic los sislenas fisickigicos complpos emergicran primsen del andlisis de la respuesia de bocen. Lsego amaliznmas Ls respussios del wer
Biinania & la hapoxia hipobdnca en tres grupos: natives de nivel ded mar, nativos Andenos (Quochuas) y nativos de bas Himaloyas (Shemas
Comeo en ¢l gjemple de ks pinnipedos, enconirames camactenss fisioligives ‘conservadiones” v “sdapables’ imgilicados en bis cespuestas
bumanas o b hipasin, Lee carsctercs 'conservinlores'son claramenie dominanies ¥ son my eumerosas para delincarkos en denalle: ines
e mples som (5 afinkdsd e fa hemeglobinag, L orgasizacion muscular en dileremies fipos de Mlbms, v B preferencia casi exclusiva que tiens:
vl cenchen por la ghocosa come un combustible. Es muy notable que tambadn encontramos cvidencia de carscienss daplables’ o todos b
niveles de ongamizacidn cxaminados. Al nhvel comporal total en Quechuas y Shespas, encontramos gue los masimas capacidsdes de
cjericio aerdbicas y anaerdbicas tenfan “desensibilizscihn”, Giid que o efecto aguda de s hiposia deompensador del ddficn de encrpia
tebida a la arencia e oxigena, ie. ol efecto Passear) experido de los nativas die mivel del mar esioba acrasdo, ¥ (i) gue los elecios & |s
aclimatagicn culaban también alonuados. La condeces hicguimica de bos misculos cequebdticns fue CIEMCHIE N un menor uso e |
plisdisia anacpdbica como Neenbe do enengia, resublando asi en on un issjor rendimicnio de ATPE por vl e carbono uiilizsda, Las
slamaciones del comzin tenbicn parceicnan dupender de ajesies de clicienca estoiquionsdirica, mejoranida ¢l rendimienio de ATP por mel
de axigeno consumido (usando de preferencaa la plucosa en lugar de los deides grases). La mayorin de las adapiaciones bioguimics
Msiodigicas que molnmos (ya sea coma respuesias agedas o como respucsing de sclimataciond fueron similares ¢n Sherpas y Quechuas
Estos dos geupos mi han compantido un ancestno coin por mmas o menos 17 de Ls Biseanin de noestra especie, e msnera QUi aEums
lenlalivamete que tul faspos Nisickdgicas similares se origimarnn mdopendicnicnense como adaptacioncs do defensa a la hiposia on do
fiempon ¥ bapares diferenies de suciina historia. Al igual que en 1y cvolucian de s delicadss capacidades para el maney del axipenn coda
ver mds escaso en Ins animakes buccadercs, B evalucidn de 1a wkemncia baimana a o bipoxio puede wr descniia on bnmimas de o dos
calegorias de camcieres fisioldgicos feonservadones vs adaplables) son ensansblados en diferemies lnajes hananns ¥ ot eambi gl
ensairblaje @ irwds de peneraciones. Bvidencias peds recientes que indican gque nscara expecie ha evolssionmls hajo condicinnes mas
::-1!'. mis gewas’ y e mds altiled. segioren qee ¢stas adaplaceoncs: pueden epreseniar b condicion fsioligica ‘sncestrl’ para los
LIS

Palahras elaves: Hipaxia, Hipohasia, Fissalogia eveluiiva, Faiokagia del bucea, Masiforos mannos, Adapaciin o la almra

KESUME: Evelution de In iokéiramce & I'hyposic - lo modide
du plamdpde plangour of ke osdile honeds @ hiyposie
hypohare.

Pour les physiclogisies, l¢ tome “adipiation” se  péfine
genéralement i n'importe geel conaciine consskae avanlagoux,
Les Blolegistes dvolutifs restreignent le lerme sux caniine gai
opparasscnd ¢ subsistenl par séleclion. Sclon leur définicion, de
nombress canciiees physiclopiquet pouvenl éene B simple
feflct e I'héniage imnsmis & bavers ks péndrations,
Corsidéeant "Gvolution de 1a toblmece G oee disponibiling
réudle on omypeme, nous avens diedid les pineipides donl les
deus proupes dominsenis, les phociiles ¢f los otandes, prdsenieny
s capaalés vanables de plongde, e ks lipndes Bumaine
chposles B Phyposic  hypobare  pendant  des  plrioks

pencrnleninelos varishles, Les primcipes ok Base de 1'dvolation
tes syswmes physiologiques complexes om surgi d'abard ke
Pamalyse de la péponss de pleegs:. Mous awving aidlysed ofiile
ks réponses de anvs prospes bossins & 1hypoie hypuaban:

nas du navesa iy |5 mor. natifs des Arvihes iQucchizas) et natils
des meniagoes de PHinalaya (Sherpas). Camnnme cher s
pinmipides. nows eeneosirons ddes carackines phasiskogiques
Cronservaleurs” of “adapeables” intervenand dans bes néponses
Pire humain i Phypotie Les comelines ~comservaieuns
daminent nettement ¢t sont rop nonshreas s guc on [
ex aléhinir de Tagon deitaillée; mogs wacenpdes en sl 1affines &
Thimoglobine aver Voxypine, orpanisaiion musculaise damn
différents types de fibees o by préfénmoe quisss exclusive du
cerveni pour e plivose comme conibostible. e mdme b
preseted e canciiees Cadapinbls” 8 mws jes mivens
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o' organisation ¢xaminds est tout & fxit cemarquable. A niveau
corporel ot news avens rouvd cher s Quechums o les
Sherpas. (1) que ks capacibds maximales d'exercios abmobigue
ei anadrobbque dsient “downregulaied”; (3 que eflet aige de
Phypoxic (compersant le déficit d'énerghe did u mangiss
doxygine, p.oex, Vellet Pasteur) anquel on posvall 3" ancsile
chez les natifs du npivesa de b mer dsic andned; (3) que bes
effets de scclimasion &aient également sitdnuds. Le
comporiement  bdochimique des musches squeleiiques it
comgroente & la moindre usiifsation de la glycolyse snadrobigoe
comive source d'démerghe, domt I rSsultsl Eait wn meilleor
rendement de UATP par mole ¢ charbon wtilisé, Les
adaplations du  coeur  pamissalens  dépendre  dgalement
d'ajustements de Pefficience stoechicmérique, amélioeant le
resedemnent de I"ATF par mole d"oxygéne conscanms! (en uiklisam
le pluicose de préfirence oun ocides gros). La majonind ddes
adapestions bisckimiquees o physiclogigqoes oheervdes (que ce
sl comms rEponses aipets ou niponses o acclimatation) om
éid ks mdmes cher les Shompas ot les Quechums. Ces doax
Freupes A'¥vasl pas panagé d'ansitne commun pendant esniran
un tiers de “histekie de solee espiee, ous présunees que leurs
carncitres  physiclogiques  similaines sont appanss de [agon
inkipendante, conume des adeplations de défense face &
Phypaxie, b des dpogques of dans des o diffdrems. De melme
que dans I'dvcduison des irds fines capacitds d uilisation de
Veoxygire s affsiblissant de ples en plus chez les amimaux
plongeurs, I'dvolotion de la tolérance humaine A 1"hyposie peut
dtre décniie de la fagon suivanie : comment deux calégones de
carscheres physiologiques (conservaicurs v adapishles) sont
pssemblés en diffdrenies  lipndes humaine: ©  comment
I"zssemblage change & mavers k= pénérpons. Les preuves ke
plas récemies indsquant qee nobie cspior a dvohed dans des
conditsons “de Froid plus imense”, “de phus gramde sichoresse”
ou “d'alinude plus Elovde”, sugginm gque ces adopastions
peuvenl mepetienier ki sonditien physiedopique “ancessrale”
pour I"Elre humain

Mats-clés : Hypoase, Hypobaric, Physiologee dvolutive,
Phiysiologee de plongée. Mammifires manns. Adapiation i
I"aliiude

SUMMARY: To phosislegists, he weom adapaison’ usaally
refers to any Gl which B considered  advancageous;
cvolulbonary biologlas resirict the definktion to tmits arising and
maingained  wnder  sckection. By their  definition.  many
phpmluiﬂﬂ trmils may menely reflect inherilance passed on
|hnu.|.‘_l'| leneage. In considering the evodation of tolorance o
reduceil axygen availability, we studied the pinnipeds where he

INTRODUCTION

High alitude physiologisis commonly assume that
the functional responses 1o hypobarse hypoxie in
humians represent hyposia defense “adapations’, Tao
the ficld of physiology an ‘sdoplation’ - or an
alaptive’ tran - s rather loosely defined as any
choracier whose structure or  function  improves
chances of survival. While admitting that many
such frails so identifed by physiology are “troe’
wdapistions, evolulionary biologisis are somewhat
more  demanding in their  cnteria. By their
dhefintion, a it can correctly be termed adaptive
(i} ol anses by natural selection or (i) if a0 s
mainizined by natwral sclection - or iy il boh
conditions are realized. By these crilena, many so-
called physiological sdagtations of humns mizh
simply  be  ancestral or  plesiomarphic  iraits.

two damimant groups, phocids and otasids. varying in diving
capacities, amd human lineages expased for varying penerniional
lime perbads o hypobarie hypoasa. Bastc principles of evalution
of complex physiological sysics fiest emerged from analysis of
e diving response. We then analyred human respanses 16
hypofoaric hypoxia in thres differesd lineages: lowlanders,
Andesn natives (Quechuos), and Himalayan natives (Sherpash
Ag in the piemiped example, we found ‘conservative’ and
‘sdapishle’  physicdogical characeers  invalved  in human
responses 80 hypowin, Cosservative characlers are clarly
dominant and are oo nomerous 1o oullisg inodeall thiee
exaniples are hemaglobin oxypgen affinities, muscle orpanizatkn
ine differens [iber types, and the brals’s almost exclesive
prefesence for plucede 3 o fuel Most notobly, we olzo found
evidene for "sdapunble’ characters ot all bevels of ocganization
examined. At the wholbe body level in Quechuns amd Sherpas,
we found (i) that maximum aerobic amdd anacrobic ciercise
capacilies were dowreregulaned, (ifh an ohe s effect of
hypozia (making up the enerpy deficl doe to oaygen lack; e,
the Pastear effect) expecied from lowlanders was blonted. and
(ilky what secBmatéon effects. were olso miteneated. The
esctemmical behaviear of skeletal muscles was consistent with
leswened seliance on anaerobic glycalytic coniribuiions 1o eoergy
spply, thaes improved yield of ATP per mole of carbon fuel
utilized. Meari adapistions also seemod o rely  upon
stoichiometic effficiency adjustments, improving ke yield of
ATP por moke of oxygen cossumed (by using glucess in
preferemece 1o faity seuls). Moss of e biochemical and
physilogical adapestions we nosed (both a5 aowie and
acclimation maponses) were similar Is Sherpas and Cuechuas,
These vaw Hncages have not shared & commson ancesbor for
abost 143 of cur species bistory, so we lentatively assume (hat
thedr similar physickogical tralts arose independenily as hypoxia
defense adaprations in two different times and places in our
history. As in the evolution of exquisilve capacities for
manzpesnent of oxygen down o vanishing low levels in diving
amimals, the evolutiom of human hypoxia tolemnce can be
deseribed in ferms of how iwo (consesalive v adaplable)
calegories of phivsickogical characiors ane assembled in dalTeres
human lineages and how ihe assembly changes haoagh
peneratiomal lime. Mo reoent ovidenco incdheating thal our
spockes evalved usder ‘ewlder, divor, and Mgher' eomiditions,
suggests that these adaplations may Fepieses the ‘ancesiral
physialogical conditicn Far humans.

Key Words: Hyposia, Hypobana, Evedulisnany physsology,
Diving physiology, hasine mammals, Altiude adagaaiion

inherited and passed on in phylogeny, Since the
precise combinations of such active and relatively
passive processes may  vary, the evolution of
complex  physiological systems might  proceed
along complex unexpested trajectories, rather than
being directionally selection-driven down simple
lincar phylogenctic  pathways,  Hence,  human
hypoxia defense  adaptivions  can be  properly
evalumied only in the context of therr phvlogeny. In
civisidering the evolution of hypobaric hypoxia
defeiise ndapraions in humans what seemied to be
requined was a framework - or rules - by which
complex physiological systems evolve, Our st
insight inte such a framwork arese from sindics of
the cvolution of the diving responss mo manne
mamimels, so this is where we shall star.
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The Diving Response in Marine Mammals

Although biologists have been intrigued by diving
mammals and birds for well over a century, the
physiological and metabolic mechanisms now
known to permit an air breathing animal to operate
successfully deep into the water column were first
cxposed in the 1930s and 1940s through the
pioneering work of Scholander, Irving, and their
colleagues (Scholander, 1940; 1963). The basis of
their work provided the fundamental foundations of
diving physiology, which are now known 1o
include three key physiological 'rellexes”: {1} apnea,
(i1} bradycardia, and (i) vasoconstriction and thus
hypoperfusion of most peripheral  tissues.
Scholander referred 1o these physiological rellexes
in combination as the “diving response’, and, in
simulated diving under controlled  laboratery
condilions, he imagincd the marine mammal
rediecing iself (o a Teant, lung, brain maching’, The
metabolic representation of this response included
the gradual development of oxvgen limiting
conditions in hypoperfused (ischemic) tissues, with
atiendant  sccumulation of end products  of
anacrobic metabolism (especially lactate and H
I

Scholander and many students following in his path
observed that the key features of the diving
response were evident in many different kinds of
amimals, Diving bradycardia was ofien wsed as a
kind of index or indicator of ihe diving response
and it was so0 seemingly universal among the
vertebrates that Scholander (1963) refered 10 it as
ithe ‘master switch of life’. In his day, this ‘master
swilch', or the diving response, was viewed 03 an
obvious ‘physiological adapiation’ o diving, even if
there was litlle indication as to how the response
evalved through any particular hineage. Al this
time, lile atention was paid to the criteria of
evolutionary biology: that to be defined as adaptive
a character cither had to have arisen by natural
selection or (o be mainfaincd by selective fonces,

The advent of modern field study echnologies,
capecially of microprocessor-assisted monitoring of
wpuatic animnls while diving voluntasily in their
natural environment (Guppy ef af, 1986; Hill er al,
1987}, has conflirmed over the last two decades the
validity and plasticity of the overall ‘diving
response’ first clecidated in the 19305 and 19405
and haz extended the list of key components, For
the large scals (ihe champion divers of the maring
mammal world, capable of diving for up 10 2 hours
al a time o depths of up 0 1.5 km!), the major
functional charncteristics for such  scnsational
diving capabilitics include:

(1) wmpnea, with exhalation upon initiation of

diving (for minimizing buoyancy and other
pressure-related prohlems)

{2} bradycardia (in 1: 1 proportion with changes
in cardiac output),

{3} peripheral vasoconstriction and hypoperfusion
{in order 10 conserve oxygen for the central
nervous system (CNS) and heart),

(4] hypometabolism af {vasoconstrcted)
ischemic tissues {also in order o conserve
oxygen and plasma borne fuels for the CNS
and heart},

(5) an enhanced oxygen carrying capacity
{enlarged blood volume, expanded red blood
cell mass within the blood wvolume - iec
higher hematocrit (Het), higher hemoglobin
concentration ([Hb]} in red Blood cells, and
possibly  higher myoglobin  concentration
([MIB]) in muscles and heard), and

{61 an enlarged spleen (for regulating the Het so
that o very high % of RBCs nccd not be
circulated under all physiological conditions)
Additionally

(T} it should be noted that, for really outstanding
diving, all of the ahove characieristics (i) are
incorporated with o large body weight {in
order o maximize the amount of oxygen that
can be carmied while minimizing  mass-
specific energy demands during diving by
allometric effects), and (i) are coupled with
slow swimming specd while at sea (o
minimize the cost of locomotion while
maximizing submergence. hence foraging.
time}.

The evidence for these overall patlerns arises from
studies of several phocid species (for example, see
Kooyman et al. 1980; Kooyman, 1985; Guppy o
al. 1986: Cwvist et al. 1986; Castellini ¢t al, 1992
Hindell ct al. 1992; Thompson and Fedak, 1992;
Reed et al. 1994; Hochachka et al. 1995; Hurford et
al. 1995; Guylon et al. 1995; Butler et al. 1995),

The seals or phocids are one major branch of the
pinnipedin; the other major branch, the oiariids (gea
lions and fur seals) are not as capable divers. When
examined closely, however, essentially all of the
above traits are also observable in otariids - but not
all a= amply expressed (see Hochachka and
Motishaw, 1996}, Are all these traits "adaptations’
as commonly assumed by physiologists in this
areq?

Tracing the Evolution of Diving Capacity

To answer this question, what is required is a more
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quantitative comparison of diving sirategies within
the phocids and otariids. When we tried to do this,
we encountered two unexpected ‘problems’. The
first  was  thal  numeross physislogical
characteristics of diving animals - insread of
systemarccally varying with diving capacities - were
similar in all diving species for which we could
find data. For example, values of maximum diving
bradycardia  (with  concurrent peripheral
vasoconsiriclions) show no consistent phylogenetic
patterns or relationship with diving duration. Since
even some humans can wrn down their hean 1o
below 6 beats per min (Amold, 1985), it perhaps
should nol be surprising that most divers can
depress heart rate to a few beats per min (the 'Moor
board' for this function?). This could mean that
heart rate is oo crude a measure of circulmory
control during diving and recovery (and it uniform
control is consistent with the basic reflex being
nearly universally present in some form in all
veriehrates). Or, it could mean that heari rate
control i3 ‘conservalive’ or  ‘constrained’  in
evolution due to roles in so many different
hiological settings that any adaptational changes
for diving are too modest 1o detect with the erude
physiological criteria thus Tar utilized.

Interestingly, a similar situation seems to hold for
anoiler phisialogical character diving
hypomclabolism which we initially expected o
vary with dive time. In carlier studies, we (Guppy
et al. 1986; Hochachka and Guppy, [1987;
Hochachka and Foreman; 1993} amd others (Le
Bocul ct al. 1989, 1992; Costa, 1991, 1993; Hindell
et al. 1992) explicitly or implicily assumed that the
impressive  diving  performance of large  seals
depended in large pant on an ‘energy conserving'
physiology and diving stratcgy. Central 1o this was
some  concept  of  diving  hypometabolism.
Subscquent research has uncovered two polential
underlying mechanisms: (i) One hypothesis is that
hypoperfusion {(vasoconstriction) of nonworking
peripheral  muscles and other lisswes is  the
proximate  cause  of  hypometabolism,  with
reduction in lissue metabolic rate being a direci
function of the reduction in oxygen delivery, a
relafionship also observed in terrestrial mammals
{Hochachka, 1992; Guyton et al. 1995; Hochachka
ef al. 1995a), (i) An allernate postulate is that
regional hypothermia contributes 1o low metabolic
rates, with metabolic suppression being a function
ol lissue cooling (Hill et al. 1987; Andrews e al.
1994}, While these two mechanisie are  noi
mutually exclusive, it was al first thought that the
physiological characieristic of hypometabolism
would be largely resiricted to the large seals, or ot
least 10 phocids. However, recemt  careful
experimental studics with sea hons (animals rmined

0 remain submerged and relatively inactive for
defined nime periods) indicate that the metabolic
rate declines as a direct function of diving duration;
ihe metabolic rme for seven minuie diving periods
{water lemperature at about 15°C) falls 1 abour
0% of resting meabolic rate (RMR). Since the
times involved are so short, it is unlikely that
regional hypodhermia plays a significant role in this
metabolic suppression (Hurley, 1996). We interpret
this to mean that activation of the diving response
automatically leads to hypoperfusion of some
ussucsforgans  and  subsequently 1o diving
hypometabolism. On  its  own, then, this
physiological character, like bradycardia, would
appear 10 be general among pinnipeds and thus
could not be expected 1o vary (and indeed did not
vary) in any systematic way with diving capacity,

The zecond wnexpected ‘problem’ we encounicred
was purcly practical. [Ideally, for tracing ihe
evolution of the diving response in these lineages,
one would like 1 be able 1o compare all of the
above metabolic and physiclogical characters in
numercus phocid and otariid species. However, in
reality, detailed information on complex charnclers
such as nissue specific regional hypoperfusion is
available for only a few species, so for multiple
species comparisons (between phocids and phocids
s odarivds), our analysis had 1o be restricted 10 only
a few data sets: (i) body weight, (ii) spleen weight,
and (iii} whole body hemoglobin (defined as the
contenl of Hb in the entire Blood volume of the
organism},

In terms of diving capacity, the data for phocids
were  particularly  clear. Thus, body weight
influences the total onboard oxygen supplics as
well as mass-specific energy demands; thus it
winild be expected - and was found - to vary with
diving capacity. The spleen acts as a SCUBA wnk
{oxygenated red blood cell stornge) (Owist et al,
1986; Hurford ct al. 1995). The spleen is controlled
hy a cmecholamine-based regulatory circuitry
which also controls several other metabolic and
physiological functions during  diving-recovery
cycles (Hurford et al, 1995 Hochachka et al
1995a; Lacombe and Jones, 1991). We anticipated
and found that spleen weight alsoe varies with
diving abilitics. Finally, whole body hemoglobin is
a direct measure of oxygen corrying capacily: since
maximum diving duration is presumably set by
some complex balance belween oxygen availability
and oxygen demand, this oo was expected and was
found o respond 0 selection based on diving
behaviour (sce Hochachka and Mottishaw, 1996,
for Murther discussion of these data).
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Diving and Phylogeny

Taken together, the characiers we analyred rellect
most of the known components of the diving
response and they clearly fell into two kinds of
calegories - conservative vs adapiable, Tncleded in
the former are a number of diving "characters'
showing little variation in phocids and otariids,
such as diving apnea, bradycardia, and regulated
redistribution of cardiac output. The universality af
such diving response Lraits, the fact that they can be
elicited in terrestrial mammals including man
(Arnold, 1985), suggesis the possibility that their
occurrence in diving animals is less "an adaplation’
for diving than it is a plesiomorphic or ancestral
trait that simply preadapted air  breathing
verichrates for dealing with a varety of stressTul
sitetions, including diving.

In conirasi, the phyzielogical characters which do
vary, not only differ qualitatively between the
pinmiped lineages in the expected direction, but
even more quantitatively correlate with dive time in
phocids. Although our analyses do nol cxpose
causes (they expose correlations), these fraits are
the probable ‘adopiations’ accounting for the
differences in diving capabilitics observed in
pinnipeds. Our analysis thus is consistent with the
hypothesia that increased expressions of any of al
least three factors - (i) body weight, (ii) spleen
weight ({independent of basdy weight) and (iii)
whole body Hb (also independent of body weight) -
arc adaptations for exténding diving duration in
Phocids.

Intercstingly, none of the above diving iraits
correlated as well with diving capacily in the sea
lions and fur seals, While the apparemt lack of
significant correlations within otariids may be o
simple arlifact of the available dma, three other
poasibilities are (i) that we did not have enough
datn Tor otariid species 1o reach the statistical power
required, {as 18 probably the case in body weight
vi, dive time), () that varistion in  olariid
maximum diving duration is not large cnough lor
our relatively insensitive diving response characiers
o decipher any adaptive trends, (otanids are more
closely rclated than phocids and may be less
variafle as o conseguencel, o (i) b the
evolution of the otariids has been “driven’ by factors
wher than requirements [or long duration diving
(such as reproductive requirements (Costa, 199],
1993},

Emerging  Principles of  Evolution of
Physiological Systems

From the quantitative analysis of the variahility of

the diving response in pinnipeds {Hochachka and
Mowshaw, [1997; Mouishaw, 1997, Motlishaw and
Hochachka, 1997 ihree principles of evolution of
the diving response emerged which may  he
generally applicable to the evolution of complex
physiclogical systems.

I. A number  of  physiological/biochemical
characters  considered necessary  in diving
animals are conserved n all pinnipeds: these
traits, which are necessarily similar in phocids
and otariids, include diving apnen, brudycardin,
tissue hypoperfusion, and hypometabolism of
hypoperlesed tissues, At this siage in our
understanding of  diving physiclogy  and
biochemisiry, we are unable o detect any
comelation between these characters and diving

Capacity.

2.0A  nmumber of physiclogicalbicchemical
characters are more malleable and are cleary
correlated  with  long  duration  diving  and
prolonged foraging at sea. These characiers are
more lineage specific, and, for the phocids
include body weight, spleen weight, and whole
body oxygen carrying capacily. Within the
phocids, the larger these are, the greater the
diving capacity (defined as diving duration)
Since the relaionships between diving capacity
i splecn weight or between diving capacity
and whole body oxygen carrying caopacities ane
evident even when comrected for body weight, i
is repsomable o suggest that the wo ris -
large spleens ond large whole body oxygen
carrying capacitics extend diving duration. That
%, in conirast 10 conserved roits such as
bradycardia, these characters (and presumably
other similar ones, swch as lissue specilic
melabolic  organization  (Hochachka  amd
Foreman, 1993} have evolved 1w enable
prolonged  dive times, We  conclude thal
mereased spleen size and O, carrying capaciiy
are likely 10 be physiological adapiations for
increased diving duration,

3. The evolwionary physiclogy of the diving
response thus can be deseribed in terms of the
degree  of developmenmt of  adapiable  vs
conservative calegoncs of diving characiers:
Le., i terms of how these paiterns change
through time and how (he patterns are lineage
specilic,

These principles supply s with a framwork foe

evaluating the cevolution of hypoxia tolerance m

humans and may allow evalualion of so-called

rue’ physiological adaptations against hypoxia.
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Human Response to Hypobaric Hypoxia

To this readership, the basic oullines of how our
species defends against hypobaric hypoxia are well
known and are clearly dependent upon the time
available for the response. For convenience, we can
calegorize acute human hypoxia defense responses
into several categories (see Winslow and Monge,
1987, for literature in this area):

I increased ventilation mediated through the 0,
sensing system in the carofid body (see Lahiri,
1984; 1996),

2. increased pulmonary vasoconsiriction mediaied
through the @, sensor in the pulmonary
vasculature (Oclz et al, 1990; Anand and
Chandrashekhar, 1990),

3. increased heart rale possibly with some
redistribution of cardiac output  (Richalel,
1900)*

4. increased perfusion especially of heart and
brain, pH or modulator-mediated adjustment in
Hb affinity for 0., and increased 0, extraction
isce Winslow and Monge, 1987; Monge and
Leon-Velarde, 1991),

3. peripheral tissue oxygen limitation during
exercise, a reduction in V0,max (more notable
in endurance trained athletes) and consequent
augmeniation of anacrobic meabolic pathways
{higher plasma and muscle [lactate] values for
any given exercise inlensity - a special version
of the Pasteur effect (sce Hochachka et al,
[9%1: 19927, and

6. increased  catecholamine  release and
invelvement in the regulation of several of the
ahove progesses (Richaler, 19%90: 1997),

Taken together these adjustments momentarily
compensate for the reduced availability of 0, in the
inspired air. I the hypobaric hypoxia is not too
severe, these mechanisms can fully compensate for
reduced 0, supply. The cutol point secms to be o
about 35000 meters  (see  Richaler, 1990, for
example), above which e compensation s
incomplete and most unscclimmed humans suffer
various  consquences  (physiological  defenses
callapse into pathophysiology ). That is why, [rom a
purely physiological point of view, there is a need
for  developing  boackup  acclimation  (or
pcclimmtization) defenses, Again, these are now
well described in the lierature and for lowlangd
lingages can be summarized as follows:

I. hypoxi  ventilatory  response further
exaggerated, implying an increased 0, affiniy
of the 0, sensing system in the casotid hody
(Lahiri, 1984; Biscard and Forster, 1996,

2, hypoxic pulmonary vasoconsiriction maintained
{Heath and Williams, 1981; Oelz et al, 1990)
and may be further exaggerated, mediated by
the pulmonary endothelivm 0, sensor in an
stempt 10 redistribute perfusion of the lung
most advantageously,

3. heart rate, especially the maximum rate during
exercise  (Richalet, 1990), dampencd as
erythropoiesis increases the hematocrit and 0,
carrying capacity of the blood (mediated by an
0, sensing sysiem primarly in the kidney
(Winslow and Monge, 19871,

4, perfusion of heart and brain dampened 10 a new
steady state also possible because of increased
hematocrit (Severinhaus et al, 1966; Huang o1
al, 1987; Krasney et al, 1990; Richalet, 1990),

3. improved perfusion and oxygen supply to
peripheral tissues, a partiol recovery of V0,max,
and thus {Hochachka e al, 1991} reduced
reliance  during  exeércise on  anacrobic
augmentation of tissuc cnergy production
(lowering of [lactne] levels for o given level of
exercise), and

6. a maimained catecholomine response (Richaler,
1990; 1997) involved in the regulation of
several of the above processes.

Again, taken together these acclimation processes
go a long way towards re-establishing
physiological and metabolic homcostasis wnder
hypobaric hypoxia,. When, il ever, they are
complete is a poorly explored arca of research.
Some kinds of scclimation response may continue
on indefinitely. Monge's disease - a siluation in
which the hematocnit continues o rise throughowt
the lifetime of the individual - may be such a
process gone somewhal out of control and thus
referred 0 by Monge as a ‘maladaplation” (sce
Monge ond Leon-Velarde, 1991; Heath and
Williams, 1981).

For lowlander Caucasions, the above acute and
acclimatory processes constitute the only available
defense arsenals against hypoxia. However, similar
studics of highlander lineages (Quechuas and
Aymaras from the Andes; Sherpas and Tibetans
from the Himalayas) indicate some differences in
both acute and scclimation responses, These
indicate that over gencrational time, cach of the
general =teps in the above hypoxia defense
responscs - from hypoxia sensing, through signal
transduction pathways, (o inlegrated metabolicdand
physiological responses - apparently can be further
adjusted, For hypoxia tolerance in ihe human
species, we do not have enough data of the ype
described for the diving model 1o do a quantitative



72

Acta Andina, VI{2); 1,997

analysis of evolutionary pathways within our
species, Nevertheless, when we extend the timeline
of hypoxia defense through generations, we begin
to see that {(os in the diving model) many
physiological traits invelved in hypoxia tolerance
are highly conservative while others are more
malleable,

Maost Physielogical and Mctabolic Characters in
Humans Are Conservative

For example, the brain and CNS of low altiude and
high altitude natives express the same absolute
preference for glucose as a carben and encrgy
source, What is more, regional brain specializations
and hence regional brain differences in glucose
metabolic rates show the same paltems in both high
and low altilude humans (see Hochachka el al,
1995k, 1996a,b). Thus as ‘physiological characters’
both glucose preference and regional metabolic
organization are highly conservative. Because we
are dealing with comparisons within a single
species  (struclures,  [unctions, and  control
circuitries  are  necessarily  buill on the same
biological plan), it ¥ perhaps nod surprising (had
most  physiological and metabolic  charncters
associsted  with hypoxia (olerance in humans
display conservative aspects. Thus these deserve no
further emphasis at this Gime, Instead, i is the
malleable  or Cadaptable”  physiological  and
metabolic  ‘characiers® that attract ouwr  greater
interest.

Malleable or ‘Adapiable’ Traits in Human
Hypoxia Tolerance

In contrast 1o the above kinds of features, relatively
malleable iraits are cxposed when we compare the
acute and acclimatory responses of Andean and
Himalayan lineages to those of Coucasion
lowlanders, Such comparative studics of highlander
lincages indicate st

1. the hypoxic ventilpory drive is notably blunied,
cspecially in Andean natives (Strohl and Beall,
1997), implying adjustments in the 0, affinity of
the earedid body 0, sepsing mechanisin and in
its regulation {Lahiri, 1984; 1996),

2, the hypoxic pulmonary vasoconsiriciion may be
reduced (Heath and Williams, 1981), implying
adjustmenis in the pulmonary vascalature 02
sensing system (Anand amd Chandrasheckhar,
1992},

1. the lung diffusion capacity may be expanded to
compensate for the hypobanie hyposia of the
environment {especially evident in Quechuas of

the Andes (sec Winslow and Monge, 1987),

4. o requirement for increased erythropoiesis may
pemnain (in Amdean natives) or may be de-
emphasized (in Sherpas and Tibetans (Beall and
Goldstein, 1990}, but energy balance in
different metabolic states (Hochachka et al,
1991} is maintained (presumably  through
perfusion adjusiments in peripheral tissues and
in pan because of reduced oxidative capacitics
coordinated with reduced 0, demands),

5. heart rates during rest and exercise are lower, in
pari because the catecholamine response is
blunied {see below) and in part becouse of
increased preference for glucose as a fuel for
the heart (Hochachka et al, 19%6a) and relince
on carbohydrate during skeletal muscle work
(Hochachka et al, 1991}, thus improving the
yicld of ATF per mol of (..

6. cnzymic capacities of aerobic and anaerobi
metabolic pathways in muscles are down-
regulated (relative preponderance  of  slow
twitch fibers) so that overall VO,max and
anacrobic  energy  contnbutions  are  both
relatively low (the higher the altitude, the lower
the [lactate] for any given exercise level despine
the hypoxia - a siluation termed the ‘laciate
paradox’ in the literature (Hochachka e al,
1991; 1992),

7. the overall performance sirategy appears 1o be
to go slowly but elficiently’, and

8. the cotecholamine response 10 hyposia s
relativiley blunied even comparcd to hypoxia
acclimated lowlanders (Richalet, 1997),

Are these true biological adapimions? Or are they
merely  inherited  {ancestral)  physiological
responses  in dilferent lineages 1o the  same
cnvirenmental problem of hypobaric hypoxia?

Satislying "Adaptation’ Criteria of Evolotionary
Biologists

To sdequaiely answer this question we need 1o
recall the different wavs in which thig term is wsed
by physiologisis and by evolutionary biologiss, As
mentioned  above, 10 physiologists a trail i
frequently termed an ‘adapiation’ i s function
improves chances of survival. Evolutionary biology
i= more demanding in its definition: in  (his
discipline, a trait is wermed an adaplation only (i) af
il arises under naural selection, andfor (1) iF 1t is
maxintained by nawral selection. Within the human
species demonstrating these two properties (i.c
salislying these two criteria) is no casy matier
Hence, indirect evidence is required 10 demonsirat
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whether of nol a complex physiological system
such as ‘hypoxia wlerance” 15 an adaplation. One
such hine of evidence involves demonstrating that
the same or a similar physiological suite of rais
anses 0 response to a given selective force more
than once within the phylogenctic group under
analysis. Based on the above analysis, the complex
physiological syslem we meed 10 evaluae can be
summarized as 3 loosely hinked functions:

1. Blunted hypoxic venliluory response (carolid
by 002 sensor)

2. Blunted hypoxic pulmonary  vasoconsticior
response {pulmonary vasculaure 02 scnsor),

3. Dampened heart rate amd hean work {in pan
probably  due o increased preference for
carbohydrate carbon and encrgy source, and
hence incereased vield of ATP per mol 02 and
in part due o increased hematocrt),

4. Decreased reliance upon anaerobic metabalic
pathways in peripheral tissues (so called ‘lactate’
paradox ), relative preponderance of slow twitch
(5T) Mbers in skeletal muscles with low
oxidative capacities of all liber types, and

5. Blunted catecholamine response o hypoxia,
indicative of efficacy of above metabolic and
physiological adjustments,

That these physiological traits are indeed af least
lonsely “linked' is indicated by the fact that mast of
them are also found in humans adaped Ffor
endurance performance (see Hochachka, 1991). In
endurance irained athletes these senes of traiis
appear as high performance versions of those found
in high altitde natives.  Alhough the  high
performance features probably are a part of the
explanation  for  greater  percentage  elfects of
hypoxia on V0,max, an endurance athlete could be
viewed as a high performance version ol
mndigenous highlanders (such as Quechuas and
Sherpas) and vice versa, Pul another way, the
biochemical and physiological organization of hath
indigenous  highlanders and  endurance  athletes
differ strikingly from the homologous organization
in burst performance’ individuals (where FT libers
form a larger percentage of skeletal muscle,
excreise-induced plosma laclate conceniralions can
repch  wery  high and cardiovasculir
sdjustments play as imporiant o tole 0 recovery
Trom performance as they do during performance
pcr 52,

If these 5 loosely hinked companents compromise
our  species’  solution” 1o the  environmental
‘problem’ of hypobaric hypaexia, the question arises
il whether the same “solution” has ansen more than
once in owr species history this would be pond

levels,

evidence lor evolutionary adaplation. A search for
such evidence requires insight into the evolutionary
pihways of our species. To this end, we
constructed a simplified ‘phylogenetic wee' for the
human species from an indepth summary of human
genclics and cvolution by Cavalli-Sforza et al
(19943, The main groups whose responscs o
hypobaric hypoxin 1o date have been cxtensively
stuched are () lowland Caucasians and Asians, (i)
Sherpas and Tibetans of the Himalayan plateau,
and (i) Quechuas and Aymara of the Andean
range. If we assume thal our species age 15
approximately 100,000  years, then a close
examination of such information is  highly
instructive. First, it suggesis that the last time
Caucasians, Sherpas and Quechuas shared a
common ancestor was over 50,000 years ago.
Second, the last time the Himalayan highlanders
{Sherpas and Tibetans) and the Andean highlanders
{Cuechuas and  Aymarasy shared a  common
ancestor was in the range of 30,000 years ago - of
about 1000-1500 generations ago, Third, despite
this distaml divergence of the latler two lineages,
their metabolic and physiological responses 1o
hypobaric hyposia are similar. Fourth, many other
lineages (including intermediate branches in the
‘phylogenctic’ tree of the human family) are known
not to show these charactenstics.

These phylogenctic daln are consistenl with [wo
possible scenarios: (i) One possibility is that, with
only modet differences, many similar metabolic
and physiological ‘solution’ arose independently in
these two lineages. IT s0, these comparisons smisly
at leasi one of the criteria of evolutionary biclogy
and strongly support the conclusion that the above
suile of physiological chorscters are  defense
adaptations  against hypobaric  hypoxia. (i) A
sccond possibility is that the above suite of
physiological and metabolic traits represent the
‘ancestral’ condition, o view consistent with recent
indications that the origing of our species occurred
under conditions thal were getting cobder, drier,
and higher (sce Vrba ¢t al, 1995). Over some 5000
generations of our specics history, (this condition
was ‘retained” in high aliilude groups (Sherpas,
Tibetans, Quechuas, Aymaras) and in  groups
selected for endurance performance, In the former,
the ancestral physiological condition was “low-
capacity’, Tfine-tuncd for 'go slow but efMiciently’
under hypobaric hypoxin. In the latter groups, the
ancesiral physiological condition in relafive crms
became 4 high capacity’ onc, high capacity energy
supply pathways being linc-tuncd for the high
capacity encrgy demand of sustaned performance.
In this scenario, the ancestral organization of our
physiology was inherently very dependent upon
‘werobic’  pathways, with  relatively  minor
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RESUMEN: La Froepeidan del Oxigeno en la Organizacién del Paro Metabilico Hipisbes

La base merabilia del mecanisins seesor de oxigena ha sido esudiada utifizands s stslados de |a roriuga pintada cocidental, un
wercheale ansrobio facultative. Como pane de una respeesta sisiémica coordinad o la hiposia. estas células suprimen aciivamenic lo
sintesis de ATP en sincronia con la demanda de ATP por paric de 1odos los consumidones principales (Na® -K* ATPasa, Ca™ ATPasa,
recambin ke proleimas, sintesis ¢ wrea, Eberacidn de glucosa y gluconcogénesis). Bl resultado 5 wna sopresion en 10 veces de la tasa
metabidica, impucsia sobre una redistibucidn de b demanda de ATP enire Ios procesos celulares. Esta reonganieacie metabdlica
depemnlivnte de onigeno estd estrechamente contnadada, &5 rEpida en su inicio, ocure sin perterbacidn de las concemtraciones de adenilain o
del potencial de membmna, implica b supresidn y expresida de penes dependientes de oxigeno y masiens una Becva tasa, inferior de Aujo
3 travds de wids bioguimicas especificas hasta In reoxigenacidn. Bl efecto nelo aborm denmdlicoments pastenio foamentabile, Hiia b G
e scumubacidin de deshechos matabuilicos v extiende profundamente ¢l tienapa de supervivencia en anoxio. Se ha explorada roles danecio
e mecanismos receplivos & oaigeno on el conbod de o s de Aujo para dos evemios colulares sigmificatives luepo de supeesicn
mctabilica hipoxica. El recambso protcico, qoe o el procese celulor enerpdisamente mis cosioso on nommoxia mosird mna medulscide
dependicnie de oxigens de bandas proticas cspecificas cuya expresion podia ser predeciblements manipalada por Co™, Ni™* y €O, Esto
apeya la beorin de unnol pam el mecasdame eceplor de axigeno bem-proteina en < control de la expresidn hipixica de perews al ingresar
en pare molabdlico. Segundo, estulbos mo invasivos que usan elecieodo de outorelerencia sehectivi de Ca™demucstran que hay uns
supresian seketiva del 75% en el flujo rmesmensbrona de Ca™ que o oxigeno-concordante y que exhibe un Kmi: aparcate de 145 M. La
supresiin del Qujo de Ca™ era dependienic de proiving kinasa y no era repetible bajo inhibicidn anzerdlbics de In ransferencia de electrome:
por KCN. Bstos resultados sugieren que las respucsias hipdxicas de diforentes procesos confluyen pam fommar una neorquesiacion
metabsilica y malocular coordinada de |a funcide celular que permite ka supervivencia prolongada sin oxigeno, pane insegral de ello o5 <l
prtemcial evidente de los mecanismos recepeives de oxigeno para schislsr y coordinar los cambios de Mujo a ovs de vim complejas,

STRTEEIICOIERG Cimloaas.
Falabras cloves: Mxipena, Pamo meinbdlicn, Respucata hipaxica.

RESUME: La perception de 1"axygine dans lirganization
de rrit netabaligus hyposiique

La base mitbolique o maldoelaiee du mécanisme capteur
diogypemn: & o dludié en uilisant des hapatocyics oxtrats de la
borie wschetde ocoldentb:, en vendbad snslrobic [acultasif,
Comme didmend d'une néponse sysidimsque en relalbon avec
I'bypozie, cos cellules sappriment sctivemenl B gysihése de
1"ATP en symchronisation avec la demands: o' ATP & la part de
s les consommateues principaus déeerpie (Ma"1K" ATPaso,
Co™ ATFose. remplacement de proséines, synibise de I'unée,
libfrnrion de glecos: e moplucogenése). Le msulial st une
suppressban en 10 (ol du ax mdtaboligue, se surimposant &
ume: feilsinbution de la demande QOATE enbie les proscisus
cellulasres, Cee slorgsnisation mdabobipe: pendanse e
Poaypées et dimoiiement conteibée; olle est mplde & son débur,
st éenmile sans penurbalicn des conceniratices & addailale oa
du poiicl de membrane; <l implique b suppecssion o
Pexpression de penes dépendanis de Poaypéne ¢ sowicnt um
mouven tax, ialdneur, de fux b avers des voles blochimigues
spicifigees jusqu's la poxypéastion, L'elld nel deanmmsss
comsidkivablermend % subsirnl  fermendable, hmbie ks bux
iracumulation  des dédchels  mdiaboligees . of  olbonpe
ol ke taux de surviec om anoase. Le nlle dereci de
matsnisimnes eeplenm | oxypine dans b conbidle des B de
Aux pour deus deenemeals  cellulasies sipnificatifs  apn=s
suppression  mdtabolique  hpozigue 5 &4 cuploné. Lo
remplacement peoldigque, ke processus celbalmne gl fecpuicr bo
plus  'émerpm en normoxie, @ mosid  eee  modelstion
i pendasic de "oaypine de bandes protfiques spdeifigques danj
Vespressaon powvasl e manipulés de fagem pudvisible par
Co™™, Mi* et OO, Cela appuie La théuie du nble du nadcanisme
réoepicur  d'ovypine beme-proidiog dan b comnlle de
Vexpression hyponigque de pénes on eniraml en  ami
IIH:-Iﬂ“ﬂi'I.tW I¥ aulre [art, s e hon invasives wiilisant
ke el d'aufordidrence sélaive drfa:':hinu}nrrm| quil

¥ 5 ume suppression de 75 % du Mux tramsnseimbranaine de Ca®™,
qui e oxypern-concondan) ¢f prémnic un Kmly de 1450, La
suppression de flux de Co™ dmit dépendan do ks protéine
Kinase-c of me pouvait dtre nipdtde sous Enhibiting adnokages i
trassfen d'éloctrons par KON, Ces pésulists sugpinen quie bes
mipomnes hypoxiques des dilléremis processus cellulalees sc
mejeignenl pour foemnor wne réorchostmiion mdtaboligue &
mulécalaine coordonmde de b fonction collubire, permetiant I
survic peolongde sans oxypine. L poienie]  dvideml des
mdcannimes rioepicmn doxygine fait partie intdprante de co
prEseias pour signalor of coordanner les changemenis de flex G
travers des voics complexes, Inks codeosses du point de vue
drerpitigee.

Miots.chés - Duypine, Armdt ménholique, Réponse hypoxique

SUMMARY: The metabolic and isolecular basiz of axypgen
sevwing bus besn probed uding Bolated hepastocyies from e
veriehrale (aculistive snserche, the westam paimicd taile, As
pat of a coondinaied sysiemic response wo hypoxia, these olls
actively suppress ATP synthesis in symebroay with ATF deimasd
from all najor cnergy sinks {Ma'fK° ATPme, Ca™ATPme,
profcin  bemener,  urea  symdhesis, plocose  relense  ond
gliconcoperess). The resull is a  10-fold wpp:iﬂ-m in
metabolic e supcrimposed over o re-pariitioaing of ATP.
demaned among cellalar processes. This  oxypen-dependent
metzbalic n-onganieaton is tightly conirolled, being mpid in
oered, egeiis withoul perlwbation o adenylaie concenimiions
or membrase poseniial, i invalves the oaygen-dependent
sugpressien amd gapresiaon of specilic pones and it susining o
new, lower rate of flua iheoaph spocific hiockemical pachways
uniil re-oxpgenatbon. The net effec dmmaticolly  spares
fermeninble  sebsieme, limin mes of meobalic  wasie
accumidstion aml prodowndly extends survival time im anoxin,

Dhrced iodes for oxypen-receplive mechankuns in the conisel of
Mux rates have been explored lof vao energetically sigaificant
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cellular events during the ondet of hypoaic meiholic
suppression. Protein wumever, the most energetically costly cell
process in pormoxia, exhiblied oxygen-dependeni modulation
of specific proicin bands whoss expeession could be prediciably
manipulated by Co™. Ni™, and CO. This supports a role for
hrr:-nm:hmdmmﬂmmﬂmimhﬂmmwﬂ
of hypoxic gene expression on enlering melabolic amesh
Secandly, nominvasive stedies using a Ca  -selective self-
miutnnu;dnclmtd:rmumltncun?ﬂ
fuppression in bansmembrane Ca’-Mux thal i oxygen
conforming, exhibiting an apparent KmD: af 145u:M. The
supprestion of Ca2+-flux was protein kinzee-c dependend, and

INTRODUCTION.

Although emerging studies indicate that there is a
genetically-linked tolerance to hypoxia among high
altitude human populations, generally, we are nol a
species  that tolerales any degree of oxygen
limitation at all well, Chronic exposure to high
altitude hypoxia is both debilitaling and potentially
lethal, 5o for these reasons, biomedical research is
particularly driven 1o determing how the oxygen
signal is perceived at the organ-to-cell level, how
resulting physiological changes come abowt, and
how clinical strategics can be developed for the
prevention and treatment of hypoxic pathologics,
The research base is therefore direcied towards
understanding amd susthining a system thal s
[ailing during mild-to-moderate oxygen lack.

This review addresses the question of hypoxic
survival by examining how naturally evolved
hypoxia-iolerant  sysiems  deal with  chromic
cxposure o anoxk.  Hypoxia  toleramce s
particularly well developed in the Western painted
turtle, a vericbrate faculistive anacrobe that s
capable of surviving systemic anoxia for up to 2
weeks at 25°C, extending upwards io 6 months at
temperatures <10®C. This extreme capacity fos
anoxic survival is based on an oxygen-sensitive re-
organizotion of cellular metabolism, superimposed
upon a cell biology that is geared towards the long-
term provision of energy vin glycolysis, and o
capacity o deal with the accumulation of toxic
metabolic end-products (lactate and protons), In
keeping with the questions central to high altilude
biomedical research, this review presents studics
conducted on hepatocytes isolated from this species
which were used 10 understand how  cellular
metabolism s re-orchestrsed in anoxia, at what
scdvantage to the survival of the organism and the
role of the oxygen signal in coordinating cellular
cvenls  among  complex  energy-demanding
processes.

Orchestrating Conrdinated
Between Cellular Processes,

Adjustments

Four  general  elements  comprise  cellular

was pol repeatable under acrobic inhibition of elctron fansfer
be KCM,

These results suggest that the hypoxke response of different
cellilar processes coalesce to form o coordinmed metbalic and

molecular re-oncheviraiion of cell fumctbon that enables lengiom
purvival without cxygen, Integral 1o this is the clear poeniial for
seceplive mechandsms fo signal. and coordinale, (e

ERypen
changes through complex. energetically expensive pahways.
Key Wards; Oxygen, Metabolic arrest. Hypoxic response

metabolism: i) the generation of reducing power,
that drives i) ATP synthesis; i) a seleclively
permeable membrane that generates the potential
energy for driving metabolic processes and fv)
lipid, protzin and nucleic acid biosynthesis. Due 1o
the inter-relatedness of cach of these processes,
physiological responses to environmental change
requires coordination between all of  these
components; the fatlure of one link in the chain
ultimately results in the failure of the loop.

From single cells 1o whole organisms, metabolic
respenses 10 hypoxia con be broadly categornzed
into one of two adaptive responses (1) The
response  assockied  with  oxygen  regulation
maintains the provision of energy via o Pasieur
effect (enhanced rate of glycolytic Mux) o support
cell processes at rates approaching those foemd
during oxidatively supporied meiabolism. Finite
stores  of fermemable subsirate, and  the
accumulation of metabolic wastes (lactate, H).
together, scl time-restrictions on the success of
axygen regulation as a useful means for surviving
oxygen lack. In contrast, the oxygen conforming
response  mumimies  oraes oof  energy  supply
coordinately with energy demand 1o invoke a
controlled  suppression of metabolic mle below
resting levels, Figure | compares the oxygen-
regulating  {gencrally  anoxia  intolcrant)  versus
conforming strategics (anoxia tolerant) for dealing
with hypoxia. The trade-offs are clear and define
remarkably different time limits Tor Gissue Tunction
and survival without exygen. In oxygen regulators,
depletion of available substrate, and the rapad
accumulation of toxic metabolic endproducts, leads
i failure of the MNaVR™ ATPase, membrane
depolarization, Ca™ release from internal stores
followed by capacitative Ca™ entry over the cell
membrane, and cell death (2). Although survival
ime is dependent on the severily of hypoxia,
oxygen regulating systems will ypically cope with
scvere hypoxia over o time frame metered in
minutes. The oxygen conforming response, on the
olher hand, favors cell survival o the expense of
metabolic scope. ATP demand and supply e
coordinately down-regulated requiring specialized
adapiations in cell physiology 10 cope  with
attenued energy wurmover. Principle among thes
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are ihe capacily to maintain membrane polarity, time in severe hypoxia that is extended from
5Lah:|]:|!:].' of macromolecules, and remain capable of months, outwards (o years in some casas.

detecting changes in oxygen availability (reviewed

in ref. 3). The combined effect results in a survival
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Figure 1. The pathway of acule cellular damage invoked by severe hypoxia in anoxia in-teleram {typically
o ygen-regulating p tissucs, and ithe mechanism of avoddance in anoxi-tolerant {oxygen conlforming), Nssues.
Anoxp-tokerant paths marked (1) denste sdaptive metabolic readjusiments it oceur early in e transition
towards hypoxia, Paths marked (2) denote probable penotypic features (ie these are physiologically inherent 1o
the species). Figure derived lrom references 1-3, 10 amd 13



810

Acta Andina, VI(2); 1,997

Oxygen regulation and oxygen conforrning
responses deal with hypoxia in sirikingly different
ways, yet lack of oxygen is the primary signal for
the induction, and presumably control, of each
response. The question posed here asks: How does
the oxygen signal coordinate all principle
components of metabolism together towards an

effective strategy of hypoxia survival?

Metabolic Suppression in Response to Hypoxia,
Studied in Cultured Isolated Turtle Hepatocytes.

Maturally evolved wlerance o hypoxia comprises a1
series of morc-or-less conserved  physiological
characteristics that are common among species that
occupy penodically hypoxic or anoxic habitats,
The systemic response o hypoxia is typically
oxygen conforming and involves a coordinated
suppression  of  metabolism  below  standard
meiabolic rates. This suppression  necessarily
involves coordination belween every aspect of
cellular function residing on both ATP synthesis
andd demand sides of encrgy tumover, It therefore
constitutes a uselul system to probe the relationship
between an oxvgen signal and the metabolic,
cellular, and molecular adjustments thaot  are
necessary for the periodic and long-term survival
of anoxia.

We studied the cellular basiz [or anoxia-tolerance
using hepatocytes isolated from the Wesiern
Painted Turlle (Chrysemys picta Dbellfi). As a
component of the systemic medabolic suppression
during hypoxia, these cells will actively suppress
ATP synthesis synchronously with demand from
major ATP sinks {lon pumping, profcin turnover,
urea synthesis, glucose release), even when isolated
pnd maintained in a culiure environment. This
presented 8 unique opporunity to examine the
cellular  and  molecular basis  of  metabalic
suppression and in particular the relationship of the
cessation in cellular function to the disappearance
of oxygen itself. To address this issue fully, it was
irnporiant o understand which cellular processes
constituted the major encrgelic drains, and o what
extent their suppression contribuled 1o the overall
metabolic suppression in anoxia. The first step was
therefore 1o tease apart the ATP synithesis and ATP
demand sides of energy lwrnover o constrect an
energy budget for these cells in normoxia and after
10y hours of severe anoxin.

ATE nnihesis in anoxia Figure (2) demonstrates
the ATP synthesis component of ATP turmover
during metabolic suppression in turtle hepatocyte
primary cultures, Three imporant fealures are
characteristic: i} there is a 909 lall in metabalic
rale (mirrored by a T0% fall in microcalorimetric

heat flux), iy there is little change in the adenyiate
energy charge, i) the onset of metabolic
suppression is rapid and is Tully reversible on
reinstatement of 8 normoxic environment (4.5},
Flux through pathways of carbohydrate metabolism
change profoundly. Rates of glucose release fall by
60%, remaining atenuated. bul  conlinuous,
throughout anoxia. Gluconeogenic rates were
practically  immeasurable  constituling  an
insignificant component of both ATP synthesis and
demand in anoxia. Energy production in suppori of
remaining anoxic ATP demand in anoxia relies
solely on glycolysis and is fueled by near molar
conceniralions of on-board elycogen,
Experimentally deplete glycogen stores or block
glyeolytic Mux and ATP concentrations, remaining
hest flux, and total cell viability all rapadly
diminish. Given that optimally minimized, but
sistained, ATP  tumover is  essenlial  for
maintaining cell viability, whai is the response of
the major ATP consuming components of ATP
lurnover?

ATP Demand in Anoxia, The mainienance of ATP
concenirations throughowt the period of anoxia
suggesis that the stoichiomeiry of ATP fumover
never pets oo far owt of balance. Figure (3)
demonstrates (he re-partitioning of ATP demand
among the most energetically expensive cell
functions as oxygen availability dissipaes. In
normoxia, protein wmover (the compounded cost
of prodein synthesis and protein  degradation)
accounts for the majority of ATP demand (abou
45%). Na'VK'ATPasc accounts for the majority of
the remainder @ abowt 25%. In anoxia, there is &
striking re-partitioning of ATP demand among the
MAjor energy COnsuming  processes  that s
superimposed on a 70 1o WWH suppression in
energy demand for each individual pathway
examined. As noted in figre 2, glycolysis supports
an anacrobic ATP tumover of 6.5 pmol ATPg'
.min”, a 10-fold suppression in ATP wrmover from
normoxic standard metabolic rates. Within anoxic
wial ATP wmover, energy demand by Na/K'
ATPase accowms for 75% (6). Protein synthesis
and degradation are both coordinately suppressed
{protein content of the cells does not change) and
accownt for the majority of remaining anoxic
metabolism (7.8,9). The emerging pattern suggests
that normoxic cells expend the majority of cnergy
melabolism on anabolic processes such as protein
turnover whereas in anoxia. there s a re-
organization of energy expenditive that favors the
m:inlcn_mwn of the cellular membrane potential at a
proporiionate increase in the overall proportion of
100 pumping activity. The postulated mechanism
behind the maintenance of the membrane podential
despite an overall suppression in jon pump sctivity
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(The channel arrest theory) has been reviewed
eleewhers (10},

ANAEROBIC GLYCOLYSIS SUSTAINS
REMAINING METABOLISM IN ANOXIA
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Figure 2. Scheme denoting characteristics of carbohydrate metabolism in support of ATP synthesis in normoxin
and over [0 anoxia in isolated twrile hepatocyies, Microcalorimetric heatflow (solid line) falls T0% in anoxia
with biochemical determinations of metabolic rate reflecting a 10-fold reduction in ATP turnover rates.
Addition of the glycolytic inhibitor, iodeacetate, resulis in the death of the tissue emphasizing the signilicance
of energy supply via glycolysis and the functional importance of remaining sources of ATP demand in anoxia.
Mot high internal stores of glycogen in support of glycolytic flux, Figure derived from references 4 & 5

Evidence that an Oxygen Signal Controls
Complex ATP Consuming Processes,

The coordinated suppression of ATP wrnover, and
associated re-partitioning of ATP demand among
cellular processes, incorporates nothing short of a
complete  bhiochemical  and  molecular  re-
prrangement 1o achicve a mefabolically dormant
state in hand with a stable cell structure. The
crucial issue centers pround the signal: do cells
possess the copacily 1o sense changes in oxygen
availability and respond in an adaplive manner? To
investigate Lhis issue we examined he oxygen-
sepsing characieristics of profein  turmover and
wransmembrane  Ca™-Mlux a5 cxamples of wo
complex, energetically  cxpensive, metabolic
pathways. As both processes represent the sum of
multiple components, each tests the capacity of the
oxygen signal to coordinate tightly coupled Mux
changes between a number of related cell
functions,

I} Dxypen Sensing and Protein Turnover.,

Protein  lwrnover  (proléin  expression  and
degradation) accounis for aboul hall of normoxic
and aboul one thicd of anoxic ATP demand, Aside
from defining the functional and phenotypic
charactenistics of cells, it also maintains the refotive
health of the functional protein pool by ensuring
the removal of damaged amd dysfunctional
maolecules. Suppression of prolen  lurnover s
therefore perilous as il diminishes the capacity for
cells 1o adaptively express new [unctional profein
translates, and remove old ones (3), Through the
induction of genes, appearance of mEMA,
translation of proteins, modification of protein
structure, proteclyiic iumover of the protein, and
the ATP synthesis that is required to support this
process, the overall scheme of protein lurnover
offers a rigorous test of the oxygen signal 1o
coordinate changes among cellular processes.
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To iease oul the oxygen signal and recepior
mechanism, we employed a similar strategy 1o that
employed in the erythropoietin field which aimed
to modulate the responsiveness of oxygen
dependent cell processes independently of oxygen
availability. We could functionally achieve
metabolic anoxia despite the presence of oxygen by
out-competing oxygen at cylochrome-c oxidase
using KCN. By assuming a iransduction
mechanism based ferro-heme binding of oxygen,
we could modulate the conformational state of the
putative heme protein by substitution of Co™ or
Ni™ ions in the central Fe™ position (induced de-
oxygenated conformation) by incubation with
carbon monoxide (induces a K _-dependent
oxygenated conformation) (11.012). With this
approach, our hypedhesis specifically tested the
nolion that the oxygen signal was transduced
through the change in conformation of a heme
prolein oxygen receptor, linked through an
pnidentificd intracellular signaling pathway.

Owr results indicated that o heme prolein was
indeed involved in transducing an oxygen signal 1o
clevate expression of 5 unidentified prolein bands,
and decreased expression of a further 5 distinct
protein bands (9). This clearly suggests a role for
oxygen in the modulation of profein expression at
both  levels of synthesis and  degradation,
Furthermore, it highlights a role for oxygen in the
fine-tuning of cellular characienistics in  the
ransitivn towards hypoxia: despite a 10-fold
suppression in rates of ATP-dependent protein
wrnover, the phenotype of the protein pool was
subject to oxygen-specific modulation via adaptive
cxpression (or suppression) of seis of hypoxia-
sensitive genes (9,13).

A broad body of lilerature now identifics a clear
link between a ferro heme oxygen recepior
mechanism and changes in the relative availability
of oxygen 1o mediate expression of the up-stream
transcriptional regulator, Hypoxia [nducible Factor-
I. HIF-1 i a basic-helix-loop-helix PAS
heterodimer consisting of a novel 120kd c-subunit
and a 9dkd , S-subunit that is identical 1o the aryl
hydrocarbon  nuclear  translocator  (ARNT), a
transcriptional regulator in the dioxin response
(14). In hypoxia, HIF-1 regulates increased
expression of the hepatic hematopolesis factor,
erythropodetin (12}, vascular growth factors (VEGF
and PDGF, (15)) and cemain specific glycolytic
enzyme isoforms in a wide variety of tissucs,
specifically, phosphofructokinase (PFK-L and C),
phosphoglycerate kinase (PGK-A), aldolase (ALD-
A and C) pyruvate kinase (PK-A). and lactate
dehydrogenase (LDH-A) (15,16). Hypoxia also
abrogates receptor-medised control  over  the

expression of the gluconcogenic rate limiting
¢1ll}"l‘l'!l-‘. ph[;ﬁphmmﬂpj'm'r'ﬂ['ﬁ fﬂw]’hﬂm
{PEPCK, (17)). Recent evidence further implicates
a similar oxygen sensing mechanism in the control
over pglucose transporter expression  for ke
isoforms GLUT 1 and 3 (expressed in hypoxiaj and
GLUT 2 (suppressed in hypoxia) (16,18). From a
:mlabn]in Wim ol wview, this list underscores i
chear role for oxygen in the control of glucose
metabalism and in particular, the cxpression of rae
limiting isozymes for glucose transport, glycalysis
and gluconeogenesis as significant control points,
A most important feature of the oxygen signal
transduction pathway is ils capacity for modular
control over defined regulatory pathways for the
same gene. In liver for instance, glucagon regulates
PEPCK expression through a cAMP-dependent
protein  kinase pathway, unless a  significant
transition towards hypoxia occurs where control
passes (0 a ferroheme protein/HIF-1 regulatory
pathway (17). Clearly, the intracellular signaling
pathway from ferro heme protein to the induction
of hypoxia-sensilive genes musl juxtapose lonic
regulatory pathways but how might this ocour? A
recently proposed hypothesis based on work
conducted on carotid body and hepatoma cell lines
suggests that a condidate heme-proteinREDON
based oxygen sensor may be NAD(P)H oxidase
(19204, The signal is ransduced by reduction of
the ferro-heme NADNPIH oxidase subunit resulting
in production of hydrogen peroxide. H202
subsequently mediates the reduction of glutathions
groups and the production of cGMP by reduction
of the soluble guanylale cyclase heme-subunit,
Although not necessarily a unifying theory of
oxygen sensing among different tissue types. this
pathway for oxygen transduction is intriguing
because it unites the central principles and actions
of oxygen sensing mechanisms in general: i) the
oxygen sensor is located as far out in the oxygen
gradient as possible (ie in the plasma membrane),
ii} it possesses a high K_.O,, potentially signaling
changes in oxygen availability early in the
transition (o, and from, hypoxia, iii) by initiating a
F:E}D}i potential it juxtaposes  intracellular
signaling mechanisms responsible for controlling
multiple cell functions including channel opening
probabilities and gene expression. As a candidate
‘?‘:}'Ec“ BERsINg pathway, this surely represents an
tdeal sysiem on which 1o base further investigations
inte  oxygen  sensing  mechanisms  and
COmSEUences,

ii) Oxygen Sensing and Ca™ Flux,

S
Ca™ acts a8 a second messenger in a wide variety of
cell processes stemming from ferilization, through
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hommone responses, w0 cell death. As a result,
alterations  in intracellular  Ca™  concentration
([Ca”]i} form the basis of a signaling mechanism
that can potentially coordinie a number of
interdependent, CaZ+—sensilive cell  processes
together. This signaling mechanism must be tightly
regulated as uncomtrolled increases in cytosolic

{1

[Ca™}i also lie at the root of events that lead to cell
death (fig 1). Clearly, the success with which
tissucs survive hypoxia rests greatly on the ability
i maintain the cell membrane podential and, in
particular, control Ca™-fluxes between cellular
compartments, the cytosel and the extracellular
environment.
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Figure 3. An energy budget for the major ATP demanding cell processes in normoxia and after 10h anoxia in
isolated wnle hepatocytes, Graph ol uppermost emphasizes an oxygen-dependent fall in metabolie rate (solid
line) with lile perceptible change in ATP concentrations or the cellular energy charge (dotied line). Normoxic
ATP demand, demonstrated on the right side of the figure, largely sustains rates of protein turnover, Alter a 10-
fold fall in metabolic rates, and energy demand by individual biochemical pathways, anoxic metabolism largely
supports energy demand by ion pumping. Figure derived from references 4-9.

Continuing 1o use urtle hepatocytes as a model, we
probed the relationship among oxygen availability,
proicin  kinase-C  activily, and  adenosine
purinoceptor activation in the control of turtle
hepatocyte  transmembrane  Ca™-Mux the  net
halance between plisma membrane Ca™ ATPasc
activity, Na'fCa"-exchanger activity and Ca™-
channel influx), measurcd with a non-invasive,
Ca”-selective, sell-referencing electrode (21). This
technique enables  non-invasive  detection  of
extracellular Ca™-fluxes from single cullured cells
by oscillating a Ca™-selective microelectrode (tip
diameter of about 3 .um) back and forih through
the boundary layer next o the cell membrang, By
referencing  together  the Ca™-specific  signals
obtained ot cach maximun of the arc described by
the elecirode movement, o ApY  dilference s
abtained ithat can be applicid 1o the Fick equation o
determine directional Ca™-flux (figure 4). With this

approach, we found that progressive hypoxia was
associded with a reversible, oxygen-dependent
suppression of Ca”efMux with an apparent KmO,
of 145uM (fig 5). As the technique only resalves
slow-time course e¢vents (ie on the order of
seconds) and the efflux was lurgely inhibited by
Ca™ ATPuse blockers, the nature of the Ca™-efflux
is likely 10 he Ca”ATPase activity {22). The high
Km0, suggesis that the suppression of Ca'-efflux
ix achieved through a signaling mechanism capable
of detecting changes in oxyvgen avalability over
concentration ranges that are two orders of
magnitude above the Km0, of the electron transfer
sysiem in liver [0.7uM 02 for ughtly coupled
isolated liver mitochondria (23)]. In support of this
was the failore of KCM, administered over
concentrotion ranges that achieve rapid inhibition
of oxypen consumption in turtle hepaocyles, 1o
diminish Ca"-flux when oxygen was present in the
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medium (figure 6).

Mon-Invasive Memsurement of Extracelhalar
Ca®-Flux From a Single Cefl
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Figure 4. Operational principle of the Ca™-selective self-referencing microelecirode. Paich clamp siyle
elecirodes (tip diameter of 3 pm) were rendered selective for Ca™ by placing a 25 .um column of a Ca™-
selective ionophore in the tip. The electrode was then oscillated over a distance of 10pm, &t a rate of 0.3 Hz,

through the extracellular Ca™ gradient ot a pimi

perpendicular to the equatorial centerline of the cell, The

signals obdained at cach maxima of the oscillation were referenced 1o one another to obtain a Ca™-specific ApV
difference over the amplitude of oscillation. This could then be used in the Fick equation o calculate a
directional value of Ca”flux where, D= diffusion coefficient for Ca™ in physiological saline: = amplitude of
oscillation, Cy= background molar concentration of Ca™ in the medium. As the tip of the electrode never
contacts the cell surface, and there is no electrical field generated by the electrode, the technique is non-
invasive. In the experiments described here, a static polarographic microelectrode was also maintained close 1o

the cell to monitor local oxygen concentrations,

Hypoxic Suppression of Ca™ -flux is Oxygen Conforming

Ca*-Flux
(10" mol Ca®* um? sec™)

Figure 5. Oxygen conformity of transmembrane Ca™- Ty

apparcat K_O2 of 145uM (sold line). 95% confide
shown (broken line). The self-referencing Ca™-selec
rate of 0.3Hz, Figure derived from reference 22,

X d_uri_ng a transition towards hypoxia demonsteates an
nce limits in the fit of the line 10 the data points arc also

tive clectrode was oscillated over a distance of 10, pm at a
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[ SUPPRESSION OF CALCIUM FLUX IS OXYGEN-DEPENDENT
BUT INDEPENDENT OF OXYGEN LIMITATION AT MITOCHONDRIA
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Figure 6. The suppression of Ca™-flux was oxygen dependent, but independent of inhibition of mitochondrial
electron transfer, The electrode was moved o within a micron of the cell membrane ("Ad Cell™) and a ApV
signal output collected for 25 minutes. ImM KCHN was then added 1o the medium and the signal canput collecied
for a further 25 minutes. Note that acrobic addition of Imb KCN causces a 10-fold reduction in rates of oxygen
consumption. The electrode was then moved out of the cellular Ca™-gradient 10 a background position (Bg) 1o
ensure that the signal output was zero in the ahsence of a Ca”-gradient. Movement of the electrode back 1o the
sme measurement spol next o the cell retrieved the original signal magnitude, despite KCN blockage of
cellular oxygen consumplion. Al 60 minwes inio the experiment, dizsolved oxygen was displaced by infusion of
i Nl.-pn:ﬁure-lltﬂﬁ ower the surface of the medium, causing the same, high apparent K_O), oxygen-dependent
suppression of Ca™-flux noted in figure 5. This occurred imespective of the preceding inhibition of
mitochondrial electron wansfer by KCN, Figure depicts the change in the ApV signal difference in normoxi,
with each plotied point being the mean +/f-standard deviation of 100 raw data poinis collected

The oxygen signal was transduced by a pathway channels (25). In normoxia, there is clearly a
that involved the activation of PE-C as anscrobic precedent  to suggest PR-C activation  opens
inhibiion of PK-C climinated the comrolled capacitatively coupled Ca™-channels,

suppression of Ca”-efMux, causing a marked Ca™-
infux Tollowed by cell swelling and ruplure. From
the literature, the role PR-C might play in
coordinating the suppression of Ca™-efflux during
hypoxia, 15 wigue. Acrobic experiments  have
detailed a role Tor PE-C in the opening of
capacitatively coupled Ca-channels in the plasma
membeane after release of internal Ca™ pools by
thapsigargin (24,25) This s with the case in rat
hepatoeyics where PR-C activation by THPA has
been observed w prolong the time course of
cytosolic  Ca™  re-sequestration  into cellular
compartments  during  glucagon-induced  Ca”
eveling (265, In glioma cells. PE-C activation by
TPA resulis in an inerease in [Ca™ i thal stems, in
part, from an sctivalion of plasma membrane O™

In our studics with wrile hepatocytes, we identificd
both an serobic, TPA-induced, reduction in Ca”-
¢fMux and also an absolue requirement Tor PR-C
activation in the controlled suppression of Ca™-
efflux twwards a1 new steady-stale dunng  the
hypoxic transition (22}, Addition of the PK-C
inhibitor, sphingosine, during anoxia led (o o rapid
Ca™-inlux followed by cell rupture (figure TA).
Given the clear role of PE-C activation in the
opening of Ca™ channels, we cannot exclude the
passibility that the observed suppression of Ca™-
efflux was associsied with an clevated, inwardly
directed Ca™-flux component. When compounded,
the absolute requirement for PE-C activalion, the
ensuing sustained pattern of hypoxic Ca™*=Mux, and
e prodonged survivability of these cells during
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anoxia, all serve to underscore this as a regulatory
event rather than a precursor 1@ the unconirolled
capaciiative increase in [Ca”li, as would be
pssociated with hypoxic cell death.

Receptor-mediated Ca”™ entry in hepalocyles is
under the control of two distinet, agonist activated
pathways that exhibit different cation selectivities
ond modes of conirol (27). The [irsi opcrates
through an  agonisl-sensitive  (vasopressin or
thapsigargin}, inositol (1,4,5)P,-generating pathway
1o mobilize the intracellular Ca™-pool followed by
a Ca”-specific influx over the plasma membrane by
capacilative coupling. This pathway is distinct as it
will not conduct Mn™, The second mechanism is
less selective for Ca™ over Mn™ and requires
comtinuous hormonereceplor binding 10 a G-protein
complex with the subscquent activation of Ca™
channel conductance (27,28}, In twrile hepatocytas,
it was important to pssess the capacity for the
oxygen signal 1o inferact with exisling receptor-
mediated pathways of Ca™-mobilisstion, We
examined he adenosine-punnoceplor-mediated
pathway becawse the production of exiracellular
adenosine during periods of melabolic stress has
the general effect of reducing encrgy demand and
increasing energy supply, making this an important
regulator of pathways associated with the survival
of anoxia (29, In hepmocyies, specific scrobic
effects of wdenosine include a suppression of
prodcin symithesis (30) and gluconcomenesis (31],
activation of glycogen phosphorylase and enhanced
rafes of glycogenolysis (32) and wrea synthesis

A.

Ca™ Flux

{33). All evenis are associated with increases in
[Ca™]i with activation of glycogenolysis and urea
synthesis demonstrating an absolute dependence
for the Ca™ signal. Adenosine binding to the
purinoceptor signals increases in  [Ca"Ji by
activating the Ins(1,4,5)P,-mobilised Ca™ pool with
subsequent capacitative entry of Ca” over the
plasma membrang.

In turtle hepatocyles, adenosine activated Ca®.
effflux almost two-fold over normoxic controfs
(Figure 7B). The response was abrogated in the
presence of 10uM of the specific A, subclas.
purinoceplor antagonist, 8-PT. As adenosine is well
characterized to transiently inerease [Ca®™]i in

alocytes, we inlerprel the increase in apparcnt
Ca™” efllMux as an clevation in outwardly direcied
Ca™-ATPase aclivily o compensile capacitative
Ca™ entry. When repeated under anoxic conditions,
neither adenosine nor B-PT administration altered
the characteristic suppression of Ca™-effflux,
suggesting a capacity for the oxygen signaling
pathway to behave as a modulator of exisfing
regulatory pathways of Ca™-efMux during severe
oxygen lack. Although far from pin-pointing a
clear-cut oxygen sensing mechanism, the oxygen-
dependent suppression of transmembrane Ca™-Mux
in turtle hepatocyies {the net effect of channel
pump and transporier  activity)  indicates tha
processes associaled with Ca™ homeostasis ane
under  tight control 8% oxygen  availability
diminishes.

B.

:

:

.

Ca P
(10" %ol Ca™ um® sec’)
g

g

Figure 7{A) Elfect of protein kinase-C inhibition by 505M sphingosine during the anoxic suppression of

transmembrane Ca™-Mux. Normoxic PK-C activation

using a phorbol ester leads 1o a reduction in the magnitude

of transmembrane Ca”™Mlux, which is readily reversible with sphingosine. In anoxia, however, inhibition of PK-
C leads 10 a rapid Ca™ influx followed by cell rupture. (B) Normoxic administration of 1000 adenosine
doubles iransmembrane Ca™~flux which is readily inhibited by 10uM 8-PT, antagonist 1o the ndcnmim:: Al
receplor. In anoxia, neither adenosine nor 8-PT abrogaie the oxygen-dependent suppression in Co'"Mux
xgﬁcslmgdthn:ﬂ:-l:ﬁ "“chn_'dﬂr;::‘m' rﬂa"h“""'fl’ possesses dominant control i hypoxia. Abbreviations: Bz
ackground recording position 2000m Trom cell ssirface: © R .
adenogine; 8-PT, B-phenylthcophylling, Phe. sphingosine: Nor. normosia: Ax. anoxia: AD.
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CONCLUSION.

How effective is the OxXYgen 5igm‘| a5 a coordinalor
of metabolism? From the work described above,
we now have an emergent picture of anoxic
survival in twrile hepatocytes that centers arcund
the shul-down of individual processes associsied
with ATP synthesis and demand, an oxygen-
regulated change in protein expression profiles,
preservation of the cellular membrane potential,
and tight control over Ca™ by oxygen and second
messenger modulition of wansmembrane Ca™-
Nuxes. This presents a clear demonstration of the
imeraction of the oxygen signal with each aspect of
metabolism namely., reducing power (increased
glvcolytic Mux being  associatcd with  elevaed
NAD/NADH. Tor example), ATFP  synthesis,
bipsynihesis  and  1on-fMlux,  Perhaps  most
significantly. the studies described here, and
elsewhere (13}, suggest that  critical, ATP-
demanding cell processes can be regulated by
oxygen befone  oxygen  availability  becomces
limatainge e acrobic function. Intrinsic w this 15 a
capacity  for the oxyvegen signal o over-ride or
modulaie  other  mechanisms  nvolved i the
regulation of the same cell process during the
hypoxic transition,
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RESUMEN: Respuestas Tempranas de Miockes Cardiscos o Hipoxia, Isquemia v Resxigenacidn

La izquenma miocindics o5 la causa mdis prevalente de marbilfidad v merialidad en las poblaciones occidenlales. Las miltiples condiciones
asociadas o la isquemia comparen la propéedad comin de comtmociin redscida, anoomal o perdida debide 3 uma cairega de oxlgeno
dismiinsida 2 la regidn del nmmocandio. En todns s condicionss of dasbatanee entre apodte ¥ demanda de oxigens puede ser iransitorio,
relacionado 1 periades de cpercicio fisico wo esrds memal Come consecucncia, las 1gjidos que experimentan episedios isqudmicos
repeiidos suffinin dafio @eio por 1a isquemin (hipaxin, dckdo lSoico) comoe poe 1a reperfusids subsccuenie fesinds oxidaliva). La isquemba
migcdndica es acompadinda comdnimenie por hipertrofia gee implica crecimiento cardizco incremenindo y expeeside gendlica alierada, Al
incrementar el espesor de by pared del ventricubo ingquicrdo ¥ las distancias de difusidn del oxigeno, la hiperirofia euaceba la isquemia ¥
lkeva o wnn potedogis prognesiva y outoperpeluante.

En esvadios con mosdelos de hipoxia simalada hemos empezado o develar los evenios moleculares que detornmisan las respuesias de los
mbscles cardiaoos al eiteds redox. Esie trabajo idenificd wna sed bnica de sefiales intmcelolares, iniciadas por siuaciones de hipoxia 2
hiperasia, gue promucven ya s modificaciones adapialivadelensivas o muene celular por apaplegis. Los evemns lemprancs de
sefialasacuin on respocsta a la hiposia severa incluyen cambins en ol metabolisme lipide, en ¢l mancjo del calele, 0 €l pH intracelular y en
b actividad de prodeing kinasa C. Estos cambios culminan en la induccitn do Jos pones de mespuesta nmediata ol esinds icmprana,
meluyendo e+es v oo, gue codifican mformacién pam la imnserpeidn del fwies APL Los Blaneos periféioss de las respuestas
tempranas incluyen d-acting, péptido alrial nalnaniaoo y pones de enmmas glicolitica. La kipoxka cedaica implica desensibilimcidn de
cAMP, protelna kinasa A& y apopacsis inendmemada. La reoxigenacica causit una acilvacidn irassisorin déhil de la proteing kinasa adtivads
por mibdgens, una aclivacidn Neerme ¥ sostensda de la caseada de proseing kinasa setivads por estnks, induccidn de los blances perifénons
mcluyersdo AP, supresiin de actividasl Spl ¥ una olesda sdicional de apoptosis.

Palabras cloves: Imsuficicncia condiaca congestiva, Enformodad de anerias coronarias, Proieina kinnsa, Expresién gendiica, Angina,

Mucandio en hibemacsing, Segundas mensajeras

RESUME: Hipomses pricoces des myocytes candisquces
I"liy poxie, Pischimie ¢t ba rénxygénation,

L'ischémse du eeande est la cosce la plus feéquonte de
marbidité ¢l do mwemalind pami les populaBons eccideniales.
Les mmliiples comilisicns pssocides 8 Pischdémée onl poaf
propridsé commune Ly contraction réduite, anormale ou asmulie.
du Tain ' appoet niduit doxygine & B rcgion du myocande
Cuelbes que saiend les conditions, ke dsdguilibre omre Fapporn
ol la demamnd: d'oaypine poul Elre IFINAIIoEE, &N EARPON avec
des periodes d'evercice physsque etfou de siress mencal, Lo
cossdquence de oo déstquilibre sl qus les pissus subissand des
dpisgales ischdmigues népdids seront endamenzpds, aulant du faig
de Visehdmie (hypoxic, acde lactique) que de la reperfusion
subsdquente  (sires acplanfh. Lischdmic do myocanke
s'nocompapne géndralement J'wne hyperirophic impligoan ung
osgmentation de la crmssasee candingque f une alidation de
1'expression génétique. En accnsivsant Pépaiseur de la parol du
veninicwle gauche ef bes dlistanees de diffusson de Poxgygpine,
I bpeeriroqphic exacerbe | lschdmie «f condait & une pathalogie
progressive o 8 anlo-perpeian,

Dl des études Taites & panin de modéles d'bypoxic simalis,
s v comisened & deméler les dvdnements moléculabnes
i aéiermmnaoient ks péponses des myocylcs candagess o
ey nhbection-caydation. Cc travail & permis JFldsneifier un
riseny umigee de sipnauy istracibelaine, delenchés par des
situations ' hyposis o il hyperoic ef qui Faworsent smi des
meslilhcalives adapastives § défensives, sofl la mon des cellule
par opopicee. Les événemenls prococcs de sspnalisaleon o
méponse O 1"hypoise sdwire comportend des chasgensenis dans e
rédtabolisme des o liphdes, bk comirdle du galciom, ke pH
enfaccllilabie @ Pactivild de | pressne knasw ©. Ces
chanpemenis shoulisent i Uinduction des pinc de néponse
immeidliale o wiress privoce. comspuenanl covs ol cefe ui

codifient "informatice poar |n transcription du factewr APL. Les
cibles périphériques des péponses pedeoges comprennent [o a-
aclime, be pepistke abial Rabfurdligue o les pives desaymes
gheobitigess.  L'hapoxie  chronique  implique In
Wecnsthilismion Ju cAMP, de la proidine kinase A ol unc
apoplose SEEmesilce, Lo réoxypénation prosg ure Faible
priivation tronsiipire de ko probdinc  KEnase  aelivee o
enibogiees, une sctivation forie of soutenss de lo cascade de
presdane kimase aclivée par stress, Viniustion des gibles
périphériques incluant 1" AP, |a suppression de pcrivild de Spl
cl une vagus supplémeniaing d’ apopose,

Mots-cbéis 1 Isullisance candiaque congesibve. Malodie des
arbpes  commnaines, Prowdine Kimsse, Expression  péndtique,
Angime, Myocarde en hibernation, Seconds messagers.

SUMMARY: Syocarlial ischomin is e mozl provalen) cousg
of imcabsniliny amed mortality in Westemn populations. The maalikple
jsehemin-associated conditions share he comman properiy of
pedliiced, abmormal, or lost contraction due 1o Enpairad axypen
delivery 1o 2 negiom of (he myoandwm. In all cosditsm the
imbalance  botween oxygen sepply  and  deimasd]  may  be
transilory, relaicd to pemsds of phisical cxefion andfor el
sipexs.  As 0 ocomsoOuence,  lissug  eaperoncing  ropetinve
schemic cpitodes will sufTer damage both Fram the isehemia
thypovia, lactic acid)l, and  from  Subhoguesnl r|.:|.l|f|"|'u:||h2|
foabdative  sirexsp. Miyocandinl  Bchoima B commmondy
accompanicdl by hyperrophy  involving  mensised  canding
growih sl alened pone expeessian. By mneneasing lefl ventnicle
wall kacenees asd axypen diffasion distassces, hypenoply
exacerhales the wchemin ond keads 0o prognesayve andl sell-
perpeiumting paihocdogy,
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In studies using medels of simubated ischomes we have begun 19
wnravel the molecular cvents thal determise the responses af
cardine myoeyics (o pedos sivcss. This woik klentifisd a enigue
eetwork of Enbmeellular siprads, [ndilared by hypoxic and
Eyperoxic siresses. that promoies eitker ndoptiveldefensive
modifications, or cell deash thmoogh apoptosis. Early sigraling
evenls im response to gevers hypoxia include changes in lipid
metabolism, calcium handling, intracellubar pH, and protein
kinase C activily. These culminate in the industice of
immediato-early stress nespanse genes including c-fos and cjun
whdch code for irenseription facior AP, Dewrsiream wargets for

INTRODUCTION

Pathophysiology

Heart disease is the most common cause of death in
Wesiern  populations  (reviewed in (Mangano,
19900}, The clinical syndrome of cardisc failure
follows a complex pathway of pathophysiologic
interactions  that  result  in  progressively
deteriorating  cardiae  pump  function  causing
inadequate perfusion of body tissues andfor
congestion, Despite multiple approaches o therapy
including polypharmacology and  surgery, the
prognosis of congestive heart faillure (CHF)
remains poor. The overall 5- vear survival for
congestive heart failure is 5098, and patients with
Mew York Association class IV have a dismal 1-
year survival rate of less than 505 (Mangomo,
15540,

Hypertension and coronary artery disease (CAD)
are the most frequent underlying couses of
myocardial failure (Mangano, 1990; Swan, 1990;
Lamas, 1993; Chobanian, 1992; Birkenhager,
1991). With the general availability of effective
anlihypertensive  therapies, the coninbution of
CAD has become more prominent (Lamss, 1993,
CAD, which invelves the progressive narrowing of
coronary arteries by the stherosclerotic process,
initizles a cascade of responses in the myscardium
and vasculaure, A simplified scheme of cvents is
depicted in Fig 1. Unfortunately, for many patients
the first indication of CAD s sudden complele
vessel blockage due 1o a combination of thrombosis
and  endovascular  disruption,  resulling  in
myocardial — nforction (MDD (Swan, 1990
Krayenbuchl and Hess, 1992, Yeung el al., 1992).
The stage is set for MI by the progressive
narrowing and thrombogenicity of the vascular
surfeces during the corly phoses of CAD. In a
larger number of paticms, chest pain due 1o
miyocardial ischemia is the presentimg complaint, as
coronary reserve and blood Mow are grsdoally
restricied (Carbajal and Deedwania, 1991). Clinical
and modecular events m the earliest stages of CAD
are  poorly  undersioed  because  asympiomatic
paticnis do not pormally scek medical attention,
and because until quite recently there were no good
amimal models of CAD. However, all forms of

the early resporses include skeletad n-actin, atrial sarureiic
peptide, and glycolytic enzyme genes. Chronic hypesia invalves
down regubation of cAMP, prowin kinsse A, ond eabanced
apoprosis. Reoxygenation caused weak transient activation of
mitagen octivared proiein kinase, strong sascined acvivation of
the giress asctivated peotein kingse cascode, Enduction of
downgiream targets incleding APL suppressicn of Spl activity,
and an ndditional wave of apopbasis.

Key Wands; Congestive hean failare, Coranary artery disease,
Procin  kiease, Oene  expression, Amgina, Hibemating
miyocardism, Second messengers.

jschemia cause abnormal  contractility  and
decreased cardiac output; these in turn irigger
compensatory mechanisms as described below
(Homans et al., 1986; Wilde et al., 1990; Kawai el
al,, 1990: Bolli el al., 1989; Galinanes et al., 1993;
Baker el al., 1988). Ischermia also causes muscle
loss through myocyte cell death, either through
infarction (which can involve more than 50% of the
lefi wvemiricle), or gradually, through less well
understood mechanisms, 0 reponse 10 chromic
hypoxia and cycles of ischemia and reperfusion
{Gottlich et al., 1994; Tanaka et al., 1994; Ivey
al.,, 1995; Williams et al., 1994; Swan, 1990)
Because cardiac myocytes do not regenerate, this
lass is permanent.

A number of secondary [actors contribute to CHF
progression and clinical delerioration (for reviews
see (Lamas, 1993; Francis and Chu, 1995; Marian
and Roberts, 1995: Nadal-Ginard and Mahdavi,
1993; Glennon et al., 1995; Morgan and baker,
1991; lee and lindpainier, 1993; Meyses and Pelzer,
1995; van Bilsen and Chicn, 1993: Yamazaki et al.,
1994; Schwartz et al, 1995; Scwartz, 1995))
Decreased cardine output resulting from muscle
lass or malfunction causes a drop in systemic blood
pressure, Iriggering o cascade of compensatory
mechanisms designed 1o raise the blood pressure
andfor improve cardiac outpu.

Enhanced production of atrial natriuretic factor
(ANF) &5 onc of the carliest fentures of hear
disease (Kovacic-Milivojevic and Gardner, 1992).
As the name implies. this peptice promotes
divresis. and its production is probably regulaied
by baroreceplors in and around the cardiac atria.
Ischemia-associated hypoxia stimulates the release
of vasoconstrictor peplides including endothelin-1
(ET-1) (Wadsworth, 1994; Watanabe e al.. 1990
Malek et al, 1993; Bodi ot al., 1995). The renin-
angiotensin-aldosterone  system is  activated by
reduced  cardise  oulpul, resulting  in further
vasoconstriction with increased renal and other
systemic perfusion pressures (lee and lindpainter,
1993; Yamazaki et al, 1994). The result is
ncreased cardiac work Toad and oxygen demand,
further exacerbating the ischemia. Reduced cardiac
output  activales  newrchormonal  systems  and
mcreases  plasma catecholamine  fevels.  These
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hormones stimulate cardiac muscle contraction and
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Fig. 1. Stages in the Progression of Ischemic Heart Discase

In addition to perpetuating oxygen deficits, the chronic elevation of catecholamines, ET-1, and AT-11 may also
play a role in the development of myocardial hypertrophy. Myocardial hypertrophy is a principal adaptive
response of the heart to many kinds of stress, and frequently accompanies ischemic heart disease, Hypertrophic
cardiomyopathy (HCM) (Marian and Roberts, 1995; Schwartz ot al., 1995; Scwartz, 1995} and CAD associated
cardiomyapathy may share common initiating signals and developmental pathways (see references listed above
for reviews). In both cases, the initiating stimulus appears to be circulatory insufficiency caused by reduced
contractility. Although the mechanisms lor franslating o contractile deficit inlo o growth response are presently
unknown, the end result is a dramatic stimulation of cellular biosymhetic pathways, increased myocyle mass,
and extensive thickening of the left vemiricular wall, During hypertrophy. certain myofilament genes arc
selectively activated, new sarcomeres are assembled, and individual candiae myocytes enlarge and change
shape. There are changes in the balance of muscle and non-muscle proteins, changes in ion transport channels,
and changes in myocardial wvascolarity, Hyperrophy is a major component of so-called “myocardial
remodeling”, which refers 1o changes in the overall composition, architecture, and functioning ol the heart
following myocardial infarction and during the progression of congestive heart failure, In recent years, many of

the molecular signals and targes of the hypertrophic process have been identified, and these regulatory
patlways constitule possible new targets for therapy.

T the degree that adaptive mechanisms are successiul, a period of adequate compensation follows in which the
combanation of neurchumoral support and increased cardiac mass produce an improvement in cardiac ouHpu,
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Fig. 2. Changes in cAMP and Contractility of Heart Cells under Chronic Hypoxia.

Heart cell cultures were exposed to aimospheric oxygen, pO=160mmHg, or hypoxia, pO,=48mmHg five o
seven days after isolation as described in ref (Webster and Bishopric, 1992). Cyelic AMP measurements are the
result of duplicate determinations from six separate experiments. Contraction and motion characieristics were
measured using a compulerized motion analysis edge detection system as described previously (Wehster and
Bishopric, 1992). During this period, the remodelling process is accompanied by several membrane-associated
changes that may eritically affect cardiac Tunction. eAMP production is depressed (Feldman et al., 1987
Neumann et al., 1988; Chen et al., 1991), P-asdrenorccepiors are down-regulated (Gwathmey et al., 1987:
Barnett, 1991), sarcoplasmic reticulum calcium ATPase (SERCA) expression and function are depressed, amd
sodium-calcium exchanger activily increases (reviewed in (Arai ¢t al., 1994; Wankerl and Schwartz, [1995)).
Together, these changes redece inotropic responsiveness, depress the response 1o sympathoodrenal stimulation,
inipair diastole (relaxation), and increase the probability of wrhythmia, The ability of further hyperirophy 1o
sirengthen the heart is limited, and eventually ihe system begins 1o collapse: the underlying ischemia still
persisis, blood pressure may remain high, and the hypenrophied muscle itsell creates physical and bioencrgetic
problems. Ulumately, adaptive resources are exhousted. Death may result either from arrhythmia or gradual
pump failure, with approximately equal probability.

Pharmacology has been used For at least 2 centurics, and works by
whibiting Na'/Ca™ exchange. thereby increasing
tracellular calcium (reviewed in (Taylor, 1996
Cheorghiade, 1996). Digitalis is mildly inotropic i
sitir, with a very narrow therapeutic index. Recent
multiphase tnals (DIG) demonsirated the positive

Heart failure therapy is targeted al both the heari
and the vasculaiure, Approaches to prevent, treal,
or reverse CAD include lifesiyle modulations, drug
combinations, angioplasty, ond surgery, These have
heen reviewed recently and extensively elsewhere

(Gibbimi: 3rd Drsu, 1996 Sveynghodauw ad i:llnpiu:l: of digitalis therapy on quality of life and no
Camm, 1994; Wickelgren, 1996, Wickelgren, significant  effect on mortality. Angiotensin
converling enzyme (ACE) inhibitors and nitrates

1994; Mcnamara, 19953, Goals of current therapy : b :
are 10 improve function and prevent further Work ad. ol by dilating ]'H.‘Flj'lll:'l.‘l':!|.|'l|l:'rfﬂl
damage. Since contractile nsulliciency due 1o ww_ﬂ;' rducing O pressure and  solicving
muscle damage is a principal causes of death in cardiac: work load \reviewed in 'Sw!"ngj"fd“““ and
CHF, effective treatment must not only improve Camm, I'_JN”' Calcium channel antagonists and 5-
organ function by increasing contractile output and adrenoreceplor blockers (S-blockers) Ty e

officiency, bul must ulimaicly siem farther I'nducr.'l arthythmias and control blood pressurc.
Rl tisks E‘hmnn..- blnu:l'.;ul.'-r therapy may exert additional

beneficial — actions, possibly  related 0 the
A number of pharmacological approaches have preservation of active adrenoreceptors, although
been used to improve cardiac functions, with varicd these clfects have not  heen fully explaned
bul limited success, The only inetropic agent {Barnet, 1991; Feurstein and Rulfolo, 1996 Poale-

widely used for chronic CHF therapy is digitali=. [i Wilson, 1996). Combined therapy using ACE-L
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digoxin - and  diuretics is swndard  practice;
unfortunately, the overall impact on morlality is
minimal (see (Taylor, 1996) for reviews). To date,
only ACE inhibitors have been convincingly
demonstraied 1o have beneficial effects on both the
quality of life and mortality in congestive heart
failure. Calcium channel antagonists have no
beneficial effects in CHF, although some agents in
this class appear 1o be safe for use in the treatment
of CHF-associated hypertension and angina {Poole-
Wilson, 1996). Some promising newer agents with
E-blocking  functions may cveniually be
incorporated into the standard treatment regimens
(Taylor, 1996),

Apart from digoxin, success with positive motropic
drugs has been limited. Two approaches 1o
inofropic therapy are relevant in the context of this
discussion. The phosphodiesterase-3  inhibitors
(PDIs), of which amrinone and milrinone (Sterling
Pharmaceuticalsy  are  prototypes,  improved
contractility and peripheral vascular resistance in
short-term clinkcal trials, but significantly increased
morality during chronic use (Wetzel and Hauel,
[98%; Monrad ot al., 1986; Coliney ct al., 1990;
Packer, 1991} These drugs act by selectively
repressing  cardiac and  smooth muscle
phosphodiesterase  type N1 activity,  The
suppression of this enzyme raiscs cAMP lewvels,
resulting in  increased  cAMPdependent  profein
kinase A (PK-A)} and myosin light chain kinase
(MLC-K) activity . The immediately beneficial
consequences of PDIs are thus (1) increased
contractility duc 10 PEA-mediated phasphorylation
of cardiac calcium channel proweing and increased
intracellular  caloium, and (2} peripheral
visodilation due to phosphorylattion of smooth
muscle MLC, which causes smooth  muscle
relaxation.

The disappointing outcome of clinical trials of
these agents, despite their promising short germ
results, has alerted investigators 10 the complexity
of heart foilure pathophysiology, as well as o the
dangers inheremt  in  increasing  bhiocnergetic
cxpenditure in this setling. A newer class of
inotropic agent works by enhancing the sensitivity
of myofilament proteins 10 available imracellular
calcium {Bucgg and Morano, 1989; Keanc ot al.,
1994); Hagjor and Gwathmey, 1991) These drugs
include pimobendan {Bochringer Ingleheim), EMD
53008 (B, Merck-Darmstadt), and levosimendan
(Orion  Pharmaceuwticals Inc) all of which have
differing amounis of intrinsic PDI aclivity in
peddition 1@ calcium sensitizing properties. Calcium
sensitizers may have a unigue ability 1o strengthen
the hearl in o bicenergetically Tavorable manner
iLee and Allen, 1990; Ferroni et al., 1990; Lee at

al., 1989 Kubo and et al, 1992 Haikala et al.,
1992) without significantly increasing intraceliular
calcium or cAMP. However, their clinical efficacy
has yel to be established.

Further progress in heart discase research will
require the identification of new molecular targels
and may involve gene therapy technigques
(reviewed in (Prentice and Webster, 1993)). By
analyzing models of heart discase at the cellular
and molecular levels, we are beginning to
understand the signaling pathways, genes, and
proteins that determine the responses of cardiac
myocytes and wvascular cells to extracellular
stresses, including pressure and 1ension changes,
ischemia, reperfusion, and hypertrophy. One
unifying feature of the responses 1o these stimuli is
the modulation of the activitics of proiein kinases,
In the remaining part of this communication we
will review recent work demonstrating eritical roles
for three separate protein kinase pathways in the
transmission of myocardinl stress responses.

Maodels of Heart Disease

Although there is a wealth of information on the
clintcal aspects of both acute and chronic ischemia,
the molecular control mechanisms and  cellular
responses W ischemia are poorly understood. This
is due in part (o the limited availability of animal
models of heart Failure and the technical and ethical
limitations of performing molecular analyses on
whole animals and humans, In our molecular
approach o analyze signaling pathways and gene
expression we have developed cellular models of
ischemia wsing isolated cardine myocytes. We
present here three models that represent different
ischemin syndromes (1) a model of chronc
myocardial hypoxia (Webster and Bishopric, 1992)
with parallels 1o chronic ischemia (Carbajal and
Deedwanip, 19917 and hibernating myocardium
(Braunwald and Rutherford, 1986; Rahimioola,
989} where the key change involves a depression
of protein kinase A sctivity; {2 & model of acute
cardiae arrest involving severe hypoxin, glucose
depletion, and contractile failure (Webster et al,,
1993: Webster ¢t al., 1994; Webster et al., 1993),
which is accompanied by increased protein Kinase
C activity and nuclear accumulation of Fos and Jun
family proteins; and (3) o model of ischemia and
reperfusion in which myocyies are subjected to
cyches of hypoxia and reoxygenation, cousing a
sirong activalion of siress activiied prolein Kinases
(SAPEAINE:) (Laderoute et al., 19%9%6; Laderoute
and Webster, [997).
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(1) Chronic Model of Myocardial Hypoxia

Contractile insufficiency and malfunction arc
integral features of myocardial ischemia and end
stage  heant failure. At least four scparale
mechanisms have been proposed 1o account for
these: (1) decreased semsitivity of myofilament
contractile proteins o calcium resulting from waste
metabolite  build wp, in  particular  increased
acidosis, inorganic phosphate, and adenosine in the
ischemic tissue (Allen and Orchard, 1987; Allen et
al., 1989; Rucgg and Morano, 1989), (2) failure of
the action potentinl and calcium transient due o
depletion of energy reserves (Stern et al., 1988), (3)
changes in the wrmover rees of high energy
phosphates (Bittl et al., 1987; Weiss et al,, 198%;
Marshall, 1988}, and (4) depressed adrenergic
responsiveness due 1o changes in adenine cycluse
regulation, receplor activity and regulaory proteins
Gs andfor Gi. While each of these factors may
regulate contractility within a paricular sel of
conditions, many studies have found poor
correlation  between loss of contractiliy  and
changes in any of these parameters, suggesting that
other regulatory mechanisms and oxygen sensors
must exist (Matthews et al., 1986; Downing and
Chen, 1990; Lodge and Gelband, 1988; Smith et
al., 1982},

In our siudies, to simulve conditions of chronic
low Mow hypoxia in vitro, cardiac myocytes wers
isolated from neonatal rat hearts, cultured by

siandard  procedurcs (Wehsier and  Bishopric,
1992), and c:tpns:::l- o a PO, of prri::lmmu.lc]}- b
mm Hg with 5% CO, at 37°C in a sell contained
environmenial .;-h,-unb.:r fdescribed in (Webster and
Bishopric, 1992)). The chamber is equipped with
continuously  recording  microscope.  oxygen
electrode, and pH electrode. To prevent metabolic
buildup or substrate depletion, a high volume of
buffered medium was added to the cells initially
{12ml per 60mm plate), and replenished with pre.
equilibrated, deoxygenated medium every B-I0h
Under these conditions the lactate concentration
never cxcecded  3mM,  plucose  concentration
remained = 5 mM, and pH was maintained at 7.0 ¢
0.2. Conraction frequency and  motion
characteristics were determined by  periodic
microscopic examination of culures with a 40x
phase objective and CCTY camera (Hitachi).
Images were stored on videocassette and analyzed
by compuierized motion ecdge analysis. Our
methods for calcium, gene expression, cAMP, and
ATP analyses have been described previowsly
(Webster and Bishopric, 1992). Under these
conditions the cardiac myocyie culieres could be
mainiained for scveral weeks  withowt  viswal
deterioration or significant leakage of creatine
kinase. These conditions are similar to chronic
ischemia or hibernating myocardium in that cell
viability i preserved in the face of diminished
oxygen supply.

Hypoxic Cardiac Myocytes

Hypesie 24 h

Hypasic T2 b

'MWMMNWMWWMML

Bgrobic 48 h

Hypoxic 48 h + [sa

[caMP] n2.9 pmalimg probein [mﬂﬁmwm [EAMP]=2.T pmol/mg profein

A N AN v

Fig. 3. Motion Characteristics and Effect of Isoprotereaal

Analyscs were made as described above in Fig 2

v maces are typical of myocvie
i Mourl S e h T X yooyie membrane motions al e

in both acrobic and hypoxic culiures. Concentrations of cAM
narallel duplicate plates before and afies addition of isoproterenol.

of maximum maotion were sclected for analysis
P indicated on the Figure were mensured in
Note irregular motion in hypoxic culiures.
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Under these conditions of simulated low Mo
ischemia, we monitored and correlated changes in
contractility, ATP, cAMP, calcium flux, and gene
eXpression at intervals over a 5 day period. The
changes in ATP were small owing o the
replacement of phosphorylation by glycolysis;
glycolysis increased by 8 fold within hours of
exposure 10 hypoxia, and remained elevated for the
duration of the hypoxie period. Changes in the
other parameters are shown in Figs 2 -4, The
principal effects of chronic hypoxia were (1) a >
50% fall in intramyocyte cAMP (Fig. 2a); (2) a
gradual decrease in the beating rate, (Fig. 2b); (3)
slower sequestration of calcium during muscle
relazation (diastole) resulting in 2 longer, irmegular
shaped transient (Fig. 3): reversibility of these
effects by isoproterencl wreatment (Fig. 4); (4)
changes in the expression of PK-A regulated gene
promaoters. and () induction of glycolytic enzyme
genes (Fig 5). All of these parameters appeared to
be causally related through depressed PE-A
activity. The effecis of chronic hypoxia on
contractility and calcium transients were rapidly
reversed by adding the -adrenergic agonist,

Lerobie

isopraterenol, which activates adenyl cyclase and
re-established aerobic cAMFP levels. Hypoxic
indwction  of  transfected  cAMP-dependent
promoters was reversed by adding cAMP inducers
such as forskolin or phosphodiesterase inhibitors
(Fig. 5}, These resuliz indicate that in the
chronically hypoxic myocyie, cAMP levels drop
gradually, with corresponding changes in signal
transduction and gene expression. This can be
envisioned as part of an adaptive-survival response
that preserves energy through PE-A-mediated
depression of contractility and induction of
anacrobic metabolism. That these effects promote
cell survival under hypoxia was indicated by the
lethality of phosphodiesterase inhibitors and cAMP
ggonists in hypoxic but nol normoxic myocyies
(sec ref. (Webster and Bishopric, 1992)). Thus,
depressed cAMP may be an imporiant adapiation
for cardiac myocytes 1o survive exiended periods
of low fow hypoxis, a8 may be the case in
hibernating myocardium (Cohen et al., 1988;
Flameng et al, 1981; Spirito and Maron, 1990;
Krayenbuchl and Hess, 1992).

Hypeuic 72 h

b —

5.0 05s

Fig. 4. Hypoxia Mediated EifTects on Calcium Flux

Calcium flux was messured using an ACAS 470 Interasctive Laser Cytometer (Meridian Instruments, Inc.,
Okemas, M) afier incorporation of the cabciom selective Nuorescent dye mdol (Webster and Bishoprie, 1992)
and calibration as recommended by the manufacturef. Cells were grown in cover-slip diches (Nune, Inc.,

Naperville, Iy and loaded with 20pLgiml of indo-|

for 2h immedistely prior o analysis, Indo- 1 loading

efficiency was not affected by oxygen conditions. Afier losding, dishes were scaled in the prevailing
environment and ransfered 1o the cylometer stage. The compartment was maintaimed o 37°C and Mushed
continuously with the appropriate gas mixture. Multiple point scans were taken on cells incubated under acrobic
or hyposic atmospheres. Traces show representative point scans with two time scales on a T2h acrobic cullure

and alter T2h under hypoxia
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Fig. 5. Effects of Hypoxia on Gene Expression in Isolated Cardiae Myocytes,

Top panel: total RNA was isolated from hypoxic (pO,=4mm Hg} cultures of cardiac myocytes at the limes
indicated, blotied and probed as described in reference (Webster and Bishopric, 1992). Bottom panels: transien
expression of the transfecled promoters linked to the CAT gene was assayed using equal amounis of protein
also as described in reference (Webster and Bishopric, 1992).

(2) Acute model of cardiae arrest

Acule, severe ischemin resulis when a coronary
artery of capillary becomes completely occluded.
This condition causes rapid contractibe Tailure of
the affected tissue and is accompanied by hypoxia,
nutrient depletion, and waste metabolite build up,
capecinlly inorganic phosphate and lactic acid,
Severe ischemin, when prolonged more than a few
minutes, resulis in infarction of the affected region,
and protracted global myocardial dysfunction.

To simulate acute ischemia in vitro, spontancously
contracting, confluent culiures of cardiac myocyles
were incubated under a PO, of <4 mm Hg with a
shallow covering of medium (minimal cssential
medium (GIBCO) with 5% fetal calf serum). The
medivm contained 34 mM glocose, in the low
physiological ronge. As in the chronic hypoxia
maodel {Webster and Bishopric, 1992), glycolysis is
induced; a key featore of this model is progressive
glucose depletion, as with ischemic tissue in st
{Allen and Orchard, 1987). Under these conditions,
glucose was consumed al a rale of 2.3 4+~ 04
limolmin/10%ells, about 8 times faster than
glucose consumption by parallel acrobic cultures
(Webster et al,, 1993) There was no sigailicant
change in medium pH during the relaively briel
period  of exposure 1o hypoxin used in these
cXperiments.

Under these conditions of simulmved acute severe
ischemia, comractility began o decrease
immediately after the culieres became hypoxic, and
continued gradually 10 complete contractile Filure
M 3 1w 4 hours (Fig 6 a&hb). Changes in
contractility were apparent belore glucose was
depleted, and before there was any significant
change in ATP (sce Fig 7). Contractile failure
imnvolved a progressive decrease in the amplitude of
contraction without significant change in the
beating frequency (Fig 5a). These effects on
contractility have been described previously in
isolated cardiac cells and tissues and in whobe
hearts subjected to hypoxin or ischemia (Allen and
Orchard, 1987; Stern et al., 1988; Matthews et al.,
1986; Downing and Chen, 1990), Contractile
failure was reversible under the conditions
described here; recovery was complete within [h
when the cells were reoxygenated within 4h of
hypoxia (n=6). Although a number of factors may
comtribute 1o ihe loss in contractility (Stern e al.,
1988, Allen and Orchard, 1987), the combination
of hypoxia and low glecose was critical because
neither condition alone medised the effect. It
seems probable that an “emergency™ response is
triggered when the cellular ENCTEY TEServe IS
threatened by blockade of both oxidative and
glycolylic energy pathways. Reducing contraction
15 an ohvious means 1o conserve energy, and other
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cellular  and  biochemical encrgy  conserving
measures are probably implemented at the same
tme, The receptors and signaling pathways thot
promole these responses are nol known, but the

& a1 Wma B db e IS
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synergy between oxygen and glucose starvation
suggests that cross-talk exists berween the two
stress response pathways.

Fig. 6. Loss of contractility of cardiac myocytes during exposure 10 hypoxia Cardiac myocyles were exposed Lo
hypoxia and low glecose as described in Relerence (Webster et al., 1993). (a) shows the contractility changes
recorded from o single myocyie and is representative of a typical response. (b) includes measurements from
four experiments with four seperate myocyle preparations. A decline in contractility was apparent within the
first 30 min of exposure 1o hypoxia and complete failure occurred within 4 h. There was no apparent decrease in

the frequency of contraction until failure.

As one approach o identily possible components
of this stress response, we analyzed changes in
immediate carly genc expression and protein kinase
activity during the period of contractile failure.
mRNA transcript levels of c«fos and  cojun,
encoding components of the transcription [actor
APLwere elevated by 5-10 fold within the firs
hour of hypoxia (Webster et al,, 1993). e-fos levels
were maximal alter 2h and began to decrease
significantly afier 4h, whereas jun transcript levels
were sustained for at least 6 hours. All transcript
levels returned 1o basal or lower within 12h.
Intense Fos and Jun immunorcactivity was scen in
thee nuclei of cells subjected to hypoxia for 2 - & b,
comparable 1o thal associated with phorbol ester
treatment. Severe, acute hypoxia thus induces rapad
sccumulation of Fos and Jun proteins in the nuclei
ol hypoxic cells, coincident with contractile failure

To investigate the signal transduction pathway lor
this response we tested the effects of selective
kinase  inhibitors on  the  hypoxis-mediated
indugtion of fos and jun transcripts (Webster ¢ al.,
1993), The induction of both c-fos and cjun
mBENAs was repressed by the prolcin Kinase A-

selective inhibiter KT5720 (Eamiya Biomedical),
and essentially eliminated by the protein kinase C
inhibitor staurosporine. It is likely that PR-A
inhibition had its major effect on basal rather than
on hypoxiz-induced PEA activiy. The potent
inhibition of both c-fos and e-fin inductions by
staurosporing  suggests  thal  prodein kinase
activation, including activation of PK-C, plays a
role in the hypoxia medinted induction of these
proto-ancogenes.

PK-C activation may have a number of effects on
the cell in addition 10 protooncogene induction,
incleding phosphorylation of calcium, potassium,
and sodium channels, and phosphorylation of thin-
filament regulmtory profeins that control calcium
sensitivity. Activation of PK-C could thus result in
decrensed responsivencss 1o calcium and hence
decreased contractility (Gwathmey ¢ al., 1987,
Gwathmey and Hajjar, 1990). In our swudies, the
intracellular resting calcium concentration was 236
nM £ 5 under scrobic conditions, and 275 nM £ 14
following contractile failure under acute hypoxia,
bui ihis imcrease in intracellular  calcium  was
mssocisted with depressed rather than increased
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contractility, Comtractile  fallure  was  also
accompanied by enhanced potassium  efflux
through a glibencamide-insensitive channel, as
measured in rhubidium 14l-loaded cells (daia not
shown), These results are consistent with a role for
PE-C activation, possibly in combination with
decreased intracellular pH, in the development of
contractile failure in this model.

Taken together, these results suggest (hat
conditions that simulate severe ischemia  are
accompanied by contractile  failure, activaied
protein kinase C, strong transient inductions of fos
and Jun transcrption, and rapid accumulation of
Fos and Jum (AP-1 complex) profeins im the
myocyle nucler. Contractle failure and induction
of immediate early gencs may be components of a
giress response 0 hypoxia and low plucose. AP-1
has been implicated in many ischemia-associated
siress responses (Gunn et al., 19940; Safirstein el al,,

1990; Schiaffonati et al., 1990; Brand et al,, 1992;
Kindy et al., 1991) and probably has numerous
target genes under its regulation. We have
previously shown that AP-1  regulates the
expression of the muscle specific skeletal a-actin
gene (Bishopric et al, 1992), and others have
demonstrated a similar aclivation of the atrial
natriuretic peptide (ANP) gene {Schiaffonati et al.,
1990; Sen et al., 1990) by AP-1. Both skeletal a-
actin_ and ANP genes are activated during
myocardial hypertrophy (Parker and Schneider,
1991), Therefore there may be a molecular link
between ischemia and hypertrophy through the
hypoxia-mediated activation of PKC, induction of
AP-1. and the targeiing of these to positive
regulatory elements in the skeletal a-actin and ANP
gene promoters.

pmal ATP/mg prataln
s

a

Hma (hr)

Fig.7. ATP levels during Hypoxia, ATP was measured in duplicate plates a1 each point as described in
Reference {Wehster er al., 1993), Bars represent 5.E.M, (n=3),

(3} Model of ischemia and reperfusion

Intermittent  myocardial ischemin  imposes  two
extremes of rodox siress on cardine  Lissucs,
Hypoxic siress occurs during the ischemic phase, as
discussed above, and oxidative stress results during
reoxygenation, when the ischemic  nissue iz
reperfused. During the ischemic phase, hypoxia
triggers metabolic and ionic changes (Allen ct al.,
1989; Macleand, 1989, Cascio el al, 19923,
changes in cyclic nucleotide levels, proiein kinose
activities, ond immediate carly stress  penes
{deseribed above and in references{Webster ¢t al.,
1989, Feldman et al., 1987; Webster et al., 1993

MNeumann et al, 1988; Webster and Bishopric,
1992)). In addition, sustained hypoxia is associated
with a decling in intracellular redox bullers (Werns
o  Lucchesi. 1990: Cowan ¢t al, [1993)
Restoration of blood low induces the formation of
reaclive  oxygen  intermediates  (ROIs)  and
suboxidative cell injury, exacerbated by the loss of
redox bulfering capacity. This reperfusion damage.
including myocyie death due to both necrosis and
apoplosis, can be limited by pre-exposure (o
antioxidants or (o antibodies that block leukocyte
adhesion (Goulich er al,, 1994: Ma ¢ al., 1993).
ROls damage cells directly by oxidizing cellular
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components, and indircctly by  activating
inflammation{Satriano et al., 1993; Ivey e al,
1995; Galinanes et al, 1993). The relative
contribution  of reperfusion damage 10 the
progression of ischemic heart disease has not been
determined. Likewise, the signal iransduction

pathways for redox stress response in cardiac
myocyiles have not been defined.

Several recent reports indicate that signal pathways
involving the stress- and mitogen-activaied protein
kinases (INK/SAPK and MAPK/ERKs) may have
important reles in the myocardial response 1o redox

STRESS RESPONSE PATHWAYS

CHROMIC ISCHEMILA SEVERE ACUTE ISCHEMLA
HYPOXIA HYPOXIA/GLUCOSE DEPLETION
™ cres >
M PK-C
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"" PKA Fos + Jun \
~ e
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HYPERTROPHY ——= APOPTOSIS ' ordtoning
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STRESS HORMOMNES = o FREE RADICAL STRESS

Fip. 8. Summary of Stress Responses and Second Messengers that Contribute 10 the progression of Myocardial

Hypertraphy.

stress and hyperirophy. These pathways consist of
multiple sering, threoning and tyrosing kinases tha
relay growth and sircss-relaied  signals  from
extrocellular stimuli 1o the cell nucleus (reviewed
in (Cano and Mahadevan, 1995: Kann, [995;
Sanchex ¢t aol, 199d4; Kynakis et al, 1994)).
IMESSAPE:  were  originally  ddentified  as
serinefthreonine Kinases which phosphorylate (e
arpino  terminal  transactivation domain  of the
irnnscripiion  faclor  ¢-Jun. MAPKSERKs are
defined ns mitogen activaled profein kKinases, or
extrocellufar signal regulated kinases (designated
here as MAPKs), Activation of these pathways
through  plasma  membrane or - cytoplasmic
receptons resulls in the translocation of o lerminal
kinase to the cell nuclews. Once in the aucleus, the
kinase  modifies  specific  lrgel  prodeing by
phosphorylation, leading o changes in  pene

expression and other cell functions. Although there
is cross-talk between the JNESAPK and MAPE
pathways, they are activated by  differem
cxiracellular sumuli, are subject fo different
regulatory mechanisms, and involve  differemt
intermediaie kinases and termimal targel proteins,
Unlike MAPKES, the IMNE/SAPKS are
chasacieristically activated by survival-threatening
stresses, such as proiein  synihesis  inhibilors,
inflammatory cytokines, ultroviolet irradiation,
csmolanty changes, sodiim arsenite, okadaic acid,
muscarinic receplor stimulation, and heat shock
freviewed i (Cano  ond  Mahadevan, 1995;
Moriguchi et al, 19953 A number of stimuli
induce hoth pathways, albeit with  different
patencies and Kinetics, and both pathways can be
induced by activated Ras (Westwick el al., 199d],
MAPK and INK/SAPE signaling pmhways are
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probably invelved in coordinating growth and/or
repair responses in the nuclews, cyoplasm, and
cytoskeleton and may in some instances be
invalved in the initiation of apopiosis (Bagrodia et
al., 1995; Xia el al., 1995; Johnson ¢t al., 1996;
Verheij ot al., 19946).

The activation of INK/SAPE: appears 10 be closely
linked with redox events, The pathway is potently
petivated by wreatment of cells with irradiation,
H,0,, and cytokines (Devary et al., 1992; Guyton ct
al., 199%; Verheij et al., 1996; Morguchi 2t al.,
1995; Lo. ¢t al., 1996). In an cxperimental model
of schemia and reperfusion in the kidney the
TMESSAPE pathway was activated in a manner that
correlated with ATP depletion (Pombo e al,, 1994,
Momoka et al, 1995). Modest and transicnt
activations of cardine myocyte MAPEs have been
described  in response o hypoxia and
reoxygenation in neonatal ral, and release Trom
mictabolic inhibition in chick (Scko et al., 199G,
Yao ctal., 19957, but the nitating signals were nol
ientified. Strong inductions of INKESSAPE have
been reported in ischemia-reperfusion models of
perffused rat hearts (Knight and Buxton, [1996;
Bogoyveviich et al, 1996} and our laboratory
recently reporied  similar strong (10 200 Told)
inductions of JNK/SAPK i an in vitro model of
hypoxia and reoxygenation (Laderoute et al., 1996:
Laderoute and Webster, [997), In these latter
studics we demonstrated that the inductions were
quenched by adding antoxidants and correlated
wilth depressed  intracellular levels of  redueced
gluathione. Therelore the INK/ASAPK cascade
appears o be a component of ischemia and
reperfusion at least in these experimental models, It
15 intriguing that transcription factor c-Jun is a
target of the several different Kinases that are
activated during both acwe hypoxia and hypoxia-
reoxygenotion. 11 seoms Dikely that these signals
form an carly initiation event that resulls in
hypertrophy (Webster et al., 1993; Glenmon ¢l al.,
1993; Laderoute and Webster, 1997

ABSTRACT

The salient femures of this review are summarized
in Figure 5, in which wc compare the component
kmmases and prodooncogeses of e signaling
pathways initiated by redox and sympuhetic
stimuli. All these stimuli are likely 10 be invalved
in ischermnic heart disease. Similar or related kinase
pathways may be activated by two  other
hypertrophy  mediatoss,  angiolensin - 11 and
emdothelin | {Bogpoyevitch e al., 1993; Bodi 1 al.,
1995; lo el al,, 1991; Paul and Ganten, 1992; ),
Contructility and hyperrophy  are two  eritical

parameters that may determine short and long term
survival of the cardiae system in the face of
ischemic stress, To preserve cell integrty thene
must be a balance between bioenergetic input and
owiput; if ATP is used more rapidly than it is
generated the cell will not survive (Hochachka,
19&6; Hochachka et al, 19963, Hochackka et al.,
1996k). Therefore one of the immediate adaptive
responses 10 ischemin is to modily contractility in
conformity with the reduced ATF pencrating
capacity. “Hibernating myocardium” may represent
a clinical example of this type of contractile
adaptation; this term refers to an arca of
underperfused, non-contracting heart muscle that
recovers activily when the oxygen supply is
restoped, In this situation, reduced contraction may
preserve myocyle survival for an extended rime
period under chronic ischemia. Our model of
chronic hypoxia implicates cAMP as a possible
mediator of this condition {Webster and Bishopric,
1992). Another example of reversible contractile
fatlure occurs in the acute severe hyvpoxia maodel. In
this muodel of low-Now ischemia, contractile Tailure
is associmed with  sustained ATP lewvels amd
prolonged cell survival {Webster ¢t al., 1993). and
is reversible on peplenishment of oxygen of
glucose. The oxygen scnsor(s) that  initiate
contractile  failure in  this  situation nol  been
identificd. While reduced contraciile activity may
be an adequate short term solution 1o ischemin for
the affected myocytes. the resuliing depressed
cardiae owiput may be inadequate 1o sustain
necessary  functions.  Circulatory  compromise
brings  abowt  the sccondary  activation  of
neurchormonal sysiems whose net eflects are wil)
increase cardiac outpul and (2) induce long-1erm
trophic responses in the cardiac muscle,

While many components of the stress response
pathways are still unidentified, including -the
axygen sensors, il s clear thal protein kinoses A,
and C, and the INKSAPK pathways are important
intermediates in the regulation of both contractility
and hypertrophy in response o ischemic siress. It
has  been  recognized for some  time  that
sympathoadrenal  stimulation  through  norepi-
nephrine release regulmes both contractility amd
hypertrophy (Bishopric et al., 1989; Bishopric and
Kedes, 1991, Bishopric el al.. 1992: Neyses and
Pelzer, 1995 Glennon et al., 1995). Protein kinnse
C oand A ond sssociated alterations of P, and
calcium handling are likely 1o be direcily involved
in regulmting comracnlity (Feldman ¢t al., 1987
Gwathmey ¢t al.. 1987 Hajjar and Gwathmey,
1991; Gwathmey and Hajjar, 1990, Wehster et al.,
1993). Contractility is aliered dircctly by changes
in the calcium ransient, as well as by changes in
the phosphorylation stale of specific proteins that
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modify ion transport and myofiber reactivity
(Garvey et al., 1988; Lee and Allen, 1990; Ruegg
and Morano, 1989, Hajjar and Gwathmey, 1991;
Sem et al, 1990)  The later include
phospholambam, L-type calcium entry channel, SR
proteins, and troponins {Garvey et al., 1988: Arai et
al., 1994; Wankerl and Schwariz, 1995). Activation
of AP- | by norephinephrine and other factors may
be a eritical initial event in the coordinated trophic
fesponse that results in myocardial hypertrophy.
AP- | wansactivates several hypertrophy-associated
genes, including skeletal a-actin (Bishopric et al,,
1992). Therefore a simplified schema for the
induction of i1schemia-associated  myocardial
hyperirophy contains Nive steps: (1) onscl of a
contractile deficit (2) secondary neurchumoral
activation (3) activation of intracellular protein
kinases A and C by newrchumoral [actors,
including norepinephrine and angiotensin 10 (4)
induction and nuclear accumulation of immedinte-
carly gene products, including transcription Tactor
APl and (5) transcriptional activation of
hypertrophy associated gencs, including skelelal a-
actin and ANP.

Our results demonstrate that hypoxia sctivales the
same protein Kinases and protooncogenes as those
sctivated by sympathoadrenal sumulation. From
this, it can be proposed that hypoxia induces
hyperirophy through these same signal transduction
pitheaays, In the same way, cyecles of hypoxia and
reperfusion may also induce hypertrophy  via
redox-actuivated  pathways, in this case the
setivation of PRKC during hypoxia ond of
JNKSSAPK  during  reoxygenation  may  ¢ach
contribute 1o the induction of hyperirophy. The
hypertrophy that ACCOMPATICS ischemic
cardiomyopathy & vive may thus be the end result
of signals [rem  three  different redox  stress
response pathways in addition 1o those mediated by
sympathoadrenergic stimulation,
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ROLES OF HYPOXIC STRESS PROTEINS IN SOLID TUMORS PRI

MING FOR

REOXYGENATION?
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RESUMEN: Rol de I Proteinas de Estrés en los Tumores Sélidos: Preparachén para la Reoxigenacién

Existen actualmente evidencins de que la hipowis juzga un ral central en la progresidn maligna de una amplia vanedad de mamores 56 edos.
Por ejemplo, bos microambientes hipéxicos de muchos tamotes hsmanos afectan la capacidad de respuesta rerapéutica y pusden ambidn
comtribeair 4 las tasas incrementadas de supervivencia de fas eélules mds malignas buego de la reaxigenacidn. La naturalcza deanllads de
cssas fenotipos de resisicncia dependientes de hipoxia todavia o estén claros, pero pueden inclisic un grupo de proteinas diversas que son
indscidas en respuesia a bos estimalos hipdaices. Esie repore revisa Incﬁtrtuquiminampmmm:hmrﬁ hnp&:!::nimpmum
{p34, hemooxigenasa-1 y metnlotioneing- 1A} en la peoteccidn contra la apopinsts, esinds oxidakiva y drogas antineopldsicas lsego de la

hipoxia/reoxigenacidn,

Palabras Claves: Hipoxia. Proteinas de estnés bipduico, Proteines reguladas por axigeno, Hemeo-axipenasa, Metalotioneina, Micsoambiente

tumaral,

RESUME: Réle des proféines de siress dans les fumeurs
solides, Préparatbon pour |a réocygénation 7

I spparait maineenant évident que I'hyponie joue un rdle
imporiant dans la progression malipes d'ure grands vanéd de
tumears solides. Un excmple en soni ks mio-eavironnemenis
hypoxiques de nombreases jumeurs humaines qui affectem la

capaciid de nfponse thfrapewlique of pesvenl  congrihuer
€galoment & 1"éévation dies taun & sarvie des oellules Jes plus
maligees apeis nissypination, La naluee SHallke de e
phinolypes de phistance dépendants de Phyposle n'est pas
cncore (ks claire mais elle peut impliquer wn groupe de
proffines varides gu sont indoites en ipoee oux stlimuli
Eypoxiques. Co rapport examéne Uinfervention: manifesic de 3
prodfincs  importantes de stress  hypoxigee {pSd,  hémo-
ouypiease -1 o métallothiondine-11A) dans | profection conlre
Papoploss, ke seress oaydacil @ lkes drogecs antindoplasigues,
apris hyposiefréagypdnatson.

Muois-chés : Hyponie, Protdinct de stress hypoxique. Prosdines
rigubées par Iexypine, Hémo-oaypenass, Mdallathiandine,
Micro-cavironnsment fursml

HY LA 1IN HUMAN TUMORS

Hypoxia is known 1o have roles in a number of
physiclogical and pathopliysiological processes,
including erythroid development., angiogenesis,
wound repair, Nbrosis, ixchemia, and neoplasia, A
growing body of evidence sugpests thal many
human lumors confain a significant fraction of
hypoxic cells which can directly affect therapeutic
responsivencss and possibly malignant progression.
The mean oxygen concentrafions within  most
normal fissues cxceed 40 mm Hg, while those of
many malignant wmoers, including breast, cervical,
and sgquamous cell carcinomas, contain regions of
very low oxygen concentrations, with PO, levels
reaching as low as 0-100 mm Hg (Gotenby et al.,
1985; Sutherland et al,, 1996; Vaupel e al., 1991,
Voupel ond Hockel 19953 . These regions are
characierized as cither chronic or iransient (Hockel
el al., 1996a; Overgaard and Horsman 1996)
Chronic hypoxia is (hought to arise from the

SUMMARY: It is now apparcnt that hyposia bas & cendral role
in the malignam progressios of a wide range of solid lumons
For example, hyposic microenvirmamends within many haman
tumars dirccily affect therspeutic responsivensess and may also
contribate 10 increased survival res of the more malignant
cells following reoxygenation. The detadled natupe af ks
hyposiadpendial resistance phenotypes remains unclcar, but o
may invalve 3 set of diverse prolcins that are induced @
resposise o Bypoadc insults. This repon reviews the cvidence
implicming three important hypoasc siress proleins ((p33. home
oxypemaze-l, ond metalioifionein-llA) in prolcction agamst

apoplosis, axidative siress, and ankincoplastic doaps fellewing
Bypoxia eoxygenation.

Eey Wards Hypoxin, Hypoxic siress mpeoicins.  Oxygen
repulated prodeing, Hems oxygenace, Metallothionein, Tumor
miChEviPonmEen.

inability of aberrant vascular networks to deliver an
adequate blood supply (Rak et al, 1995a), while
microregions of trangient hypoxia are associmied
with desegulated constriction of ibe wmor blood
vessels (Overgaard and Horsman, 1996} In vitro
and experimental ftumor  studies  showed  that
hypoxia and subsequent reoxygenation appear 1o
affect on malignant progression in terms of the
development of metastasis and resistance 1o therapy
(see Hockel et al., 1996a for a review) The
existence of hypoxic microenvironments within
these wmors i3 believed to be correlated with a
poorer  prognosis  independent  of  treatment,
compared with the case for well oxyvgenaled
T,

Recent observations confirm the clinical relevance
of tumor oxygenation. In one study of patients with
advanced carcinoma of the cervix who were treated
with rahiotherapy with or without chemotherapy,
paticnis with a median PO, « 10 mm Hg had o $0%
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survival of only 8 months, whereas patients with a
median PO, >10 mm Hg had a 50% survival rase of
more than 3 years after tremtment (Hockel et al.
1993). Subsequent studies by Hockel's group, using
a larger patient cohort and longer follow-up
{including a subgroup of patients who underwent
primary surgery). confirmed the carlier studies.
Specifically, the data indicated that the poerer
outcome of patients with hypoxic (umors was
mainly due to regional fatlures with and without
distant metastases, regardless of whether surgery or
radiation was applied as primary treatment (Hockel
et al., 1996b),

The underlying phenciypic alterations  involve
hypoxia-associnted  increases  in radio-  and
chemotherapeutic  resistance  ({Coleman, 1988;
Owergaard Horsman, 1996; Sakata et al, 1991;
Shen et al, 1989; Voupel Hockel, 1995), gene
amplification  (Rice et al, [1986), genomic
instability (Anderson and Stoler, 1993), increased
metastatic variants (Brzel et al., 1996; Ginis and
Faller, 1996), and diminished apopiotic patential
(Gracher et al., 1996), The precise mechanisms off
these hypoxis-associed phenotypes are not well
delincated, but some may involve one or made of a
sel of hypoxig-related stress proteins, termed
oxygen regulated proieins or OEPs, that can be
upregulasted  during  periods  of  significant
depression in tolal cellular protein synthesis and
cell cyele arrest (Giaceia, 1996; Gracher et al.,
19946 Heacock and Swiherland, 1986: Heacock and
Sutherland, [990)

Oxypen Regulated Proteins (ORPs)

O previous siudies have shown that many cancer
and mwormal mammalian cells respond 1o hypoxia
by increasing the synithesis of ORPs, Fgure |
ghows mulorsliograms el (35 5
methicnine/cysteine) lnbeled proteins from acrobac
and hypoxic A431 human squamous cell carcinoma
culiures in iwo-dimensional SDS-polyacrylamide
denaturing  gels. Maximum  inductions of ORP
synthesis and optimal cell survival are ohserved
under conditions of <0.1% 0O, (4-12 h). This
experiment not only demonstrates the enbanced
symhesis of proteins with masses and isoelectnic
points similar to those of the originally documented
ORPs (260, 150, 100, 80, and 33 kDa) (Heavock
and  Suthertand, 1990) but also reveals  other
promingnt ORPs, including 52, 57, and &0,
Although the inductions of many ORPs can be ccll
specific, this pattern is typical of human and rodent
cell cultures. It should be also noted thae this
method detects only o small  fracton of the
approximmely 50,000 different cellular  protein

specics and, therefore, likely represents o small
fraction of the actual number of proteins induced
by hypoxia. Our group i actively involved in
studies designed 1o deterrnine the identitics and
rales of some of these ubiquitous ORPs represented
in Fig. 1. To date, we have determined that ORPs
100 and 80 are idemtical to glucose regulated
proteins {GRPs) 78 and 94, respectively (Roll e al.,
1991y ORP 33 is heme oxygemase (HO-1)
(Murphy et al, 1991); and ORP 7 is
metallothionein  11A (MT-IIA) (Murphy et al,
1994},

Other documented ORPs include erythropoietin,
vascular  endothelial  growth  facter  (VEGF),
interleukin-g, platelet  derived  growth  foctor,
endothelin 1, transforming growth factor &, DT-
diaphornse, T-glutamylcysteine synthetase,
xanthine  oxidase, ornithine  decarboxylase,
adenylate kinase-3, and the glycolyiic enzymes
(Bodi ¢t al, 1995, ORowke et al, [996;
Sutherland et al, 1996; Yan o al, 1995)
Furthermare, a wide range of transcription factors,
including hypoxia inducible factoe-1 (HIF-1}, ciun,
cFoz, p53 (Gracher el al., 1994), C/EBPg, HSF-1,
AP-1, NF- B. ATF-2, and ATF-4, are associated
with hypoxia and anoxia responses in both pormal
and cancer cells {Estes ¢l al., 19%95; Grocber ot al.,
1994; Loderoute et al., 1996; Sutherlond et al,,
1996y,  Tronscriptional  andfor  posttranslational
modifications of these factors may occur in
response o hypoxia, but in many cases the
significance of the changes is not clear,

ORPs and Malignant Phenotypes

Recent research has demonstrated  Tundamental
contributions  of  hypoxia-induced  proleins (o
processes  that  favor  malignant  progression
(Giaceia, 19%96; Rak el al,, 1995b). For example,
VEGF, which medistes wumor angiogenesis (Plaue
el al., 1992; Shweiki ct al., 1992, 1995) correlates
direcily with arcas ol hypoxia present in i vitre
tumor models (Waleh et al, 1995) and in solid
tumors (Plate et al., 1992; Shweki et ol 1992),
These siudies support the theory that VEGF
moforms gencrated in hypoxic microregions of
turmaors stimulate host endosthelinl cells 10 assemble
new vasculsture, thus driving tumor growih by o
feedback  loop,  Imicrestingly, the  hypoxia-
associated  nduction of YEGF mny be also
positively modulated by mumanl s oncogencs
(Mozure cf al., 19%96; Rak etal., 1995a),
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Figure 1. Two-dimensional electrophoretic patterns of Triton-XI0Osoluble polypeptides from serobic (AIR: A)
and hypoxic (HX; B) A431 cells, Approximately 7 x 10" cpm of sample was loaded for the first dimension, The
x-axis represents pl range (pH 4.8 10 7.5), and the yv-axis represents molecular weight (x 1000 Da).

ORPs and Reoxygenation

We suggest that hypoxia also infleences malignant progression through effects of specific ORPs on cellular
survival and function during subsequent reoxygenation. This review focuses on three such proteins: p53, HO-I,
and MT-IIA. Studies by our group (Murphy et al,, 1993, 1994; Sutherland et al., 1996) and by Dr. Amotto
Giaccia's laboratonS (Giaccin, 1996; Graeber et al., 1996) suggest the involvement of these ORPs in cell
survival responses of wmor cells experiencing hypoxia and reoxygenation episodes. Specifically, pS3 has been
implicated in apopiotic selection following hypoxia. and we postulate that the hypoxin-induced levels of HO-1
and MT-1IA proteins act as anti-oxidants during reoxygenation events. The following schematic summarizes
our current understanding of how hypoxia, in particular induction of the abovementioned ORPs, may enhance
mialignant growith.

Increases levels of

ORP induction MT, HO-1, VEGF,e1c
- Pre- —— Malignant
Mormal Hyperplasia Malignant Growih Metastasis
Growih
Hypoxia  Selection for
icells with reduced
apopedic poedential

As adapied (rom Giaccin {1996),
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The p33 gene encodes a wmor suppressor prodein
that is believed to be an imporiant mediator of cell
eycle control and a genetically encoded program of
cell death, or apoptosis (Yonish-Rouach, 1991}, It
is believed that p53, acting as a transcription factor
(Prives al., 1994), activmes expression of proteins
to induce cell cycle arrest or apoptosis in response
i DNA damaging apents and oxidative siress
(Arrowsmith and Morin, 1996; Donchower and
Bradley, 1993; Lee and Bersicin, 1995; Vogelstein
and Kinzler, 1992}, Other studies now indicate that
hypoxic siress also induces the accumulation and
activity of this protein (Gracber et al., 1994), This
induction by low oxygen conditions suggests o
potential model for hypoxia in  tumorigenesis
(Giaccia, 1996). The hypothesis is based, in pan,
on the fact that mutotions of pS3 occur in diverse
wmor types and affect protein binding 10 DNA
(Kinzer ond Vogelstein, 1996). Most tumors,
howewver, are initited by genes other than p53 and
o through clonal evolution resulting in expansion.
As Wwmorigenesis progresses, o wmor will possess
both wild-type and mutant p53 cells. A this stage,
many wmors will have outgrown  their blood
supply, the result being microregions of hypoxia or
anoxia where p53 activation occurs. Although
VEGF expression is also activated by hypoxia,
resulting in angiogenesis, the wmor eventually
reaches o stage where both chronic and transicni
hypoxia {see above) will oceur. As these regions
experience  hypoxiafreoxygenation  cycles, cells
harboring wild-type p53 initiate apoplosis, whike
cells with mutant p53 will begin o multply
uncontrllably.

I i believed thin these cells harboring the mutan
P53 gene expand their mutint genomes through
gene  amplification  and  gross  chromosomal
shpormalities and wtimately become  melastitic
(Kinzer and Vogelstein, 1996) This model has
been pariially conflirmed in both tssee culture and
animal studies. Giaccia's group (Gracber et al,
1946} demonstrated that ElAHa-ros ransformed
mouse  embeyonic  Abroblast  cells  (MEFs)
possessing the null genotype for p53 exhibited
greatly  diminished  ppoprosis  rates  Tollowing
hypoxia (0.02% O, for 48 h ) a8 compared with
their wild-type counterparts (Fig. 3). Studies using
mixed culiures of wild-type and mutant p33 cclls
(1000 | ratio) exposed o muluple rounds of
hypoxia alse demonsirated that transient hypoxia
can select Tor apoplosis-resistant cells for example,
the mutont cells had overtaken the wild-type cells
following only 7 rounds of hypoxiafreoxy genaion.
In wive evidence of this process was also obinined
ising tumors grown from these wild-type and null
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P33 cells (Gracber et al., 1996). Specifically,
apoplodic regions of tumors derived from either
P33 wild-type or null MEFs were comelaied with
hypoxic regions within the same tumors. However,
the incidence of apoptosis was 3- to 4-fold greater
in hypoxic regions of p53 wild-type tumors than in
hypoxic regions of p53-deficient tumors, whereas
no difference was observed in acrobic regions from
the same iumors,

ORPs and Redox Control

Cells have developed very intricale strategies 1o
maintain an imracellular reduced state in response
to not only an oxidizing extracellular environment
but also oxidonis from nommal  metabolism,
reductive biosynthesis, and many environmental
stresses. The cell apparently ulilizes Mucwations of
redox levels (or ratios) 1o contrel protein activity in
a manner similor to postiranslational phosphory-
Istion. It is this redox control that is believed o be
an important determinant in the regulation of many
animal - and  plant  processes,  incleding
ranscriptional regulation, cell division, meiosis,
DMA  replication, cell division, and protein
assembly and repair (Buchanan et al., 1994; Powis
eb al., 1993), The main defenses, or modulators of
redox, include three groups: (1} the gluathione
(GEH) and thioredoxin redox buffer systems that
maintain  protein  thiol  homeostatazis  (Meister,
1991; Powis el al, 1995) (2) superoxide
dismuase, catalase, and gluathione peroxidase,
which are imvolved in superoxide anion und H,0,
metabolism; and (3) protein disulfide isomerase,
which regulates protein folding. A wide variety of
siresses and toxing can readily result in an
imtracellular oxidised state thal gives rise to the
formation of reactive oxygen species and thus beads
ey lipid  peroxication, DNA  crosslinking,
formation of disullide bonds in proteing (Powis et
al,, 1995). In this report we focus on hypoxia with
subseguent reoxygenalion, an eveénl common in
many selid wmors cxperiencing both transecnt andd
chronic ischemin-like insulis.

Hypoxia ks believed o result i severely
compromised  oxwlative  deflense  systems  upon
subseguent reoxypenalion, U s belicved that the
generadion of reactive oxygen radicals  upon
reperliesion s responsible for tssue damage in
pathophysiological processes such as stroke or
ischemic infarctions of the hearl. Recent studies by
our group and others have begun o unravel cellular
strabegies of coneer cells that allow them o survive
oxidative stress associpied with reoxygenation. We
hypothesize that o 1% e hypoxiafreoxygenation-
resistant cells within wransient and chronic hypoxic
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micro-regions of a solid wmor that contribute o
malignant progression. The effect of hypoxia on
the redox state of human cancer eells has been
determined by direct measurement of the principal
cellular antioxidant thiel, GSH, in HT29 colonic
carcinoma  cells (O'Dwyer et al, 1994) and
squamous cell carcinoma SiHa cultures (Laderoute
et al., 1996). Both studies showed that total GSH
content was depleted to approximately 20-30% of
the level found in acrobic comrol cells. These
recuctions are thought to be caused, in part, by the
inhibition of GSH-synthesizing  eazymes.
Interestingly, hpoxiafreoxygenation apparently has
no effect on the steady siate levels of either
thioredoxin or protein disulfide isomerase (B.
Murphy, unpublished observations).

Our group has previously identifled two ORPs that
are sirongly implicated in cellular  protection
against oxidative stress. We suggest that both MT-
1A and HO-1 function as antioxidants which may
partially replace the depleted GSH  buffering
system and therefore offer hypoxic tumor cells
protection during reperfusion. Furthermore, it is
likely that inductions of the two ORPs result in
increased  resistonce 0 chemotherapy o
reoxygenated cells and may olso have roles in cell

cycle regulation.

Heme Dxypgenase-1 (HO-1)

Heme oxygenase catalyzes the rate-limiting step in
the oxidative degradation of heme 1o hiliverdin
(Tenhuncen et al, 1968), which is cnzymatically
reduced to bilirubin by hiliverdin  reductase
(Tenhuncn et al., 1969). There are two documented
isoforms of the engyme. HO-1 and HO-2
(Maines, |988). HO-2 is a constitulive protein
found in the central nervous system, while HO-1 is
the induecible form that is found in most animal
tissues. Transcription of HO-1 is induced by its
subsirate, heme, as well as by heavy metals,
cylokines, endotoxin, hormones, and oxidative and
hypoxic stresses (Lee ot al., 1996a; Murphy et al.,
1991y, The functional significonce of HO-1
induction following oxidative siress is enly now
becoming apparent. For exaomple, within the last
five years, a number of groups have reported that
increased  HO-1 provided  cellular  protection
against heme-mediated oxidam injury. Nath et al.
(1992) observed that prior induction of HO- | with
hemaoglobin prevented kidney failure and reduced
mortality in  the . Funhermore,  tin
prodoporphiyring o competitive inhibilor of heme
axypenase, exacerbated kidney dysfunction, Others
have reported similar profeciive effecis of HO-|
against hememediated oxidant injury in o rat model

of endotoxic shock and lung injury (CHierbein o1
al., 1995} and in culiured endothelial  cells
{Abraham et al., 1995). More recently, L.ct: el al.
{(1996a) provided strong evidence indicating tha
overcxpression of HO-1 in human pulmonary
epithelial cells (A549 cells stably transfocied with
rat HO-1 cDMA) facilitated ccllular protection
against non-heme-mediated oxidant insults, (eg.,
hyperoxia), as determined by companng  Uheir
reaction with that of wild-type cells. This is
consistent  with other  siudies  suggesting  tha
oxidative stresses result in elevated expression of
HO-1 (Applegate et al., 1991; Choi et al., 1995,
Lee et al., 1996b; Vile et al., 1994). Lecs group
further showed that the overexpression of HO-1
the AS4% culture model may be associated with ccfl
growth arrest, which may [ocilitate cellular
protection against non-heme-mediated  oxidam
imsults.

The precise mechanism of cellular protection by
HO-1 remains unclear, However, an examimation
of the products of the HO enzyme and subsequent
repctions in the heme degradation pathway may
offer some insights, For example, it has been
reporied that regulation of the enzymalic rates of
ihe HO reaction (e.g., by oxidative stress, antiscnse
maolecules, methemoglobin, and Lim
mezoporphyrin} directly regulates ferritin proicin
levels as o result of iron release-from  heme
(Eisentein ol al., 199]; Vile ci al, 1994), Ferriiinp
constilpies  the major  storage  site Jor
nonmetobolized  intracellular iron and  therefore
plays o eritical rale in regulating the availabiliy of
o o colakbyse reactions such as the Fenton
rexction and the peroxidation of lipus (Vile e al.,
1994). It iz believed that the increased ferritin
concentrations  resulling  from  increased HO
activities resull in a sequestration of iron and thus
impact on [ree radical reaclions, reducing the
oxidant burden on the cell (Balla et ol 1992).
Indeed, previous studics have implicated ferritin in
the prodection of rat Kidney. and cultured nonic and
skin fibrohlast cells from oxidant-induced damage
(see Vile ¢t al., 1994). Therelore, Territin, regulated
by the response of HO 1o inducers such as hypoxic
ond oxidaive siresses, probably  acts as oan
important stress-inducible amioxidant,

Anodher  interesting  by-product  of  heme
degradation by HO- | is bilirubin, which is the
product of the biliverdin reductase reaction. This
end product of heme metabolism has gencrally
been considered a potentially eytotoxic. lipid-
soluble waste product that must be excreted.
However, il now appears that  bilirubin, al
micromolar concentrations i vitro, displays potent
antioxidam  properties  (Stocker et al, 98T
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Specifically, bilirubin has been demonstraled to
scavenge peroxyl radicals as cfficiently as a-
copherol, which 15 regarded as the best
antioxidant of lipid peroxidation, Interestingly,
carbon monexide {CO) is also an end-product of
the HO reaction. In fact, HO is belicved to be the
sole introcellular sowrce of OO0, This small
molecule is posiulated to behave as a messenger
modecule much like nitric oxide (NO), perhaps by
sctivating guanylyl cyclase (Marks et al., 1991
WVerma et al., 1993). CO has been demonstrated 1o
inhibil plateler aggregation and cause relaxation of
femoral, carotid, and rat coromary and aoric
smooth muscle (zee Marks el al, 1991, for a
review) as well as function a8 a neurslransmilter
(Verma et al., 1993), More recent studics suggest
that HO may modulate intracellular signaling by
MO through CO cffects on cyelic GMP, a zecond
messenger for NO. In particular, Maulik and
coworkers (1996} used rot hearts 1o demonstrate
that inducers of NO (L-arginine) and inhibitors of
HO (protoporphyring)  reduced  free  radical
formmion (malonaldchyde) and incrensed specific
myocardial functions, as compared with levels in
untreated hearts, following ischemic insults of 30
min. Although NO can behave as an oxidant under
certain conditions, in vitro studies by Maulik' 5
group demonstrated that MO reduced the reactive
oxvgen  species  produced by myoglebin  and
oxoferrylmyoglobin, which are present in high
concentrations  during the  reperfusion of the
ischemic heart. Our laboratory is  presently
developing a similar wmor model o study the
effects of HO-derived CO on cell survival in
transient  hypoxia and thus  in  malignant
Progression.,

Metallothiomeine-114

Metallothioneins are a family of ublquitous low
molecular weight proteins (6 -7 kDa) enriched in
cysteine residues. The metallothionein (MT) family
consists of two major isoforms (MT-1 and -11) and
a brain-specific isoform, MT-IT1. There arc an least
12 distinct genes of the MT-1 and -1l family. of
which 6 or 7 are believed 1o be functional. The
expression and regulation of four of these proteins,
MT-IA, MT-1B, MT- 1G, and MTIIA, have been
extensively studied (Samson et al.. 1993: Skroch ot
al., 1993), All four isoforms are constilutively
expressed in most culiured human cells, with MT-
IA accounting for at least 50% of the total n¢1lulu_.r
MT protein (Skroch et al., 1993), and it 15 this
isoform which is responsive 1o a wide variety of
inducers. MTs have well-established regulatory
roles in metal ion homeostasis and in  the
detoxification of heavy metals {Leyshon-Serland ef

al,, 1993a). Ouher inducers include hormones
(glecocorticonds  ond  progesterone),  cytokines
(interferon-g, interlenkin-I, and fwumor necrosis
factor), phorbrol ecster tumer promoters, and
environmental stresses such as hypoxia, oxidative
sirezs, UV imadiation, and DNA damaging agents
{e.g., cisplatin} (Lazo and Piu, 1995; Leyshon-
Sorland et al., 1993b; Murphy et al,, 1994; Skroch
et al,, 1993}

Because MT is the major intracellular protein thiol-
and zinc-binding protein, it may assume  an
important regulatory role in Zn homeosiasiz and
thuss affect the actuvity of Zn dependent prodeins,
including transcription factors TF-IIA and SP-1
(Woo et al., 1996} It is also possible that the miedal
response iranseription factors (MRFs) are regulated
by their target genes, since preliminary reports
showed two of these proteins 1o contain zine finger
domains of the cystcine-histidine type (Inouye et
al., 1994; Radike et al., 1996; Woo ot al, 1996).
MT may also contribule copper (o key
antioxidants,  including  Zn/Cu  superoxide
dismutase, and therefore have an antioxidant role.
The nucleophilic nature of the protein also implies
a direct antioxidant role. For example, purified MT
prolein was reported to act as a scavenger of free
hydroxyl radicals (Thornalley and Vasak, 1985)
and has been shown 1o be approximately 39-fold
more effective at profection of DMA from hydroxyl
radical attack than glutathione cysteine [Abel and
de Ruiter, 1989). Furthermore, a high nuclear
content of MT in V7% Chinese hamster cells was
shown 1o confer protection from hydroxyl mdical
alack (Chubaisu and Menrghini, 1993). This ORP
also protects against the toxic effects of ten-buiyl
hydroperoxide (Schwartz et al, 1994), NO
(Schwartz et al, 1995), and some clectrophilic
mutagens (Kaina et al., 1990; Kelley ot al., 1988;
Lohrer AMND Robson, 198% Schwartz et al., 1995},

MT iz of particular interest in the study of
malignant progression primarily becouse of its
suspecied  involvement in protection  against
anticancer drugs, radiotion, oxidative siress, and
apoplosis (Deng ot al., 1996; Kaina et al., 1990;
Lazo and Pi, 1995, Lohrer and Robson, 1939;
Solo et al, 1995 Schwariz et al, [995)
Owerespression of this thiol-rich protein has been
implicated in increased resistance 10 electrophilic
and alkylating antincoplastic agents including
cisplatin, doxorubicin, melphalan, bleomycin, N-
methyl-N=nitrosurea  (MNU), -~ and N-methyl-
MWnitro-MN-nitrosoguanidine  (MNNG), It has also
been suggesied that MT plays a physiological role
in the cellular peoliferative (and  malignant)
phenotype of human colonic and hreast cancer cells
{Magel and Vallee, 1995). Clinical studies reinfloree
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these findings, since high expression of MT
correlate with poor prognosis in human  breast
cancer {Goulding et al, 1995) and with poorly
vascularized, malignant human lung  tumors
{Koomagi et al,, 1995),

Our ongoing rescarch appears 1o confirm the
importance of MT in the protection of tumor cells
against the deleterious effects of
hypoxiareoxygenation and  subsequent  drug
exposure. For cxample, our finding that hypoxia
increases  hMT-IIA expression in Ad31 cells
suggested that increased protein expression in
hypoxic microenvironments could cause transient
drug resistance. We investigated the ability of
hypoxia 1o cause cisplatin resistance by comparing
the clonogenic survival of acrobic  and
reoxygenated A431 SC cells exposed o various
doses of cisplatin for 1 h at 37°C before plating.
Hypaoxic pretreatment coused an 18-fold increase in
survival al the highest cisplatin dose mt which
survival could be measured (16 Ag/ml; 53 1M}, It
is worth emphasizing that this cisplatin resistance
Was a transient phenomenon that cannot be directly
compared with the greater degree of resistance
associated with prior selection in the presence of
the drug (Kelley et al., 1988). Furthermore, it is
likely that the survival differences would be greater
after an in vivo-like reoxygenation, where the
hypoxic cells would not experience the sudden
cnormmous  change a0 oxygen  cxposure  (an
approximately 200-fold increase) associated with
;:uur normal hypoxic protocol (0.01% O, for 8 10 14
1k

To establish a stronger link, we initisted studics
using transgenic MT knockoul mice. We cxamined
the clfect of the loss of MT cxpression on the
cylotoxicity of the drug by using homologous
embryonic lbroblast cells from transgenic mice
with targeted disruptions of MT-1 and MT-IT genes
(MT -~~; null) (Kondo et al.. 1995). Our initial
studies focused on the transformed (SV40 large
lumor antigen) knockout and wild-type cells (MT
++). This type of transformation  eliminaies
functional p53  function. Clonogenic survival
assays showed that the cisplatin resistance of
hypoxic MT +/+ cells was 400- and 2400-fold
greater than that of hypoxic and serobic null cells,
respectively (B. Murphy ¢ al, unpublished
results). In sum, these data support the hypothesis
thit endogenous and induced MT levels affect the
sensitivity  of mammalian  cells w0 clinically
important  anticancer  drugs. We are presently
studying primary homozygous null and wild-type
fa:lls 1o investigate the role of p33-dependent and -
independent  apoptosis  pathways in  cisplatin-
mediated  cylotoxicity  following  hypoxia

reoxygenation. Preliminary studies also indicate a
protective role for MT, in p53 wild-type cells,
against oxidative stress followinz i1schemia-hke
CVCnlE,

Summary.

In summary, the evidence reviewed here implicates
specific hypoxic stress proteins in the process of
malignant progression. Spexifically, three ORPs-
p53, HO-1, and MT-IIA_appear to be intimately
involved in the developmem of phenolypes
associated with increased resistance 10 apoplosis,
oxidative stress, and antineoplastic  drugs in
response (o hypoxigfreoxygenation insults. Future
research is needed to conflirm these postulates and
to further delineate the precise mechanisms of
action. Ongoing studics using improved cDNA
difference librarics and prodocols  will  almast
certainly identify other imporant  proteins
associated with hypoxic microenvironments of
solid tumars.
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THE REGULATION OF ERYTH ROPOIETIN AND OTHER GENES BY HYPOXIA: THE SEARCH
FOR UNIVERSAL MECHANISMS

Jonathan M Gleadle
Erythropotetin Group, Room 420, Institute ol Moleculur Medicine
John Radeliffe Hospital Oxford OX3 9DU UK
RESUMEN: La Regulacidn de la Eritropoycting y Otras Genes par ka Hipeoda: 1 Bisqueda de Mecanismos Universales

En lus mamiferas, 1a enirpayesis o contialada

por ks hormesa eritropoyetina, cuyos miveles see dictados por o aporic fisular de axigeno.

ELI‘ET:?: e e P""’E:ﬂ" ;:1:.“:“!:;‘::'!‘““ en cedulas especializadas os ejercida principalmente 3 travds de una secuencia referzadon
o b““‘“"""' ible par hiposia (HIF1). E1 hallazgo de que f reforzsdor de la critropoyeting era inducible por
IPOEL *m 3 mAYOF pate de ofluls sing cn todas, (v o In bisqueda de otros gemes negulados por este nsccamisme. La evidencia de tal
ftﬂulﬂrﬂjﬂ P’l’ll'l'll-'l'?-' de @n ﬂil‘l‘H_ﬂ do la enpivaiin de Eerws en cultive eclular ¥ ha widizadi e msﬂqlﬂl diferenses. Primem, fque gaimin
para ki enienpeneting habia ana induceidn de EApRiiin pendtica por la hiposia, por cierios metales de iransicion v por quelanics de hierma,

Segunde, los sececncias de oegidn-cis que ¢

vaferion induccidn hipdsica a esios penes 1onisn marcada similaridad com lo secuesets eritica

en cl reforzador de eritrapoyetina ¥ podian wnirse al compljo transcripcional HIF.|. Tescero, habia induccidn reducida o ausente de |a
eapivsidn di pemes p-mnlml el Ll cibolos deficientes en HIF-1. Tal evidencia ha sido cbacnsda para Lo regulicide hipdaia de muschos
b.:f"\-'.i\. 1I'|'¢|I|I-;|'Emh enirElina, fﬂi.'rF.!'El- i epermicnen HNEIEENIcos, eneimas chcalisas, wm = ﬂm TiEnsEns
hidrosilas, eadnling y sinetasa inducible de dxido nitreo. Se esian reslizands investigncionss adssonales schin ol mecanismo sensor de

oakpens salyaenie v sobre ol roll de cite sisseng de PEE[HICALS B viva

Palabeas ¢laves: Hipoxia, Cudgens, Enfropoyeting, Angiogineiis

BESUME: La régulation de I'érythroposéting of autres
gemes par by pakic : recherche de mdcanisnyes universels,

Chee ks mommslfiees, Pénahropoiie: sl conidlde  par
Uhemmscae: érythropoidnng doni les nivesux sonl lonction de
Fappont tissulaire dloxygeme. Le conardle de la preduction
d'énhropoidine  dans  des  cellubes  spicinlisdes  s'eneroe
prncipakanenl par Vingormddinine e séiuenco critikque de
renfort et |a transenpion du facieur -1 isduciible par hypoxie
(HIF-1L Lo décomvene du fal que le renfoepstenr de
Pemvthropodtine ¢l indoctible par hypunbe. dans la plus
gronde pamie des exclbules si oo n'est dans wuoies, 3 comduit &
rechurches o suirs gines régublis par cw mécanisne, Lévidence
d'mne belle rigulation dinve dun saamen de 'expression e
fovcs dans une cublupe de celleles, unillsss s approches
différemies. On a chscrnd, premitrement, que coenine pour
Pérythropoidung |y avan wng (eduction de expressian
méndisque par Byposie, cenaing nafiaun de IrRasilion et par
clailatcurs dhy Ters dousidmmmen, gque kes séquences O seron o
permenznl Vinducticn hapacigue de o pUnes mondraient une
metic similiude aver la séguence ofitiges i enforgaleur de
Véryilroposfline e powvaiont  s'upar su coinplesc
taeeswiplionne]  HEF-1: droisitnement, que Pimduction dini
réiluite oo phaenie de Peapaessenn des posess paiculsrs dans ks
cellubes dificentes em HIF-1. Une jelle dviekmoe o & obtcme
mour la sépulation hypoxique de nombrous pines. v compris
Pdrahropusdeine, ks G e cevtssance anghopingucs, b
eneymes glycolyaues, los mnsporicurs de gluense, b iyeoise
hydroxylase, endotheline o la synthétase mduciible J'omyd:
nitgue. Dy investigalans seppdimealalns sanl om cours
comcerman ke sonscur d'nxypene qui soes-send ool
mipibnse, mins e sur be mide de oo sysicme e,

Brlndsaclis | Hyponie, Daypene, Erythmopoidine, Angiogenise.
The regulation of erythropoicin by oxygen

Erythropoiesis  is  controlled  primarily by the
howrmone erythropoictin whose levels are dictated
hy  rissse  oaypen  supply.  The  levels  of
erythropoictin are altered primanly by changes in
gene (ranseription. Studies of the mechanism of
this regulation have been considerably advanced by
ihe demonstration of érytlirepoictin procuction in
cell culture by the hepatohlastomacell lines, Hepid

BUMMARY: The regulation of cryfrepoietin and otler
gems by by pondar ilee search fer andversal mechanpisms

Oxypen |4 of fundamental imponance for living peganisms, In
higher anganisms b plays a vital rale in cnergy provision by
scting as the lemminal seoepior in the eleciron tranipart chain. B
alvn has an essential role in many criical bosynehetic reactions.,
Drexpite perfoeming thete vital fanclioos, oxypen can exen e
clfcts bocamee of e formatbon of noadtive oxypon spocies,
Achbeving the appropriate delivery of oxypon 10 tisswcs and
culls, adjusiieg mewsholism accordingly and minimisisg the
tugicity of emypen is crucisl for living orpanisos. I ander for
ihis o egvur. organisms must be shie o st anyeen and
respond 10 chanpes ih easgen fonsion by abenng the expecssion
af panicular pencs,

In sngle cellular organismes, saygen b6 ebigind fram the
cnvirmonment by sample diffusion. Ino larger,  multicedlalar
erganisme, complex argans s sgectiany 1o supply oxypen o
tssues. Ih imammals oxypgen i obsoabeid by the lungs o the
biood. Oxypen hss o selatncly poor squeons solubility. To
ackacve salficiont oxypen pupply 10 the IBsugs, axygen criage
in the bl |5 considerably cahianced by the ranspon of cxypen
liganded to Baemapkadin. packapod wahin red blood cells. A
comnples vasculaiure enables ahe delivery of s anypenaled
blood 1o the Hssues. Inoomder for this supply (o be oplimally
maintaimed, precise disenbution of the vasculatues fo e langs
amd ket lissues i cssential, os is the controd of vwenlllslos sl
reil bloesd eell production

Ky words @ Hypooi, Erytropoiclin, Angropensis

and HepG2 (Goldberg o al. 1987). Such
cxperiments  demonsiried  the  capseity  Tor
erythropoictin - production  and  altered  gene
transcriplion in response o hypoxia in a single cell
type, The use of such cells has also permitied on
analysis of the cis-acting DNA clements which
confer hypoxic regulation to the erylthropaictin
gene, Several groups independently established the
eniical rale of an enhancer element in the 3-
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fManking region of the erythropoictin gene (Beck et
al., 1991; Pugh et al., 1991; Semenza et al., 1951 ).
A 26 base pair sequence has been isolated whi:‘n
could convey hypoxically inducible ecxpression
when placed near to heterologous promolers and
when re-iterated.

The oxygen sensor

The nature of the oxygen sensor which mediates
the regulation of erythropoictin is of great interest.
Metabalic inhibitors such as cyanide do not mimic
the effect of hypoxia (Tan and Ratcliffe, 1991).
These experiments have led 1o the hypothesis that il
is oxygen itsell which is being sensed rather than
some  consequence of  hypoxic  metabolic
compromise such as aliered phosphorylation
potential, or a non-specific cellular siress response.

A very imeresting observation in erythropaietin
production is the stimulation of erythropaictin
levels by cobalious ions. This has been ohserved in
humans, experimental animals and in the isolated
kidney (Goldwasser et al, 1958; Fisher and
Birdwell, 196]1; Goldbergetal,, 1988). Goldberg
and colleagues have analysed these observations in
more detal utilzsing Hep3B cells. They showed
that cobalt, nickel and manganese ions could all
stimulate the production of eryihropoictin by
normoxic cells in a dose dependent manner bud that
other  transition  metals  were  without  effect
(Goldberg et al, 1988), This stimulation was of
similar magnitude 0 that achicved by exposure o
1% hypoxia and was net additive 1o it This led
them to hypothesize that (he oxygen sensor was a
hacmoprotein which, analogous 10 haemoglobin,
formed a 'deoxy’ confomation in the absence of
oxygen. They proposed that the fransition mcial
ions coball, nickel and mangancse could substilte
for ferrous ion in the porphynn ong of haem.
These metalloporphyring would be unable o bind
oxygen and the sensing haemoprotein would be
locked in the ‘deoxy’ conformation.

They provided further evidence  Tor  the
invelvement of a haemoproicin in the sensing
process.  Corbon ~ monoxide is  relatively  inenl
chemically bui has a particular affinity for haem.
The toxicily of carbon monoxide relates in large
part to high affinity binding 0 haemoglobin
Tocking' @ im s Coxy'  conlormation,
thereby decreasing oxygen affinity and redusing
tizsue oxygen delivery, The exposure of Hep3B
cells 1o 10% carbon monoxide inhibsted  the
hypoxia=-induced  increase  in erylhropoictin.
Alhough  these  resulis  provide  sirong
circumstantial evidence for a hnemoprolein sensor,
aliernative explanations can be provided for the

experimental observations. The inhibitory efTects
of compounds may not be specific. There are many
eszential haemoproteins in cells, some of which
may play a critical role in oxygen sensing but not
via the liganding of molecular oxygen.

Semenza and colleagues have demonstrated an
increase  in erythropoietin|_ mENA  following
exposure of Hep3B cells 1o the iron chelator
desfermoxamine (Wang and Semenza, 1993a). Tt is
more difficult o0 accommodate this important
observation in a simple model of a haem based
sensing molecule. Hoem iron is not chelatable bt
examples exiél among nron-haem ferroproiein
sensors of labile iron aloms being susceptible 10
chelation such as FNR and the iron responsc
clement binding protein, Whatever the explanation
for the action of these agents on erythropoiclin
cxpression, they provide an  important sel of
characteristic  pharmacological responses.  This
pattern of response can be used 0 examine the
crimience of the same or similar mechanisms of
sensing and signal transduction in the regulation of
other gencs by oxygen,

Hypoxia-inducible factor-1

The nature of the transcription facior (3) which
miediate this transcrnptional response 10 hypoxia has
been clucidated by Semenea and Wong. Initially
they demonstrated that nuclear exiracts  from
Hep3B cells contained DNA  binding  activity
induced by hypoxia which bound specifically 1w the
cis-acting 3" hypoxia inducible enhancer element
from ithe crythropoweiin genc (Semenza et ol
1991}, They termed this DNA-bindingactivity
hypoxin-indwciblefactor- 1 (HIF-1), Other stimuli
such os coballous lons, Enown 0 mimic the
hypoxic induction of erythropoictin mREMA, also
produced an  indocible  DNA-binding  activity.
Recently, Wang and Scmenea have punified this
DMA-bandingactivity and shown that HIF- 1 exisis
in a heteradimenic form of the 120 kDa HIF-1 o«
factor complexsed with a 2194 kDa HIF-1B
subumit, The -HIF [ ¢DNA encoded a predicied
826 amino acid protein of 93 kDa which possessed
subsiantial ~ homology 10 the  Drosophila
melanogaster  basic-helix-loop-helix  transcription
factors period (Per) and single-minded (Sim) and to
the mammalian aryl hydrocarbon receptor (AHR)
and aryl hydrocarbon receptor nuclear translocator
{ARNT} which all possess a 150 amino wcid
domain known as the PAS domain (PerARNT--
AHR-Sim). The HIF-If ¢DNA cncoded a 789
aming acid protein with a calculaed mass of 87
kDa. The sequence was identical 1o the previously
described aryl  hydrocarbon  receptor  nuclear
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translocator {ARNTY. This molecule is cssential for
the iranscripiional response o certain  aryl
hydrocarbons  which  has  been  termed  the
xenobiotic response (for review see (Hankinson,
1995)).

The widespread nature of the system controlling
erythropoictin

[t had been believed that this mechanism of
iranscriplional conirol of the erythropoietin gene
by hyposia would be restricted to those specialised
cells which produced erythropoictin,  However,
Maxwell and colleagues demonstrated that reporier
genes contmning the hypoxically responsive cis-
acting element from the erythropoictin gene could
be induced by hypoxia in a variety of difTerent ce]l
types (Maxwell er al., 1993). Cells which do not
produceerythropoietin and which are not derived
from liver or Kidney were all able to show hypoxic
induwction of these transicntly transfected reporier
consirects. Again, the characienstic responses of
the eryihropoketin gpene 10 treatment with cobalt
was  preserved, No  indection was seen with
metabolic mhibitors such as cyanide {(Maxwell et
al., 1993). Heat shock induction s also known 1o
operate widely in cells when exposed 0 noxious
stimuly,  including  anoxim,. This  generalised
miechanizm of hypoxic sensing did not appeor (o be
a manifestation of the heat shock response; hent
shock did nol activatethe erviliropoictin enhancer,
the 15 hypoxi used did acl activite heat shock
proweins  and  cycloheximide  hlocked  the
erythropoictin - enhancer  mediated  response in
contrast to its known inducing effect upon the hem
shock response. These observations suggested tha
many, perhaps all, cells shared similir mechanizmns
for oxygen scnsing, signal  irnsduction  and
transcriptional activation. Furthermore. it appeared
likely that other genes would be regulated by
hypoxin via this sysiem.

It was demonstrated subsequently that the HIF- |
DNA-bindingactivity was alse present in a vancly
of non-erythropodctin producing cells, indeed in all
cell types tested (Wang ond Scmenzn, 1993b)
These observations, also described by Beck and
colleagues (Beck et al., 1993), supporied the
concept that this system of hypoxic gene regulation
was  widely present and might regulate  the
expression of other hypoxically inducible genes.

The regulation of other genes by hypoxia
Llycolytic cneymes

The critical role of oxygen as the wrminal electron

acceplor in the electron transport chain means that
encrgy  provision is closely linked 10 oxygen
supply. In hypoxic conditions reduction in aerobic
respiration 1% associated with an  increase in
glycolytic Mux to provide an increase energy
supply. In the short term, increases in glycolysis
are mediated by changes in glycolytic flux via
alterations in the concentrations of  allostenic
madulators or enzyme phosphorylation. However,
over longer time periods changes in the levels of
glycolyiic enzymes may be achieved by changes in
gene expression mediated by hormonal or other
influences (for review sce (Pilkis and Granner,
19923}

Evidence lor the regulation of glycolyne enzyme
expression by hypoxia has been provided hy
Webster nnd colleagues (Webster, 1987: Wiebster ¢l
al., 1994)). They observed an incroase in gons
IFanscriplion in response to 2% hypoxia in skeletal
myoblasts, The eneymes loctale dehydrogenase,
pyruvate kinase, triosephosphate  dehydrogenase
and aldolase all showed an increase im gene
iranscriplion in nuelear run on assays. Funhermore,
a reciprocal dercase was seen in the abundance of
mitochondriatly encoded  respirsory  enzymies.
These observations supporied the existence of a
mechanizm  for the co-ordinoied regulation of
glycolylic  enzyme oxpression by oxygen
availabality, perhaps wvia common  frans-acting
factors and similar cis-elements.

The widespread operation of the sysiem controlling
ervthropoietin regulation raised the question of the
role of this sysiem in non-erythropoietin prodocing
cells, The  hypoxic  regulation of  glycolylic
engymes was thus an auractive candidate, The
serendipitous  observation  that @ neomycin
resistance miatker under  the control of  the
phosphoglycerate kKinase {(PGK) promoter showed
hypoxie inducibility bed o an examingion of the
hypoxic regulation of PGK expression, Hypoxic
induction of POGK and LDH-A by hypoxia wias
demonstrated in several tissue culiure lines (Firth of
al,, 1994), This regulation shared several imporiant
sirndlarities with the regulation of erphropodctin,
The induction could be mimicked by cobalious
ions and by the iron chelator desfermioxaming but
cyunide had no effect, Similar observations were
made with lsctmedehydrogenaseA (Firth et al,
194 Firth en al, 1995knd subsequently  with
Aldolase A, Pyrovwe kinase M and
phospolructokinose (Semenza ef al., 1993; Ebert et
al., [995hy. The analysis of the PGK and LDH-A
promoters utilising the trnsient iransfection of
deleted promoter-reporier constructs delined shaorg
cis-acting  sequences  which  conveyed  hypasic
inducibility. Funthemaore, the critical 13 base pair
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element in the PGK enhancer/promoter shared
substantial homology with the erythropoietin 3-
enhancer including a 9 bp region which was
identicalexcept for a G o C substitution {Firth 21
al., 1994}, Electrophoretic mobility shift assays
utilising oligonucleotides from these promoters
produced hypoxically inducible protein binding
with similar charactenistics to the HIF-1 complex
and  which could «cross  compete  with
oligonuclesdides derived lrom the erythropoictin
Y-gnhancer (Firth ot al., 19%4; Semenzo et al.,
1994).

Glucose transporters

In order to respond to an increased rate of
glycolysis cells require an increxsed provision of
glucose. Glucose is  transported  across  cell
membranes by the process of facilitimed diffusion
mediated by the glucose transporter farnily, Indeed
for one of these iransporters, Glut-l, there is
evidence of increased expression in response lo
hypoxia  (Loike e al, 1992). However,
mitechondrial inhibitors can also increase Glut-]
mBEMA (Shetfy ¢i al,, 1992} perhaps suggesting that
induction by hypoxin is due o the hypoxic
compromise of metabolism and is distinet from the
mechanism underlying erythropoictin regulation.
Recently however, the demonstration of the
induction of Glut- | and Glut-3 mRENA by hypoxia
was shown to share similarities with erythropoictin
regulation, The induction could be mimicked by
coball and by iron chelators (Ebert et al., 1995b).
An enhancer lying 3' to the mouse Glw-1 gene was
found to convey responses both o hypoxia and 1o
mitochondrial inhibitors, The response o hypoxia
was conveyed by sequence containing a HIF-1-like
binding site whilst response 1o mitochondrial
inhibitors was mediated by o serum  response
clement lying 100 bp 5° (Eben et al., 19935a). Thus
it appears that rther than demonstrating a different
mechanism of oxygen sensing, the regulation of
Glut-1 by hypoxia amd mitochondrial inhibitors is
mediated by two dilfercnl sensing systems, one of
which resembles that invelved in crythropoictin
regulation,

Gluconeogenic engymes

In the liver there is metabolic zonation of enzymes,
notably o preferentinl periponal distribution  of
gluconengenic CNRYIIES such s
phosphoenolpyruvale carboxykinase (PEPCK} and
increased  expression of  enzymes  favouring
glycolysis such as glucokinase in the perivenous
one (Jungermann, [1995) There is evidence 1o

suggest that this gonation may be mediated, at leas:
in part, by oxygenation, Increased oxygenagion
resulis in the stimulation of gluconeogenesis by
hepmocyles  whilst  hypoxia  favours  enhanced
glycolysis. The glucagon stimulated expression of
one  crtical  pluconcogenicensyme  PEPCK s
imgreased when hepatocytes are exposed 10 arterial
oxygen fensions (Hellkamp et al, 19915 This
modulation by oxygen s lost il the cells are
pretrested with cobaolious ions {Kictzmann <t al.,
1992) and carbon monoxide blocks the effect of
hyposia (Kietzmann et al,, 1993), This supports the
invalvement of a similar oxygen sensing system 1o
that which regulates erythropoictin,

Angiogenic growth factors

Higher organisms  such a5 mammals  have
developed a complex vasculaiure 1o supply oxygen
and other nutrients 1o their cell. The development
of the vascular system oppears o be under the
control of many important influences one of which
is likely to be hypoxia. Angiogenesis, the
formation of new blood vessels from existing
vasculature, appears to play a role in physiological
processes. sich as placentation, the development of
the corpus luteum and in wound healing. Excessive
angingenesis is associnted with pathological states
including proliferative retinopathics.
stheroscleralic  plaques,  wmowr  growth  and
miclasiasis,

There are several observations that suggesi tha
axygen provision is an important determinant of
vascalar supply and of angiogenesis. The limited
stores of oxygen compared with other metabolic
subsiraics makes oxygen an stbraective candidate Tor
the signalling of vascular insufliciency. The
metabolic requirements of & fissue are elosely
linked to its vascular supply. The capillary length
density. a measure of vascular supply, of a wide
range of muscles from different species and <ies
shows  a close  lincar  relaionship  with
mitockondrial  volume  density. o marker  of
oxidative capacity (Adair ¢ al, 1990) Further
evidence  for an important mole of  oxygen
availability in determining vascular grovwth is also
seen i pathological conditions, In premaiure
infants exposed 1o high concentrmions of inspired
oxygen the retinal vasculature is attenuated. Upon
return io normal oxygen, there is a profuse growth
of  disorgamised, leaky wvasculalure  with  the
subsequent development of reirolental (ibroplasia.

Vascular  Endothelial  Growith  Facior  (VEGE)
appears 10 be a particularly selective and potent
anglogenic factor.  Recent work has provided
evidence suggesting an sinpartian rele For VEGE in
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physiological and pathological angiogenesis and
that hypoxia is an important stimulus for
expression of this gene (Shweiki et al., 1992), We
have shown that hypoxic regulation of this and
other angiogenic growih factors shares important
similarities with erythropoietin regulation (Gleadle
ct al., 1993a). in particular stimulition by cobalt
and iron chelation. Indeed, more recently, others
have demonstrated the existence of cis-acting
sequences in the VEGF gene which can confer
hypoxic  regulation. Levy and  colleagues
demonstrated a 12-fold increase in VEGF mRNA
in hypoxically-stimulaed PC12 cells (Levy et al,
1995). They went on 10 idemily a 28-base pair
clement in the 5° promoter with sequence and
binding similarities 1o the HIF-1 binding site within
the erythropoictin 3-enhancer (Levy et al,, 1995),

This region is highly conserved in the human gene
and was similarly identified by Liu and colleagues
ps an elementthal was necessary and sulficient o
increase transcription in response o hypoxia (Lio
ot al., 1995), A1 odds with these resulis is another
study which hos defined hypoxia responsive
clements al other sites in the 5 and 3' untranslated
region of the VEGF gene which do not shore
homology with a HIF- 1 site (Minchenko et al.,
19594,

Tyrosine hyvdroxylase

Twrosine hydroxylise is the rate limiting step in the
synihesis of cutecholamines. Exposure of rats 1o
10 oxygen resulted in a significant increase in
yrosie hydroxylase mBRNA in the carotid body
Type | cells (Cryzyk-Kreeska et al, 1992} This
increase appenrs o be medimed in opan by an
increase in gene  transcription.  The  deletional
analysis of the wrosing hydroxylise promoter has
demonstrated o sequence 2W 150 from the sart site
which can confer hypoxic regulalion oo reporier
genes, This region contains HIF-1 like and AP-1
recognition  scqguences, both  of  which  show
hypoxically regulaied protein binding {Noeris and
Millhorm, 159995,

Mitric oxide synthase

The availahility of oxygen and other nutrients 1o
tissues is dictated both by the anatomy of the
vivscular bed and by vasculur tone. One of the mo:t
imporiant regulators of blood Mow appears 1o be
endothelially derived nitric oxide (NOJ. Some
cvidence has been provided for modulution of KO
synthases by oxygen, Hypoxic exposure procuced
a Tall in endothelial NO synthase mRNA levels m
vascular endathelial cells ot appeared w0 be

mediated through a reduction in gene transcription
and in mENA stability (McQuillan ei al,, 1994),
Melilio and colleagues examined the induction of
ioducible NO synthase by the L-tryptophan
metabolite Picolinic acid in interferon treated
murine macrophages (Melilloet al., 1995). The cis-
acting element responsible for this induction was
analysed in transient transfection assays and
contained a region with substantial homology to
the hypoxia responsive cnhancer from the
erythropodetin gene, including an exact 13 bp
match, Elecrophoretic  mobility  shit  assays
demonsirated inducible binding 1o this sequence by
both picolinic scid and by hypoxia. Hypoxia was
then showed 1o induce inducible NO synthase
mBEMA, These observations are of interest not just
because of the likelihood of HIF-1 dependent
hypoxic regulation of inducible MO Synthase but
also because picolinic acid can function as an iron
chelwor and this might underly s mechanism of
AL,

Endotheling

The endotheling are a family of widely expressed
peptides  which are among the most potent
endogenous vasoconsirictors, Hypoxia is a potent
inducer of endothelin-] mBMNA in human umbilical
vein endothelial cells (HUVEC) (Kourembanas 1
ol., 19913 This regulation also shares important
similaritics with the hypoxic megulation of
erythropoiciin mRNA. The hypoxic increase can be
abrogaled by carbon monoxide (Kouwrembanas @
al, 19935 ond con be mimicked by the transition
mizlals nickel and mangancse and (o a kess erextent
eobalt { Bodi et al,, 1995),

The regolation of genes by hypoxin in other
arganisms

In lower organisms, including yeast and bacteria,
complex mechanisms exist for the sensing of
oxygen and the modulation of gene expression.
Dhrcct homodogics with the system involving the
rranscription facior HIF- 1 have not  been
demonstroted yet. In an amenipt o demonsirate the
existence of the mechamsm of oxygen sensing
which comrols erythropaietin in lower erganisms,
Magas el al cxamined for the presence of
h}'pl;b,l;ll.‘.il":r' ilﬂ.lul.:ﬂd DN.& t‘riﬂl:tifu; i |:|!|I.'|!||‘I|_.'-|'E|||'p-;,:
drosophila cells (Magao et al., B96), They were
able o demonstrate induction of binding 1o HIF- |
recognition  sequences by peomplex  wiih
similarities 1w mammatian HIF-1. Funhermore,
they showed hypoxic regulation of the PGE gene.
These observations  support the ddea thet this
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mechanism of oxygen sensing may be conserved in
other organisms,

Two main lines of evidence have thus contributed
i the iden that the sysiem conirolling
erythropoietin in response to hypoxia also controls
other genes. The demonstration of functionally
aclive cis-acting sequences able to regulate the
transcription of many genes in response to hypoxia
together with responsiveness of these gencs to
stimulation with cobaltous 1ons and iron chelators,
More recently a funtherline of evidence has been
provided (Wood et al., 1996). Cells exist which are
deficient for one component of HIF-1, They are
unable to form a functional HIF-1 complex in
response o hypoxia. In conirast to the wild iype
cells from which they were denived, they show
marked impairment in the hypoxic induction of
glycolytic enzymes such as Phosphoglycerate
kinase, glucose transporters such as Glut-1 and
angiogenic factors such as VEGF(Wood et al.,
1996}, These resulis provide further strong support
for the existence of a widespread mechanism of
oxygen sensing which acis via the transcription
factor HIF-1 and regulates the expression of many
genes in response 1o hypoxia.

Outstanding questions

The sysiem which regulaes cryithropoietin and
these other genes his lorgely been defined in cell
culture. It remains to be determined whether tsese
in vitro observations have relevance in vivo, One
approach enabling a siudy of the effecis of HIF-1
deficiency in vive is by the xenotransplantation of
the cells lacking ARNT introduced subcutaneously
into nude mice, Preliminary experiments suggest
significant differences in the growih characteristics,
vascularity  amd VEGF expression of tumours
formed from the ed, ARNT deficient. cells when
compared with wild type,

The molccular basis of oxygen sensing st
requires delinition. As alredy discussed a hacm
hased semsor  accommadates  many  of  the
ohservations underlying ervihropoietin production,
A precedent for a hacmoprodcin oxygen scnsor is
provided by the Nif protein in Rhizobium meliloti.
However, cven il o hacmoprotcin docs play a
critical robe in oxygen sensing it may not be via the
liganding of oxygen and undergoing a
conformationl change. Several lines of evidence
are diflicull 10 accommodate in this simple modcl
of a liganding hacmoprotein sensor, The effec of
iron chelators in inducing erythropoietin, HIF-1
and ather hypoxically regulated genes suggests that
chelatable ron iz closely involved with the
mechanism of oxypen sensing. Haem iron is nol

chelatable. In some bacterin the FNR protein
appears to function as an oxygen sensor. [t contains
an iron-sulphur cluster and iron chelation produces
an aerobic patiern of gene expression, This effect
illustrates one way in which iron chelation could
interact with an oxygen sensing molecule.
Altemative models of oxygen sensing rely upon the
redox propertics of oxygen. It is envisaged that
oxygen is rate limiting in the production of reduced
oxypen species such as superoxide and hydrogen
peroxide. Observations of the effects of catalase
and hydrogen peroxide on  erythropoietin
expression by Fandrey and colleagues provide
some support for such a mechanism (Fandrey et al.,
1994) as does the inhibition of hypoxic induction
of erythropoietin and other genes by iodonium
compounds {Gleadle et al,, 1995b). The in vitro
redox sensitivity of HIF-1 has been demonsirated
suggesting a mechanism by which this might occur
(Wang ct al., 1995).

The mode of regulation of the ranscriptionl
complex HIF-1 is not clear, Potential mechanisms
of regulation include protein phosphorylation,
redox alierations and direct ligand binding. Using
chimeric fusion genes containing HIF-lo, we have
recently been able o0 confer oxygen regulated
activity fo heterologous transeription factors. This
strategy  should provide information about the
sequences of HIF-le  which are capable of
conferring  regulated  iransactivation  permilling
insights into the hkely mechanism of activation,

The system regulsting erythropoietin appears 1o
play an important role in the regulation of genes
involved in oxygen supply and consumption, The
regulation of other genes invelved in other
processes such as development and with protective
functions scems highly plausible. The increasing
realisation of the widespread nature of this system
and similar systems in more primilive organisms,
cmphasises the interest in defining such genes and
in the molecular mechanisms underlying oxygen
SEnsing.
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RESUMEN: Adaptacion a ks Altura; Efectos de Pequefios Combios oo la Candiucta Beguladara de Hemoglohina de Gallinas
A i

5S¢ ha descubierio cn los Andes Peruancs um prupo de gallinas de alwra (Galfies guilur) con sha aflnidsd de b hemoglobana por ¢l
oxigene. Hemos cxtudiade el posible mecanmmo molocular sebyacenie de esia adplacidn a la aliwra, S¢ ha postalade poquefies cambios
en la concentracivn inracclular de inosiol pentafosfaso {IPF), of principal efector alosiéricn e la hemoglobing em bos entrocilos de
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upnilicativaments morementadas cn gallings ssdinas vomparadas con las do nivel del mar. Lios valores de bes ooelicientes de Hill 3
saburacitin 50% (nSi) son mayons pam swsporiones de gallinas gee para las de mamdleros. Esio podrin sepenr ly existencia do uh
procsis de agrepscwin molceulas demirm de lan edlulas decaiponadas, alamenic eoncenimmilas de ombos lipos de aves. Para las
soluciones “dessada” de hemolizades de amben dpos de pallinas, ks afimidades som idénticss enel bulfer libre de fosfato. indicands
ipes las aflnidades intinsecss de las Hbs de pallinas andanas ¥ da nived del mar san L mismas. Con la adicide de inosigol hexafedfElo
(EHF). wn leen clecior slosdricn de bemoplobings de sves. obserames un ingremenio pequelio poro significative {oprocimadamonic
20%) en la alinidad de bos bemolisados de slives on relachla a bos de nlvel del mar, Muestros resuliados tanbetn sugreren gue ks
diferencia cn b ofinsdad cnire sampres de shiur v de mived ded por pesde debene 0 en proceso adaplative posthlemende idlacionado con

una liper disminucicn en Ly conceniraciin yo actividad del prncipal elecr celular [PP, mis been que a una anomalidad estructural
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RESUME: Adaptation & P"alitude : cffet de légeres

varistiops du compoericmonl regulatedr de P'bimoglobine
s poales anddines,

Lo groope de posles nalives dees pones dalifude (Gallus
paificsh dont [“hémoglobine prisente une tiés prande allinisd
pour I'oxypene o & dévouveric dans les Anides do Pérow. On
o dmali e mécanisme mokioslaine qui posmait Giee 3 origine
de bour addaptation b Falisluds € om a disks I'hyposhise du ik
de lipires vaimions de ls comcenuaion  brscellslsin
d'inositnl  pentapbosphate  (IPFL principal  effecteur
oliostdrique de ['hémoglobime des drythinocyies des oiscaux,
(O a dudid le sang des poules andines o oolui des pooles du
miveam de komor. Ladlingld pour 'oxypine de hémoglobine
des smspensions (Carsthrocyes (RBC) augmente de Fagon
pignifcativ: cher ks poubs anilines, on comparaison avee
celles dis nivemu de la mer. Pour les RBC des posales, les
walcurs des coelficienis de Hill & 50 % de saturation { s s
supércwns § ol des BBC des mammiires. Cela pew)
sugptner Peaistenco d'un processas J'ageégacion mokdculan
a Pentéricur  des ocllules  désonypdides el [oriomeni
conooniegss s deia s o poules. Pour ke soduilons
il hedmscdysal paeri(id o bépouilld de ces deua 1ypes do poules,
les offiminds sond idemiiques ca bauffer Wboe de phaosphaie,
inaliquant que les alfimiids intinstogues des Hb sont ks indies
dans los Andes of ou mivess e Lsomer Apeks adjoneiion
d"[FF, puissant effecieur allosténique: des hémoglobines dos
imammifenx, on observe ume Kgépe mais  sigaificative
dapriialion onvicon 200 %) de Pallimisd des hémolysats
d'shinude eninpans i cvia da slvead do b mer. Les pévuliaiy
ohicias sugpin dpalement que la daMinoms & allimié cntr
b sang o “aliiiude i culwi du mivean de |a mer poamail dore B
b wn processus adapestif qué poonmain lul-esdme e Did § one
e augmeniation de b conoenbabion ouos de 'activiid de
principal effecicur B'P, pluide gu'd une anomslisd siruciurelle
de I'hémoglohine

Blmis-chis : Adapation & abicede, Hyponse, Bemoglobine,

Phosphaies ooganiques, Alfinisd de Nosygéne, Enthrocyms,
Foubom,

SUMBARY: A strain of high aWitode chickens (artfis
gatlur ) displaying a high oxygen alfinily hemoglobin bas
bocn ducovercd ;o the Peruvian Andes. We addressed ihe
quésiion of the modecudar mechanism possibly o the ofgin el
the hiph altivede adapiaizon af these chickens. The mole of
small changes of the Etmecllslar concentiation al motikol
pentaphosphate  (IPF),  the msin  allssenc  effoctor  of
kemoglobin in aviam erythrocyies, has been postubascd. We
bave wudiod the bbsod (e sndean snd ses-lesel Borm
chickems. The oxygen allinitics af fresh red blood aells (RBC)
suspensinns arc sipnificantly increased in andean compased 1o
sen-level chicken blood. The values of the Hill cocfificicne ar
badf-saberation (n3 ane higher for chichon RIEC than thoss
obwerved  for mammalion RAC. This nmay suggest ihe
cuigionce of o mobecwlnr oggiepation process inside b
devaygenabed. highly comcentrmed cells of both avian iypes
For ibhe suteppoed purificd  hemolysate sobulions of the 1wa
s of chichom, the ouypen ailinites are deniical in
phsosphase-free. bofTer, imdicating 1k 1l ininnsic oxygen
affinities of sswlean and sca-level Hbs are the sanme Upan
auddition of incsital Besaphesphate (IHPL 8 strong allosicne
cffecior «f avian hemoplobing, we obscrved 0 small bt
significant increase (about 0% of 1l exypen affinisy of the
andean refatively W ses-bovel hemobysaies. Our resubis alsa
sigppeil dhat the diflference in alfimity botween the sea-evel
and andian blood may be dwe to an adapiative process
pessibly relaled 1o 3 shight decrease in ihe onmsoeniration
milior of (ke activity of the main cellular offecine PP, radher
ihas io 3 structusal abneemality of the hemoglobin.

KEY WORDS: High Abimude Adupastion, Hypoaia,

Hemaglahin, Organophos phates, Oypen B
g e ypen Bisding. Red Blood
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INTRODUCTION

A strain of chickens (Gallus gallus) adapied o
high aliiede hypoxia and displaying a high
oxygen affinity hemoglobin (Hb) has been
discovered in the Peruvian Andes (1,2},

These birds have proved to be extremely resistant
o common avian diseases and 1o life at high
altitudes.  In contrast,  sea-level  chickens,
transported to high altiedes, are particularly
sensitive 1o the low oxygen pressure in the high
altipde  atmosphere and  suffer of chromic
mountain sickness and low fertility.

The needs for oxygen at high alitude may be
fullfilled by several adapiative mechanisms such
as hyperventilation, insuring o low viscosity
blood flow, varying density of the capillaries al
the  periphery eic... The oxygenation
charactenistics of hemoglobin  also  play an

important role; they depend on the intrinsic
oxvgen affinity of the molecule and of s
interactions with heterotropic cofactors such as
pH, chloride anions and organic phosphate
compounds such as 2.3, DPG. This compound is
present in most mammalion adull species while
inositol  pentaphosphate  (IPP) @5 the
corresponding cffector in avian species. Upon
binding to hemoglobin these cofactors lower the
affinity for oxygen thence conlribute (o increase
the oxygen release 1o the tissues. In the present
paper we addressed the question of which
malecular mechanism could be responsible for
the adaptation 10 high altitude. The possible role
of zmall changes in the activity of inositol
pentaphosphate {IPP) on the oxygenhemoglobin
equilibrium has been postulated (2).0n this work
the allosteric effector wsed was inositol-
hexaphosphate (IHP) whose hemoglobin binding
propertics are similar to those of IPP.(3).

Ouzygen binding properties of Chicken fresth REC suspensions

Pso LT
{torr)

Andran “Puno™ Chickea REC -
38.B 3.1

“Hypbrid™ Chicksn RBC

famdean chicken Lving of Lima slnce & years)

45,7 3.0
Sea lbevel (Lima) Chlchen RAT :

56.8 b
Human Adalr RBC :

3d.0 1.4

Experimenial conditions 1

pH 74, MaCl 0.4 M, bisTris 05 M, 41°C.

Table 1

MATERIALS AND METHODS

We have studied the oxygen binding properties of
blood from andean (from Puno, 4 000 m) and
sea-level (from Lima) born chickens, We have
also studied the blood of chickens bom at Puno
and living in Lima for 6 years and referred to as
"hybrid” RBCs .

Oxygen equilibrium curves were recorded by a
continuous method using the Hemox Analyzer
system (TCS, Huntinglon Valley. PAJUSA)
simultaneous recordings of the PO, were mide
with a Clark type electrode and the light

transmission at 560 nm in a 1 cm opiieal cuvels
(4). P, and n, values were calculated by lineor
regression from the Hill equation for oxygen
saturation levels between 40% and 600,

For the fresh red blood cells (RBC) suspensions,
the experimental conditions were: pH 7.4, NaCl
014 M, bis-Tris buffer 0,05 M at 419C,

For stripped hemolysate, the experimental
conditiens weres pH 7.2, NaCl 0.1 M, bis-Tris
bauffer 0.05 M at 41°C(1).

The organophosphate-effect on  the oxygen
affinity of hemoglobin was estimated afier
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addition of ImM of inosito] hexaphosphate (THP)
as Alog P_xIHP.

The DNA sequence of the high altitude chicken b
chain globin has been verified. A 600bp DNA
fragment containing the 869 codon was amplilied
by PCR and sequenced.

RESULTS

Creypen equilibriney curves for the fresh red
bloed cells suspensions

The oxygen affinitics of RBC suspensions were
significantly increased in adean compared 1o sea-
level chicken blood: P, were 38.8 and 56.8
mmHg respectively, at 41°C, pH 7.4, NaCl (L14M
(Table 1 and Figure 1). For the “hybeid chicken
RBC, the P, wvalue was inlermediary (45.7
mimHg) syggesting a time dependent decrease of
Lhe oxygen allinily,

The value of the Hill coellicient at P, (n,) was
increased to 3.0 instead of 2.5 in mammalian
RBC (Figure 2). This suggesis an aggregation
process inside the cells of these dilferent types of
avian RBC suspensions. This is confirmed by the
lower n, values found for hemoglobin solutions
studied in the obsence of organophosphates
(Table 2)(5).

Oxygen  equilibrinen curves  for stripped

hemolysale

For the stripped purified hemolysate solutions of
the two types ol chicken, the oxygen aflinities
were identical in phosphate-free bufer ; Py, = S0
mmHg ot 41°C, pH 7.2, Mall 0LIM (Tahle 2),
These results indicate that the inirinsic oxygen
alfinitics of andean and sca-level Hbs are the
same. Upon addition of inositol hexaphosphate to
gtripped hemolysates, we observed o small but
significant increase (about 20%) of the oxygen
alfinity of the andean relatively 10 sea-level
hemolysates: P, were 52 and 62 mmHg
respectively at 4 1°C with ImM THP (Table 11}

DNA sequence

A pointl mulation was previously described in the
Andenn chicken & chain sequence resulting in the
replacement of the amine acid residue B 6D
Serine by a Threonine. We have confirmed the
existence of this substilution.(6) This strectural
change cannot be relaied 1o the high oxygen
affinity of the andean relative o the sea-level
bood as this position does nod coerespond 1o o
known arganophosphote binding site (7).

Oxygen binding properties of Chicken stripped hemolysate

Pso 5
(tore)
Andran  Chicken Brmolrate ;
Malll 0aM 5.0 1.0
+ IHP lmM 1.0 1.6
& log Py 2INF ImM & 1@
Sea bwel Chickra hemolyrate -
MalCl 0.IM 5.0 2.0
+ IHF lmhi &0 1.6
A log Pgp &INP Imdf = 1.0
Human Adull kemoplobin (B A) -
Mal1 UM 11.8 Tl
+ IHP lmM 6.1 E |

A log Pgg SIHP TeM : 0.9

iher experimenis] condiisey

pH 72, bisTris 0.05 M, [Heme] = 60 M, 41°C,

Table 2
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Fi_ll““: 1. Oxygen Equilibrium Curves of Red Blood Cells suspensions: 1) normal human RBC's; 2) andean
chicken RBC's; 3) “hybrid” (panially deadaptmed) chicken RBC's; 4) sca-level chicken RBC's. Experimental
conditions were: pH 7.4, NaC1 0. 14, bis-Tris buffer 0.05M at 4 LC.

4

@

Hill nfﬂEFFi'r:JEnt I

F{;rwg £
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1 e 3

log [Y/C1-Y)]

Figure 2. Cooperativity Curves of Red Blood Cells suspensions versus log] YA 1-Y)] (cormesponding 1o the
first derivative of those illustrated in Figere 13 1) normal human RBCs; 2) andean chicken RBC's; 3)
“lybrid” (partially deadaptated) chicken RBC's; 4) sea-level chicken RBCs. Experimental conditions as in
Figure 1.

DISCUSSION AND CONCLUSIONS

Our results therefore suggest that the difference

in oxygen affinity (P, ) between the sea-level and
high altitude andean chicken blood may be due 1o
an adaptative mechanism: it may be related (o o
modification of the concentration andfor of the

activity of the main cellular effector IPP rather
than 1w a  structural  abnormality.  Similar
mechanisms have been reported in the pasi in
other species (7,8,9). The slow reversibility of the
blood oxygen affinity towards the sea-level
values observed in ihe “hybrid" chicken group
does not favor either o genetic origin, We hove
also performed preliminary measurements of the
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intra-erythrocytic phosphates content of these red

cells by "'P-NMR analyses (Pr. Canioni et al.
Bordeaus, FrancedB8). Up 1o now, it did not
revealed important changes in the intracellular
components of these red cells(9) It will be also
imporiant 10 consider that birds have nuclealed
erythrocytes which may account lor  more
complicated  metabolic  changes; such  as
hydration, pH, i1omc  activity;  induced by
mniracellular hypoxia. We canngd exclude cither a
change on  the intracellular  hemoglobin
concentration, All (kese phenomena, alone or
associaled, could be responsible for the obhseryved
sa-called-adaptation 1o hypoxia.
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THE BRAIN AT HIGH ALTITUDE: CLINICAL RESEARCH
AND MOLECULAR PHYSIOLOGY

ALTITUDE HYPOXIA EFFECTS ON BRAIN

John W. Severinghaus, MD
Cuzco, Perd, Sept 26, 1996

RESUNMEN: Efecros de la Hiposia de Aluras on el Cercbiro

La vasodibsescsin corcbral hipasica es mediada por una via complejs o wwds de células gliales whicadas ot nessonas ¥ anerolns
coichrales, Esla vin supone bs likeeagidn de B° y sdeneing n el liguido extracelular (ECFL La acidosis liciica es mens mmporianic de lo
e & habda asumido previamente. Buramie las primeras hoess en altora, € flujo @asguines cercbeal (CBF) mcementa J0-60% ¥ luepo de
nlgenas ding coe 5 valomes i nonmales. La magnitnd de esie incremenio transiiono depende de lo alibud, de ls sensibilidad vascular
conchral ¥ de la sensibilidad wenilatenis individual e=e al O coma al C03. La reduccidn posienior del Majo ex wn problema na bien
comprenchids, pero e explicado al menos en panie por incremencos de o P2Os, del pH del Bquido eefalanmaquides (C5F pH) y por usa enida
de PO, pero no por b polsciiemaa il par la scnsibifidad nedueida de bos vasos cerebrales a la kiposia. Los efecios tandsos de la bipoaia
incluyen reduccidn de base empdn en sangre ¥ CSF, sensibilidsd ercciente de quimbcrracepones perifomeoe, hemalesrie crochenbe ¥ tal ver
expreside de VEGF en macrdfagos. Ningumo de los fxctores conecidos como reguladores del CEF (incluyenda In podiciiemia) poeden
expsgar por comglan B evadendia de que o CHF sea normal o subnosmal on natives de altem ¥ en sujelos completamente aclimatados, en
coiequncide con sujelcs normales de nivel del mar, Se hs reponsdo un CMBO: eerchil ridueida en hsmanos natives de alvam, lo gos
posdria ayudar o explsar ¢l bajo CBE. El mal de moniafa agodoe (AME) y el edema cerebral de alfura (HACE) pueden acompaiiarss por un
alia CAF, pues ol Poly o monor, pora AMS ¥ HACE no pueden ser causados por un CHBF abo, ya que la lipercapnia no puedo prodecir
enfermeld simiomdnies, o pesar de un ilgjo mayor, La imjuria cercbanl pmil obserda en mesaafilag . pucde enar relacionads con
vasoeonEIncckdn Ripocipnica v can unn marcnids calda en el POs, La injunia capilar de slura pusde debense a o chioquing YEGE liberads

o el ocrebio hipdxico por bes macrdlages que imician la angiogénesis.

Polabras claves: Alicud: Hiposia; Cerchro; Flujo samguineo

RESUME: Effcts de hypoxde d'altitude sur le cervea,

Lo vasmldmmion cérébrale hyposigque s clfoctec par une vl
complexe, par I'intermaéliaing de celbukes ghsls siudes enine les
nomones o ket andricles cénfbemles. Colle voie supposo la
libdration de K* e d adimosine dans be liquide extricellulaire
(ECF). L' acldose locikjue esi mains impaitanie que o que Foa
supposail aupamyant. Au cours des premieres heeres en altioede
ke Mut songuin cérchral (CBF) sugmenic de 30 & 60 % et
relnmbe & des valeuss presque normales au bost de quelgues
beurcs, Loamplosr de coite ddvation passapiee dépend de
Ioltiude, de b sensibililé vasculalre cénibrale o de Ia
senidhililé pespimicions individucile & 'Oy e a8 00z La
peduction ultdricure d Aux est un phinomine impardaitemenl
compris, mais qui &expligoe au mains en paric por s
augmentations de ks POy, du pH du liguide séphabenchidien
(CEF pH) et par une chae de la P,CCh, mais pas par wne
polyglobulie ni par wpe sensibiliid eiduiie dos woisscaux
cénébrauz A hypesic, Les effets tardifs de Phypoxic incluenl la
rdduction de ln base tampon dans le samg el ke CSF Qs
cepecibidind  croizsanic  des  chimionioeplours lFﬁI"'FM"IFﬂ.-
I Témabocride en augmesaiion cl dveminellement ['expression de
VEOF en macrophages. Aucun des [acleurs connis comme
dtant des pégulaieurs du CRF (y compris la Il"lﬂﬂu""““’ ne
peuvent explquer intégralement I'évilenca d'en CHF nomal

au shnormsl cher ks manfs des répions de grande aliitude of
chez les sujeis complétersent acclimaids, en comparaiscn avec
e supets nommaux de niveau de faomer. Un CMBDy céntbeal
nddust & & signalé cher dex muifs de baues rdglons, ce qui
pourrail mider b expliqguer be CBF déprimd. Le mal des
mostagnes aigy (AMS) of Poedime oivdbral do grande altitudis
(HACE) peuvent éine accompagads 'un CHF dlevd ear la Puly
el moindne, mads b couse de F'AMS ou du HACE pe poat £ene
un CHF diewd, I'bypercapmic no pouvant produire une maladie
sympinmaisque, malged mn flox ples dewd, La Wpiee obieinic
cirdbrale obeerwfe chex les nlpimistes peut diee lide & In
vasocanilriction hypocapnique L i une chuts manqués de PO,
L'amemie eopillaize O'nldisde podirmais doe due b 1s eytokine
WEGF libimie dans k¢ corveau hypoxiges par les macrophages
coummengani | sspiopendse,

Maots-elis : Ahltude, Hypoxle, Cervean, Flux sanguis,

SUMMARY: Hypoxic cerebml vasodidation is mediaied by a
complex  pathway through pleal cells positoned  Betwoon
noaroees and corchral anencles, and involving both K and
adenoxing rolease imio BCE. Lactic acidosis is ol less
impaitasc: than hael boon assimsed. Dusieg the fim houms a8
alfitude, CBF rises 30-60% and then afier scme days, fafls to
mearly mommal valoes. The magmibsde ofibas Iangical nise
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depends on the altiveds snd the individual cencheal vascular and
ventilsors sensilivilies 1o bodh Oy amd CO; The subsaquent
reduction of Mow remains pocely understand, but is a1 less
partly explained by rises of PaCk, C5F pH, and fall of PaCOh,
bust meicher by polyeythemia, nor reduced sensitivity of cerebenl
vessely o hyposia Later effects of hiypoaia include reduced
blopd and CSF buffer base increasing peripheral chemo
Fecepbor  scnsilivily, rising Hel ond pohaps  macrophage
expressian of VEGF Nane ok known Ftarsegulating CAF
{inclading polycythemia) con fully acesnt for the cvidence that
in seversl stedics, natives of high abiide, and those fully
acclimatized, have been foand 0 have marnal or subnommal

HYPOXIA AND CBF

Cerchral blood (CBF) rises 30-50% inmedipely at
altitedes such as 4000-6000M. but falls (o near
normal; afier a few days at altitude The reduction
i not fully explained by improved Sa0,. Hol or
CSF pifl CBF is affected by vemilaiory responses
to hypoxin and CO,. With neuronal activation, 0,
consumption and local CBF rises within 1-2 CBF:
is regulated by local metabolism at the level of
capillaries and precapillary sphincters (1), but
pressure u pstream from alterioles is regulated by
the larger conducting arferies with aulonomic
innervation which reduce lumen diameter when
arterial pressure rises (2, 3). Flow is independent of
mean  systemic  anlerial | pressure belween
approximately 60 and 150 mm Hg (4). Both
during and  following  severe  hypoxia
autoregulation may be disrupted (5, 6).

Blood Mow in individual capillaries in brain is
inlermittent, resulting in 6-12 per min +30%
oscillations in lissue Po2 (7-9). Vasodilalors
increase the number of capillanes perfused o any
moment (10}, Average cortex PO, is about 9 mm
Hg as determined with recessed. calibrated sold-
plated microoelecirodes (11} Mewronal
milochondrial cytochrome is normally not fully
samurated with Oy, such that the redox state iz not
Tully oxygenoted, and some "anaerobic metabolism
defined as lactale excretion is normal,

CBF rises in proportion 1o the severity of hypoxia,
but with extreme varability between individuals
and species, primarily due 1o the effects of hypoxic
hypervelitilation on  PaCO,. While swudies in
humans at altitwde have found rises of the order of
30-60% during the initial hours or days, flow was
shown to be increased by as much as 250% in
awake sheep at Pa0, = 40 mm Hg ( 12) and more
than 4 fold in rats ot Pa0, = 24 mm Hg { 13 )

CO, is uwsually kept constant when iesting CBF
sensilivity 1o hypoxia. In 9 heallhy male
volunteers, { 14} a step reduction of PaQ, 1w
34.6£1.6 mm Hg (SE) { 66% Sa0,) increased CBF
about 7% (from 045 1o 077 ml-gm “-min’")

CBF teainpared wilh sea level nomalsp Reduced brain CMBRCH
has Been reponied in humans mative 1 high altinude, wiibch
coiild help explain the low CBF AMS and HACE may e
sceompanied hy high CBF, bocamse Pally is hewer, but AMS
anil HACE ecanmol be coused by lgh CHF sisoe hypeancapsia
[arls 4y caiise a:,.mpmnmi.: illness, despise hipher [low Subale
Birsan infury seen in mountaineers may be celated 1o by pocapeic
vazopanstnction ond 8 marked alkalive Bohr downshidt o
capillary POy, Capillary nlery at high allitude may nealt from
the eviokine YEGF nedensed im hypoxic brain by macrophages
inisiateng angsogenesis

sccompanied by a 27T% rise in  glucose
consumption I:CMRﬂj and a 4 Told rise in cerebral
lactate  prodection  (CMR,_JCMRO,  was
maintained constant by e Pasteur effect{ADP
controlled glyeolysis) In Fetal lambs made hypoxic
by acute maicrnal isocapnic hypoxemia, CBF was
an approximately linear function of fetal Sa0,
down 0 nearly zero at which point flow was
incrensed to aboul 250% of control (15) Isocapnic
hyposia CBF in pormal men ot 3810m alumede
{(16)Figure 1) rose 45% wm 66% Sa0.
Hemodilution increases cercbral blood Mow in
polycythemic paticnts and in subjects with high
normal Het (17),

MEDIATORS OF HYPOXIC CEREBRAL
VASODILATION

Cerebral arterioles are dilated by low PO, (14) and
low O, conieat (anemia) (17). Increased local
neurenal activity (18), hypercapnia ( 19), increasing
vascular smooth muscle ECF [H] 200, [K] (217,
adenosine (22) imtravascular NO (nitric  oxide)
generated in endothelia (23) and a variety of
autocoids and cytokines (4). Hypoxia may have
other sl unknown  dircet  vasodilating
mechanisms. Cerebral vasodilation in both hypoxia
and with newronal activity is mediated by glial cells
which "conneet” neuroncs (o the nearest artcriolar
smooth muscle cells. Neuronal K 15 their pulative
input signal while adenosine generated by ghia, K°
{and possibly NO} may serve as the vasodilators at
the sphincier surface.

CBF CHANGES DURING ACCLIMATIZATION

During acclimatization of normals o 38 10m
altitude, Severinghaus et al (24} reported a rise of
245 alter 6-12 hrs with mean Fal,=43 5 mm Hg.
PaCO.=35.0, pH =7 45, and pH__=7 32 (n=4) CEF
fell 1o 13% above sen level control values at 3-5
days as PaD, rose 10 51.2 mm Hg. PaCO, falling to
2% 7 mm Hg Afier 10 mill of 0% 0. {acule
nuu-mn:t.ml.._ CBF fell 1o sea level control values on
bath occasions, while PaCo, remained low a1 35.1
mim Hg at 6-12 brs, and 309 mm Hg o 3-5 days.
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Aferd-5 days at altiwde, during acute,normoxia,
when CO, was increased 1o 35 mm Hg 1or 10 min,
CBF rose w 33.8% above sea level control. This
greatly increased response o a PaCO, of 35 is a
result of the fall of ECF HCOduring
acclimatization and its effect on arteriolar ECF pH.
Al sea level, a reduction of PaCO, 1o 35 mm Hg
would have reduced CBF by about 10%.

Jensen et al (25) in 19 subjects, ascending from
150 to 3475 m, found CBF was 24% increased at
24 h and 4% increased m 6 doys, In nine subjects,
ascending from 3,200 1o 4.785-5430 m, CBF
increased 53% above estimated sea-level values In
I3 young malbe soldiers transporied o 3700m
altitude, Roy et al (26) found that CB F was 405
above control ot 12-36 hes of hypoxia, and
diminished to 4% above control afler 4 days.

Viea [¥e)

Girsdual fall of CBF with time in CIOINC hypoxia
has also been reported by others (27-29)

However, nod oll subiects show initial vosodilag.an.
Those with wvigorous carolid chemoreceptor
responses may hyperventitule encugh o block the
hypoxic vasodilation (27.30). In view of the
evidence that Mlow falls with time w altiwde, one
might expect the sensitivity of CBF 10 an acute
hypoxic challemge to decrease in the course ot
altitude scclimatization. Howewver, it apparently
does not, During 5 days at 3810m in 6 normal
sdulis, Jensen et al (16, 31) found a 34% rise of the
hypoxic CBF sensitivity (Figure 1) They
concluded that the observed fall of CBF with time
at aliude cannol be alributed o adaptation ofthe
vascular sensitivity 1o hypoxia,

EEEECE

Fig. 1. CBFv% (% of control CBF velocity by TCDY) in response to 5 min steps to 4 levels of isocapnic step
hypoxia in 5-6_ normal subjects aftler 3-4 days st 38 10m altitude (16). The hyperbolic empiric relationship was:

CBFv& = 100{] + X[(60/Sa0,-40))- 1])-

Foctor X was found 1o average 0352011 o1 sea level and 04620008 afier 5 days at altiugde X may be
interpreded as the fractional increase in CBFy induced by 5 min of hypoxia at 70%: Sal,.

Factors which might coatribute 1o the slow
reduction of CBF o altiiude include: 1) gradual
improvement of arterial PO,; 2) gradual rise of C5F
pH. as the carotid chemosensitivity incremses,
driving ventilation up and PCo, down; 3) an
upward shift of P, lacilitating unloading of O, in
tssue; 4) increased Het; 5) postulated increased
sympathetic cerehral arterial one (32); 6) some
remadeling of the microcirculation or the length of
the critical diffusion paths between capillaries and
cytochrome; and 73 o decrease in CMRCO,. Krasney
etal (20, 33} demonstratéd in 1985 that ihe gradual
fall of CBF with time at altitude did not occur over
the course of 4 days isocapnic hypoxia in sheep il
PaCO, and Pa0), were kept constant, thus ruling oul
any short term sdaptation of the hypoxic

vasodilation of cercbral arteriolar smooth muscle.
Manohar el al (34) were unable o identily any
factor responsible for the gradual loss at high
altigde of hypoxic cerchral vasodilation. Acule
hypoxia st 3500m (simulated) altiude (PaO=49
mm Hg} increased CBF in control calves from 75
1o 101 ml 100g" min". Afier 7-8 wecks of hypoxia,
while still in the hypobaric chamber, CBF averaged
69 ml 100g" min"-With acute normoxin CBF was
79 ml 100g" min” (n 5 ). PaCO, was 40 mm Hg in
control calves, 35.5 in chronic hypoxia and 38 in
acule normoxis. Hetl did not rise and there was no
right shift ol P,,,
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Fig. 2 Time course of CBF in newcomers at 381
Om  altiwde, showing the acule responses 1o
normoxia and hypercapnia, demonstrating  the
gradual fall of CBF with time, and the resetting of
hypereapnic response (o a lower Peo, { 24),

CHRONIC HYPOXIA AT ALTITUDE

Matives of high altitude may have low cerchral
metabolic rates (by as much as 20%), which could
be responsible for lower CBF (35) In 8 normal
adult natives of 4300M alutude (Cermo de Pasco,
Poru), with a mean Hei=57.8+6.3% and mean
Pa0,=43.6+2.4 mm Hg, Milledre and Sorensen
(36) found that breathing 100% 0, increased the
arterial-internal jugular 0, content difference from
7.89£1.01 w 9.5821.17 ml dI". representing an
18% decrease of CBF with hyperoxia. The stedy
demonstrated  the presence of a  lifelong
vasodilmtion due o ambient hypoxia Yet their
mean {a-v) O, content difference while breathing
ambicnt air was greater than that of sea level
normals, suggesting a sub-normal CBF.

In the relationship of CBF 10 Het, no significant
difference hos been detected between sea level
natives studied a sea level and altiwde natives
studied at altitede (Figure 3) Marc-Vergnes (37)
repo. led sub-normal CB F in 16 natives ofthe
Bolivian altiplano (40 compared with his normal of
50 ml 100g" min" in sea level natives). Pulting
these observations together suppesis that, while
natives at alilde always retain evidence of
hypoxic vasodilation, flow is anomalously low
considering their chronic hypoxia, and cannot be
fully explained by the known controls, hypoxia,
ECF pH, Het ete. Several animal swudies have not
supported the linding of a retum to normal of CBF
in chronic hypoxia (34, 38-40)

AP i/ M0 min)

Fig. 3. CBF of natives ofihe Bolivian aliplano was
found to be an inverse linear function of Het, with
normal Mow cormesponding to the sea level normal
relationship 1o Het. The relationship may be
approximated by: CBF = [65-0.5Hct](ml-100g
'min”). Circles: Acute hyperoxia at  altilude.
PO>I150 mm Hg: x: Ambient hypoxia at 3700m
(La Paz}, P0.= % mm Hg (64).

AMS AND HACE: ROLE OF CBF?

Subjects with AMS are suspected 10 have a poor
ventilatory response 10 hypoxia and thus 1o be
more hypoxic and have a higher Peo,, hath of
which should result in higher CBF (417 Thrce
related questions have been addressed: 1) Are
subjects  with AMS more  hypoxic  andfor
hypercapnic than their healthier associates? 2) If so
i & their CBF higher? and 3) Does the high Now
cause or exacerbate the AMS (31, 42, 43)7

AL 4559M, overall CBFy increased 48% in subjects
who developed AMS and 27% in subjects without
symploms (44). In 12 normal subjects, increases in
CBF at 3475m were similar in subjects with or
without AMS In six, CBF was measured before and
after therapeutic intervention (25). AL 2h, CBF
increased 22% above pretreatment values in three
subjects given 1.5 g acetazolamide, while three
subjects given placeho showed no change, Owverall,
the resulls indicated that increases in CBF were
similar in subjecis with or without AMS while
acctazolamide-provoked increases of CBF in AMS
subjects caused no acure change in symptoms, The
authors concluded that high CBF cannot be direcily
implicated in the pathogenesis of AMS.

ROLE OF LOW Peo,

Maher € al (45) tesied whether prevention of
hypocapnia and alkalosis would ameliorate the
Symploms of acule mountain sickness (AMS), Five
s:uhjl.'::ls were exposed o simulyed high altinde
lor 4d with 3 8% CO, added 10 the chamber 1o
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maintain normocapnia. Four other subjects were
exposed for 4 d 1o hypobaric hypoxia withow €0,
supplementation, aal becanie hmuﬂpﬂifj
Barometnic prossure was lower in the group with
aelibedd CO, s0 that alveolar oxygen tensions (55-60
mm Hg) would not be differen. The saverity of
symplams was clearly greater in normocapnic than
i hypocapnic <ubpects. The conirol hypecapnic
subjects presumably had mare alkaline pHa, thus a
lell shilied ODC resulting in betier lung O, uplake,
higher Sa0), and a lower CBF (assumed) -I:I;'?I'I'I]'!lfll\ll.‘l;]
with the  experimental  CO-supplemented
normocapnic group. Barisch et al (46) randomly
allocated twenly mountaineers with AMS a1 4559
m ke 3 treatment group 1) with 33% 00, . 2) with 3%
CO. in air and 3) an air conrol. 33_% Q,
significantly relieved symplorms of AMS, and
reduced CBF but €O, addition did not significamly
omeliorate  AMS,  despite the rise of Pea,,
venlilation and alveolar Po,.

In order w determine the role of C0,, Yang et al
(47} exposed chronically instrumented ewes 1o 96 b
of hypoxia (Pal,=40 mm Hg) in an envirenmental
chamber One group of 12 was permitied 1o become
hypocapnic (PaCO.= 27 mm Hg) while the other
group of 9 wax kept eucapnic (PaCO, = 37 mm
Hgl. AMS, estimmted from food and water intakes
and behavior, occurred in 9 of 12 with hypocapnia
and % of @ with nermocapnia, Inteacranial pressure
and the pressure gradient betwenil and  saginal
sinus increased only in AMS sheep. CBF was high
o all, bui greater in the normocapnic animals,
Brain cdema occurred only in AMS sheep.

Ta 1est whether high CBF alone could couse
verchral edema. 5.P.Yong and Krasney (48) kepm
sheep for 4 days in elevated CO, (32-535 mm Hy)
CEBF remained about iwice nommal, and CMRO,
was increased both during exposure and in the post
hiypercapnic period. They observed no symptoms
like those of AMS or HACE although brain water
rose shightly  lonl 79820024 w 8303202%
{p=0.05) High CBF is unlikely 1o be the root causc
of HACE.,

ROLE OF ANGIOGENESIS IN HACE?

Betinal petechial hemorrhages found in many
climbers at extreme altitede suggest a pathologic
process involving cerebral circulation which may
B assumed 1o exist throughout the brain This may
be o result of the first step in the process called
angiogeneais (49). Tissue hypoxia is the iniliating
stimulus of angiogencsis, a mullisiep process which
fc. 2. in tumors) ultimately leads 1o growth of new
capillarics into the hypoxic lissue. A vanely of
protein  cytokines are expressed both by the

hypoxic cells and by macrophages atrscied 1o
those cells, The poncipal initial cytokine 15 VEGF
(visgulor  cndethelial  growih  factor,  formerdy
lermed VPF, vascular permeability Dictor), WEGE
attocks  apd  dissolves  capillary basement
membrancs,  permilling  plasma and  red  cell
leakage, as o precursor o growlh of endothelia
wward the hypoxic  region.  In preliminary
expermments (unreporicd), F. P.Xuo at THCSF has
demonsirated transiend riscs in mENA for VEGF
and in VEGF protein during the first -3 days of
sicady  severe hypoxemia in rats and  rabhbits,
Dexamethasone has boen lound o be o highly
paolent inkibitor of angiogencsis, sugpesling That
perhaps s well established ability fo prevent and
ireal AMS and HACE might be related to
inhibiting capillary leakage initiated by VEGF in
the carlicst siage of angiogencsis.

Acerazalauide

Acclazolomide  (AZ) has  beem  used by
mouniaineers for many years, Dciliating sleep al
altitude and increasing cercheal @y delivery Oral
administration of | g of AZ w 8 nermoxic subjects
studied 1 sea level coused on soute 38% increase in
CBF (30, 51). During the subsequent prolonged
oral treatment with [ g of AZ daily, CBF returned
to normal within 2 days, The alveolar CO, ension
decreased grodually o T0% of the confrol valwe.
Bused on this, the authors speculated tha litile of
the benefit of AZ at altitede is due 1o increased
CBF, thal the beneficial effects are more due o
increased  ventilation  raising PaQ, allfording a
significant increase of the arerial oxyoen conbeni.
However, in these normoxic studics, some of the
flow reduction with time can be atiributed w the
306 Tall of PuCO,. In the absence of hypoxia thess
studics may not be applicable o althude elfects.

Understanding the various effects of AZ on CBF
during acclimatization ol altitude 15 complicated by
the slow rise of PaCO, during blood iransit from
lung 10 brain arierioles. The uncatalyzed time
constanl of rhe HCO, dehydration 10 dissolved CO,
in blood is about 7 5. Due w its stimulation of
ventilation, PaCO, and end capillary PaCO, in lung
Fall. Cerebral arteriolor PCO, may thereby be
reduced by AZ, while PaO, is increascd, both of
which should reduce CBF. For example, Huang et
al {52) wilized Doppler wltrasound in 8 volunteers
to dedermine whetler the wsunl AZ dose (250 mg
threc times daily) would increase CBF velocities in
internal carotid and vertebral arteries. Although AZ
decreased pHa, PaCO,, and P_CO... both during
normoxia and subacute hypoxia, they saw no effect
on cilher baseline CBF or the CBF responses (o
acue hypoxia or hypercapnia. Kjaliquist and Siesjo
{53} used fast freeze sampling of rat brain (o show
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that brain HCO, . was increased about 9 mM kg’ by
AZ The rise of tissue. Peo, (~dmm Hg) could only
have increased brain HCO, by 0.7 mM- kg'.

e potential mechanism of AZ vasodilation was
thought to be o blockade of the Bohr effect of
metabolic CO, in tissue capillaries acting via pH to
increase blood PO, and thus facilitate unloading of
0Q,. This possibility was excluded by Cotev et al
{54) using brain surface PCO, pH and PO,
electrodes When 25 mM kg’ AZ in dogs increased
CBF by 69% as estimated from arterinl o saggital
sinus blood O, content differcnce, conex surface
PO, increased by 16-20 mn Hg. They noted (hat
surface pH fell from 7.22 0 7.12 within a few
minuies, accompanicd by o small rise of surface
PCO, Trom 45 10 48 mm Hg, insuficient 1o cxplain
the acid shift. In view of the rise of tissue HCO,
produced by AZ (53) they speculated that they
were ohserving carbonic  acidosis as il brain
metabolizm generates carbonic acid (e, H' and
HCO, ), not gaseous CO0,, as the first products of
decarboxylation. This was Iater confirmed direcily
in brain fissue homogenates (55). The socapnic
acidozis produced by AZ was conflirmed by Bickler
et al wsing [t comical surface PCO, and pH
elecirodes (56). Following IV injection of 25
mbkg' of AZ, vemilation was adjusied o hold
brain surface PCO, constant. Brain surface pH fell
approximately 0.1 pH within 3 min and brain
oxygenation monitored by MADH fluorcscence
rose, even when animals were ventilated with
100% O, before giving AZ (57). The cortical
surfpee location of the electrodes supgpested that
AZ rapidly penetrated the blood brain barrier.

Brain intraccllular pH measured with MRS of
phosphate does not fall after AL sdministcation
according o Vorsirup et al (sensitivity of the
method is himsted o 20006 pHKS8). Cells respond
to the rise in H,CO, by more rapid export of H'
than of HOO,. Undizzociaied HCO, s Tredy
diffusible out of cells. During hypoxia at high
altiiude the overall effect of prolonged AF
treatment may be eguivalent 1o o descent of several
hundred metres It is probable tha the increase of
ventilation and oxygenation induced by use of AL
al high altitude obscures its inherent vasodilation,
such that NMouw would Tall with tme m altwde
faster without than in the presence of AZ

BRAIN  PATHOLOGY AT EXTREME
ALTITUDE

There is linle evidence that hypoxia directly injurcs
brain in climbers a extreme altinedes, b i is less
clear whether in some way blood Mow may be
linked 1o brain injury. Hornbein and associales (59)

performed  neuropsychological amd  physiologic
festing on 35 mountainecrs hefore and 1 1o 30 doys
after ascent 10 aliiludes between S488 and EH48 m,
and on 6 subjects before and afler simulation m
altitude chamber of a 40-day ascent (o EB4E m.
They reported a persistent dechine in visual long-
term memory A higher ventlatory response o
hypoxin correlated with a reduction in verbal
learriing (r = -0.48, P < (.05) and with poor long-
term verbal memory (r = 099, P < D01} An
increase in dhe number of aphasic errors on the
aphasia screening test also correlated with a higher
venlilatory response 1o hypoxia in both  the
simulated-nscent group and a subgroup of 11
moumaincers. Because the Tunctional decrements
were greater in those who were believed 1o be less
hypoxic, they suggested the possibility that the
injury in climbers with strong HVE might have
resulied Trom hypocapnic cerchral vasoconsinction,
combincd with the Bohr effecton capillary PO,
afihe extreme amerial alikalosis pH owas predicted
to be about 7 75 from the measurcd cnd tidal PCO,
on Everest (60) but was measured w1 7.57 and BE
wis -0 mM n the subjects in the Everest 11
chamber expenment (61}, inducing o Bohr elfec
lefi shaft of about 2008

Song o al (62) reported cerehral thrormbi in several
chimbers who had gone higher than 5,000 m (or
longer than 3 wecks. They speculated thar the
cawse  wios  hemoconcentration  resulling  from
secondary  polycythemia  and  dehydration  at
altitede. In the fetus and infant, hypoxemia whether
from high alntude or other causes, is associated
with increased cerchrovascular morbidity. Longo ¢t
al (63} compared cerchral arerics obtaingd from
nonnoxic and chronically hypoxic sheep adults and
lfetuses, Long-term hypoxemia wis associated with
generalized increase in basc-soluble proein (5.
%), a depression of the maximum potassium-
induced tensions { 16-49%), and a depression of the
relaxation TCSPOSCS laa S-nitroso-N-
accetylpenicillamine (1-11%), which releases nitric
oxide into  solution  wpon  hydration.  They
concluded that  chronic  hypoxemin  depresses
cercbral vascular smombh muscle and endothelial
hypoxic response (0 a greater- extent in the felus
than in adulis
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INCREASE IN SUCCINATE DEHYDROGENASE ACTIVITY IN MICE BRAIN DURING CHRONIC
HYPOXIA
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RESUMEN . Se midi la sciividsd de In seecinato deshidropenasa (SDH) on sicie regiones cerchimles de miones cxpoesios 3 Hes semanis
dhe hipenia hipobdrica (450 1oev, 4380 metros por encima del nivel del mar), v v¢ compand con les coniroles pornwingoos de nivel del mar, En
el grapo hipdzico se encontrd un aumento del 40% en la actividad e la SDH en la conteza y el hiporampa. Este podria scr un mecanisma
compensatario frente a la disminscidn de In sctividad de oiros compenenies de |n cadena resparatona en condiciones de hipexia kipohdrica,
<Oina Und eslralegia para mantener ln produccida sammal de ATP

Palabrns claves: Metabolisme corcbeal: Seccinato deshidrogenasa; Hipoxia; Ralones

RESUME: Accrobsement de Pactivité de In suecimsic
iixhydropénase dans be cervean des sourls ou ceurs de
I"bypoxic chroniguc.

On a mosurd I'activitd de b seecinole déishydropdnase (SH)
dans sepd régions ofrthrales de sourds exposdes & irols semaines

d"hyposie hypobane (450 toer, 4 380 m d'aldude) & on a
coifpand avee k= contrfles mormoxigoes due nivess de mer,

Dkans le grospe hypowiqes on a conséad une augmeniaiion de
40 % de Pactivid de B SDH dams le comex et dans
I"ldppacampe. Colle augmenlation pourmail e en mécanisme
compensateur face & la diminution de Pactivied daubres
composasds de la chaine respiraoire dans des condilions
d'liypoaie hypobure, comme une sielégic pour maisienir
production normale d"ATP.

Mals-clés : Masbalisne alrfbral, Succinale déshydropénase,
Hwposbe, Scuris.

INTRODUCTION

Human brain has one of the highest meabolic rates
in the body, while representing just 2% of tolal
body weighl. It accounis for 2056 of the total body
weight oxygen consumption and  95% of s
metaholic demands is acrobically sccomplished
(1,2}, =0 the normal function of the brain is almost
entirely dependent on an adequate supply of
oxygen for the synthesis of ATP via oxidative
encrgy melabolism..

At high altitudes, where the oxygen arterial PO, is
reduced almost 1o half sca level pressune, it would
be expecied that brain function is affecled in some
degree. An extreme case is the Chronic Mountain
Sickness, which iz characierized n parit by
neurologic and psychiatric symptoms such as
headache, paresthesias, depression, physic and
mental fatigue (3). Also the risk of migraine and
strokes is considerably increased {4).

Changes induced by prolonged exposure (o
hypoxia in cerchral energy metabolism have been
reported (5), such as increase in glucose ranspor

SUMMARY: Succinale delivdiogenase (SIMHb notivity was
measured in seven brain negions of mice caposed 1o thice weeks
of hypoharic hypoxia (450 100, 4380 melen above sea kevel)
and compared Bo {0 nommoxic sea lovel canbiale. I the hypaxie
groap we (oand an increased sctivity of S0H 6 costex an
hippocampus of 400, These rsalls can be coplaned ag a
compensatory mechanism for the decreased activity of ol
components of the nespiralory chain in lypobaric hypoxia. as an
sirdepy 1o mantaan the normal ATF production.

Key Worde Hmis metsbolism; Suvccinare  dehydrogenase;
Hypoxia; Mice

geross the blood brain barrier (6) and increased
brain glucose consumption (73, reduction in the
respiratory activity of mitochondria,  including
cilochrome C oxidase (complex IV) and NADHCo
Q reductase activities (Complex 1) (8.9). Both
enzymes are located in the inner mitochondrial
membrane. The succinate dehydrogenase is a
component of the Krebs cycle and is also a memibser
of the mitechondrial respiratory chain (complex 1)
{10).

In order 1o determine il other enzymes of the
mitochondrial respiratory chain are also altered
under this metabolic stress, we cvaluated the
activity of Complex I in mice brains exposed to
prolonged hypoxia.

MATERIALS AND METHODS

Litter mates of male Balb/c mice 3 were obiained
afler weaning at 21 days of age. One group (n=7)
was transported to Cerro de Pasco (4380 meters
above sea level. A sccond group remained at sca
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level under similar conditions as the control
b group

Alter three weeks of exposure 10 hypoxia mice
were decapitated and brains quickly removed and
stiored al -70 oC until use, The following brain
regions were dissecied: fromtal conex, remainie
cortex, cerebellum,  hippocampus, hypotalamus,
talamus, and corpus striatum. All the procedures
weere carricd oul at 4 oC. In brief, tissue samples
were homogenized in phosphate buffer 03M ph

spectrophotometrically on 600 am using Phenazin
Methosulfate  (PMS) amd 2,6  Dichlorofenol
indophenol (DCFIF) as final electron acceplor as
previously  deseribed by Singer (11D,
Concenirations of proleins were mensured by the
method of Lowry using bovine serum albumine ns
the standard (12}, The resulis were expressed ns the
mean + 5D values and comparison between
controls and hypoxic animals were evalusted by
Student s t test (table 1).

T4 (10F& wiv), and the SDH asctivity was assayed
Table 1. Succinate dehydrogenase activity (mmol/min/mg protein) in brain regions of mice exposed 1o three

weeks of hypobarie hypoxia,
Control Hypoxic

Frontal cortex * (n=7) 619+ 128 100,7 £ 37,6
Rest of cortex * (n=T) 432+ 10,7 G0,T £ 146
Cerebellum {n=T7) GEEEI12.E 76,0220
Hippocampus * (n=3) 164 £2.6 212439
Talamus (n=5} 175249 203139
Hypotalamus (n=T} 19653 179+ 0.3
Striatum {n=T) 15,1 26,1 127121

Values are means ® 50; n = number of mice.
Significantly different from normoxic controls by Stusdent’s 1-test, p<0,05,

RESULTS

After three wecks of exposure 1o hypoxia mice
showed reduced body weight and had higher
hematocrits when compared 1o controls, The mean
body weight (g £ 50 was 24,9 % 1,1 for controls
and 196 £ 2.1 for hypoxic mice (p<0,003). The
hematocrit (% £ S0} was 47,7 £ 3,2 in controls and
6 £ 1.8 in hypoxic mice (p<(0,001)

Succinate dehydrogenase activity was increased
40% in the corex and hippocampus of hypoxic
animals when compared with sea level group. The
other areas evalumed did not show a significant
change (table 1),

DISCUSSION

Prolonged exposure to chronic hypoxia induces
changes in brain energetic metabolism as described
previously, including a reduction of complex 1 and
complex IV activities (5,9), These changes in the
respiratory chain may affect the synthesis of ATP.
However Harik et al. (7) have demostrated that
ATP levels in brains of rats exposed three weeks 1o
hypabaric hypoxia remain unchanged. This normal
ATP levels may be achieved at least in part by an
increment in SDH aclivity a5 a compensatory

mechanism for the maintenance of normal slectron
Mux through the respiratory chain. Previous stedics
have also demonstrated changes in the SDH
activily induced by hypoxia in some brain regions
and other tissues (13-16),

As Robin stated, there could be  allernative
pathways as adapiaiions to chronic hypoxia in
mammals (I7). One of the possible involved
mechanisms is the increase of succinate thiokinase
within the Krebs cycle, produced by the anacrobic
metabolism of glulamale as occurs in heart (18,19,
The proper knowledge of this pathway in chronic
hypoxia warrants Turther investigation,
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RESUMEN: Adapiaciin de Ia Microcirenlaciin Cerebral a ls lipsyis Hipahdrica Fralongals

Be revisa algunos de los efecio de la hiposia hipobdrcamodona (0.5 atmdsieras) sobre b microcirculacion seneheal en mtas adualias,
La vascularieacide ceschral ousnenta lucgo de hiposia profongada, pero ol carsa en ol tiempo de la respoesta adaptaliva ¥ U
seversshilikaad no sc conocen. Mo hemos cicontrado un aumeneo signifleniive en |n vascularizacide cerebml boego de 4 Jias & hipoxia,
pern s un incrememo significative de de aprostmadamente do 3% lucpo de | somamala vascularizschin cevehml conginid
sameniando, aleanzand wn miimo de sprovimodamente 70% sobee ks valone conlpokes locgs de 2 semmanas de hipoxia, pero sin
ammenta significative sdiclonal oniee ba 2 v 3 wmanas de hipoxia, Tres semanss de soomaxin luego de 3 semanss & hipoaia
revirticran la hipervasoulonzscsin fisducida por hipovia, Esa hiperascularimcitn se asocid con una densailad ncrementada de 1a
proting irnsporiadon de glucosa (GLUT-1) en nsborovnss cerchrabes siskados. eia capresion inerementads de GLUT- 1 fue svidente
b dle | semans de lEpoas, permasccid constangs luego de 3 semanas y no revimid beego de 1 semanas de recuperaciin nommdizica
Asd, o diferencia de lo viscularizaciin gercbral inerementada indocida por hiposia, La densidad da GLUT-1 incrermeninda indwcida por
hipooiia en microvasos cerchmles sislados no e edpilamenie reverithle, La combiaacidn & vaicilan zacidn cercbeal imeromentauds ¥ la
eapreisin incrementada de GLUT:1 en los microvoses cerebenles de mins sometidas o hipoxio Mpobdnica so asocian ¢on us IRSsporic
inzrementads de glucosa de la sangee al corcheo y uma tasa metabdlica corchral regional de plocess incremeniadn, Estos hallagges
documenion varing respesestas adagaativas o lo bipotia pralongsda yw]mmlll.eﬁ{udi jsepemenincly en of concbwo de ralan adulias
Iz dbe hipoxia moderada prolongada.

Falabras claves: Hipoxia. Microcircubicidn, Cencbao, (Hacdlisis.

RESUNME: Adaptation d¢ I microcirculaiion céribrale &
"ty poxie hypobare pralongde.

Queligees effets de 'hypoxic hypobare modénia (L5 sim) gor
la nmcrocirulation eéndtmle de pals sdulies oo did revus. Ly
wvasgulgnsation cdnibmle ougmente 4 la swile d'une hypoxic
prolongde, mas ke démoaloment dans ke wmps & B eoponsc
adapiative ef = niversbilind ne song pas consus. Au bout dz 4
jonfs d'Bypoake secune sugmeninlion significative de la
vaculansation cfsdhrale n'a ébd observwio, o au bout Cune
semaine on A pu nelor e augmentatkon deaviron 55 %
Cette visculateation a continsd 4 se développer jusgu'a win
iwgaiem d'environ T % par rappon aux vakuss e
référence, apris 2 semnaines  dhypesbe, mais  sang
accruissemnt suppkémeniniee significatil eniee la 2o et la 3a
senmabine. Au bout de 3 sermadnes de normoais falsant sufie b 3
semalnes  d'hypoxie, b vascmlansatbon  codplbrale st
redevense mormale. Cetle hypervascularisatson indwile par
hypoxic a ¢ assochés B une densild accres g 13 probdies
teassporiant e phecose (GLUT-1) dass des  waisseaux
capbllnires cdrdbraay isalés, Cet sccroizsement do donsisd de
GLUT-1 dans oes capiflsins o ¢ poloin: apris | semeabe
d'hypoxie, s maintensnl b ce mivesi apris 5 semaines
dl hypoxie el 3 seraines de roowpration eonmaoxiges. A, 3
la différence de kb vascularisation oférdheale indulie par
hyposie, I aecrsissement de o densité de GLUT-1 induit par
hypoxie dams bes vassseaus capillaivss cérfbrauy isolis g'esl
pmmphhm[rﬁ-mhh:.lacmﬁhmd#h
vascularisalion edachile ef de "expression acons: de GLUT-|
dans les valsseaus cfnibraua de mis soumis 3 Phyposss
hypobare est axsocids & un tunsport acend Ju glucese du sang
au cerveau, scccapagnd d'wno Ehvatinn des concomlrations
cirdhrabes e plocose of d¢ lactate of d'un taes métaboligque
cérehral  régional aceru du phecose. Ces  ddcouveries
cxpliquent  plusicurs  néponics  adaplatives & Phypasic
probongée o sugginend ung ghycodyse acenss dans be cervean
e et nubulbes apeis usse Byposic modénde e prolongde.

Mlsls-elés : Hypoxie, Adaptation, Microcieslation. Corveau,
(ycolpie.
SUMMARY: Wo roview  same of ihe effects of moderate
bypoaia (b5 aemospherc] on ot bemin
microcirculatiom of adull ral. Brain vasculamly incresses
alter predenped hypoasia, bt the time cowrse of the adaptive
respoame and fis reversihility. wers nol knean. We found B0
significant inomase im bran vascolarity after 4 days of
hypoia bt gotel o significant increase of about 33% afier |
week. Corchral vasostarity contimued 16 incfese, pimining a
maxismam af aboul 0%, ever contrel values afler 2 wocks of
hypoaks, bul wishout significant Turther incrose between 2
amd ¥ wocks ol hypoxia. Thaee weeks of pomsevia ofler 3
weeks of Byponta roversed the hypewininduccd cerchil
hypervasculariny, The cerehral hypervasculariny induged by
h}pn:hnmmh]ndﬁmmwmﬁ'ﬂrh
phecosy eransponied peoicin (GLUT-I} in isolated ocrchral
microvessels. This increased  exprossion of GLUT=1  in
corchral misrovesscls was evident ot | week of hypozia
remaingd conatant afler 3 weeks of hypoxia, and was nol
reversed afier § weeks of normoaic recovery. Thus, enlike tho
hypoxiz-induced increased bralm vascularity, the Bypoxia-
bmiluced inereased density of GLUT-1 in isolaled ecrchral
microvessels is mot readily neversible, The combinstion of
imcreaso Brain vascularily asd nereased GLUT-1 expression
in cerchral microbvessels of mis subjected W hypobaric
hypavia is associaled with incnsased hlocd-te-besin glucoso
prangpest, increased brain coscentraiions of plucose and
lacinie, ond incrensed regional cenchral motabalic cale for
glucoas, Thes: findings documment several adapilve responmes
@ prclesged hypania pmil segpes incroasod glycalysiz in the
odub rat brain after moderate and prolosped hyponis.

Ky Wards 1 Hyposia, Adaptatica, Microcircelation, Brain,
Cilegndynas
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INTRODUCTION

The mammalian brain requires uninterrupted
perfusion for its normal funclions. Blood Mow o
the brain delivers primarily oxygen and glucose;
and every clinician knows the dire consequences
of severe brain hypoxin, When hypoxia is briel
and moderate, regional brain oxygen lension may
be mainiained by increasing cerchral hlood o,
which is associaled with shorler capillary mean
transit time, increased red cell velocity, and
possible  capillary  recruitment. However, in
prolonged moderate hypoxia, other adaptive (or
mladaptive) mechanisms become manifiese (1-3),
These differ by species, but the rats response is
similar 1o man’s and [or that reason, it is believed
ihat studies of chronic moderale hypoxia in the
rat are of clinical relevance (2). Chicl among the
adapiive mechanisms to prolonged moderate
hypoxia arc increased red cell mass and changes
in ventilation and arterial blood gases, both of
which increasc the oxygen carmying capaciy of
the blood, In fact, Labanna er al. (4) examined
rats exposcd o hypobaric hypoxia at 0.5
dtmosphere (ATM) for 3 weeks and found that
although cerebral blood Mow in hiypoxic rals was
nol significantly increased, the marked increase
in arterial hematocrit allowed similar oxygen
delivery to the brains of hypoxic rats as that 1o
the brains of normoxic controls. However, if the
increased hematocrit and hyperventilation were
the only adaptive responses 1o hypoxia, brain
oxygen lension in hypoxic ras would have
remained low because of the lower capallary PO2
which is the dnving force for oxygen diffusion
into tissues., Thus, increased hematocrit and
hyperventilation are not sufficient for adequate
brain oxygeantion; other adaplive responses arc
needed.

Dwer the last few decades, a considerable body of
experimentnl evidence led to the observations
that the brain's vascularity increases in prolonged
hypoxia,  presumably vielding  smaller
intercapillary distances which would improve
oxygenation (4-%), The main aim here is to
summarize pertinent results from our laboratory
concerning  the alterations in  the cerchral
microcirculation that take place in adull rais
subjecied 1o hypobaric hypoxia at 0.5 ATM for
periods of wp o 3 weeks. Because of the
subsiantinl enrichment of brain capillarics with
the glucose transporter protein, GLUT-1 (10), we
will also review the effects of hypoxia on GLUT-
1 in cerchral microvessels, and therclfore on
blood-to-brain  glucose  transport  and  beoin
Elucose metabolism.

In all experiments, adult male Wistar rats aged 3-
6 months were kept in hypobaric chambers
maintained ot 05 ATM (380 torr) for the
indicated times except for | hour per day when
the pressure was retumed over 10 minuies 1o
atmospheric for cage cleaning and lor water and
food replenishment (4), In some experiments, the
reversibility of these changes were studied in ris
thal were subjected to hypoxin for 3 weeks but
then were allowed (0 recover al  normal
atmospheric pressure for another 3 weeks. In all
experiments, hypoxic mots were compared (o
normoxic litlermates that were kept outside the
hypobaric chamber, but which were treated in an
mherwise identical manner.

CHANGES IN CEREBRAL VASCULARITY

LaManna et al. previously reporied incrcased
brain vascularity after 3 wecks of hypoxia in the
same  experimental  hypoxia model thal  was
described above (4). The increased vascularity
ranged from 40 w T0% above control regional
values that were measured in coronal brain
seclions thal  were stained for alkaline
phosphatase as a marker of cerchral capillarics.
However, the time course of the development of
increased brain vascularity and the reversibility
of this response remained unknown,

Harik «f af. measured cerebral vascularily in rats
that were subjected 1o hypoxia for perinds of 1, 2,
or 3 weeks and in rats subjected 10 3 weeks of
hypoxia but then allowed to recover for anather 3
weeks (11), For measurement of cerchral
vascularity, the rats wene anesthetized, perfused-
fixed in site, and coronal brain sections were
immunosttined wsing GLUT-1 antibody and the
peroxidase-antiperoxidase method as described
previously (12). Two regions representing the
frontal motor corlex  were  siudicd  where
microvessel profiles were counted and exoressed
a5 microvessel profiles/ mm’ of cerchral cortex as
described before (4).

Hypoxic rats developed polycythemia within
days of hypoxic exposure (Fig. 1). Significant
dilferences in the hematocrit between hypoxic
and normoxic rafts was evident at 1, 2, and 3
weeks of hypoxia (11). Three weeks after
normoxic recovery, the hemaocrit retumned 1o
control values indicating full reversibility of the
hypoxia-induced pelycythemia (Fig. 1),
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Figure 1. Effects of hypoxia and recovery from hypoxia on hematoerit.
The venous hematocrit in pormoxic (o) and hypoxic (-) rats s plotted as a function of experimental
duration, The data represent means +50 of 3 rats in each group at 4 days, 20 rats in cach group at | week, 3
rats in each group at 2 weeks, 20 rats in each group at 3 weeks and 6 rals in cach group at 6 weeks. The

hematocril was significantly increased in the hypoxic group st 1 week, 2 weeks and 3 weeks, but there was
o significant difference in the hematocrit values at 6 weeks. Taken from ref. 11,

On the other hand, cerebral vascularity was not above control values afier 2 weeks of hypoxia
altered significantly after 4 duys of hypoxia (Fig. (Fig. ). The increased cerchral microvessel
Z). Afer one week of hypoxia, there was a 33 % density like polyeythemin, was reversible in rals
increase in cerchral vascularity which continued that were allowed 1o recover for 3 weeks (11).
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Figure 2. Effects of hypoxia and recovery from hypoxia on cerebral vascularity.

The cercbral microvessel density in normoxic (o) and hypoxic (- ) rals as a function of the experimental
duration. The data represent £5D of 3 rats in each group at each time point, Analysis of varinnce showed an
elfect of hypoxia on the cortical microvessel density ol 2 weeks and 3 weeks of hypoxia but not ot the ather
experimental durations. There was no effect of duration on the cortical microvessel density in control rats,
There was an effect of ume on cerghral microvessel density in hypoxic ras in that the cerebral vascular
densily increased significantly between 4 days and 7 days of hypoxia (P<0.001) and decreased significantly
during the 3 week recovery period (P<0.04). Taken from refl. 11.
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These results from two dimensional studies of the
effects of moderate prolonged hypoxia on brain
vascularity are compatible with the results of
investigalions using three dimensional geometry
of the microvascular network in the cerchral
cortex of rats cxposed 1o the same hypoxic insult
as reported by Mironov et al. (13). In that study,
the vascular pattern in hypoxic rats was similar (o
that of normoxic rs except that there was
increased vascular densily, toriwosity and loop-
like formation, which were most evident in the
deeper part of the cerchral cortex. Quantitative
assessment of the mean capillary segment lengih
showed a significant increase in the deep parictal
cortex of hypoxic rats. The increased capillary
scgment length in the deep parielal coriex of
hypoxic rais was also evident in compansons of
the frequency distribution of capillary segment
lengths (13). In hypoxia, the peak frequency was
significantly increased from 37.1 £ 1.7 pm 1o
523 £ 1.9 pm (means £ SD). If sprouting was
the only mechanism of the increased vascularity
of the hypoxic cercbral cortex, then a smaller
capillary segment length would be predicted. The
lndings 1o the contrary indicate elements of
capillary elongation and hypertrophy which are
induced by hypoxia.

CHANGES IN GLUCOSE TRANSPORT AT
THE BLOOD-BRAIN BARRIER

Brain capillaries are known to have a high
density of the glucose ransporter protein (GLUT-
I} in their plasma membranes (9-13). This iz
understandable since brain capillaries, which
constiluie less than 0.5 % of the wet weight of the
brain, have o ftransport glucose for  the
overwhelming mass of surrounding neurons and
glia. Becanse oxygen, but not glucose, is limited
in hypobaric hypoxia, one would suspect that
newly Fformed brain capillaries would have a
lower GLUT-1 density im  their plasma
membranes (o avoid a mismatch between oxygen
and glucose delivery.

Harik el al. quantitated GLUT-1 in isoloed
cerchral  microvessels  obtained  from rals
subjecied 1o hypobaric hypoxia for | or 3 wecks,
and in their litlermate controls (9), The isolmed
cercheal microvessels were assayed for ther D-
glucose-displaceable cytochalasin-B binding. The
results showed that the maximal number of
cytochalusin-B binding sites was significantly
increased by about 25 9% al | and at 3 weeks of
hypoxia while cylochalnsin-B  binding 1o

particulate fractions of the cerebral coriex wiks
not affected by hypoxia.

Because cytochalasin-B  binds 1o numerous
glucose transporters, and is  nel specific o
GLUT-1, and because the normoxic reversibility
of this phenomenon was not studied, Harik ct al.
recently measured GLUT-1 in isolated cercbral
microvessels from rats subjected 10 vanous
periods of hypoxia with and withoul recovery,
using quantitative immunological determination
of GLUT-1 by Western blots (11). The elfect of
hypoxia on the protein expression of GLUT] in
isolated cerebral microvesscls was calculated as
the ratio of the optical density of the
autoradiograms of the GLUT-1 band in Western
blots of hypoxic and nommoxic samples of
microvessels from littermate ral groups that werne
assayed simultaneously (11). The expression of
GLUT=1 in isolated cerehral microvessels was
significantly increased afier | and 3 weeks of
hypobaric  hypoxia (Fig. 3). However, the
increased expression of GLUT-1 in cercbral
microvessels isolated from hypoxic mts remained
significantly higher than contral levels afier 3
weeks of normoxic recovery {Fig. 3). Thus, it
appears that the incressed density of GLUT-1 in
isolated cercbral microvessels 15 not  casily
reversible (11)

The results obtained by the Western hlm
immunochemical method for gquantitating the
density of GLUT-1 are consistent with those
measurcd  in the earlier study (9 where
cylochalasin-B binding was used 1o quantitate the
glucose  trapsporter  in isolated  cercbral
microvessels, Both studies showed about 50%
increase in the density of the glucose transporier
in the cerchral microvessels of ras subjected 10
hypoxin. This was not unexpected given the fact
that GLUT-1 is the major, if not the only. glucose
transporter in cercbral microvesscls. These resuhis
are consistent with the increased blood-1o-brain
glucose transpont in vivo in rais that were
exposed o hypobaric  hypoxin (93, In
contradistinction to the decline in the cerebral
viascular density in hypoxic rots that  were
allowed 3 weeks of normoxic recovery, the
GLUT-1 density in isolated cercbral microvessels
of recovering rats did not decline (11). This
suggests that cither the hall’ life of GLUT-1 in
cerebral microvessels is prolonged so that GLUT-
| persists for extended time periods, or that the
stimulus underlying GLUT-1 synthesis does not
shut off easily.
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Figure 3. Effect of hypoxia on GLUT-1 density in isolated cerebral microvessels,
GLUT-1 density ratio of hypoxic:normoxic preparations as a function of the experimental duration, The data
represent means = 8D of 3 microvessel preparations afier | week, 5 preparations afer 3 weeks, and 4
preparations after & weeks. The Student 1-iest showed a significant effect of hypoxia at all 3 time periods
that were studied (P < 0.05). but no effect of duration of hypoxia or recovery by analysis of variance. Taken

from rel. 11.

The combination of the increased bran
viscularity and the increased density of GLUT-1
im cercbral microvessels of rats subjected 1o
hypobaric hypoxia was found to be associaled
with increased blood-to-brain glucose transport in
vivo in rals subjected to 3 weeks of the same
hypobaric  condition  desenibed  above (90
Regional blogd-1o-brain D-glucose transport and
blood Mow were determined by the double-label,
single-pass  indicalor-fractionation  srial  bolus
injection method. Cerebral blood fow  was
slightly higher in hypoxic rats but the difference
did not reach significance in any of the brain
regions.  Also, there were no  significant
altiermtions in regional brain L-glecose space in
hypoxic rats, The extraction fraction values of [-
glucose were increased by about three-fold in
hypoxic rats and the unidirectional blood-to brain
influx was doubled in those rats, That the
increased brain glucose influx in hypoxia was not
commensurale  with the increased  extroction
lraction despite the similar regional blood fow
and the similar L-glucose space in both groups of
rats is probably a reflection of the markedly
decreased blood plasma fraction which is a
consequence of the increased hematocrit and the
decreased blood plasma [raction in hypoxic s,
The calculated maximal ransport capacity was
significantly increased in hypoxic rals (%)

Thus, these findings indicate that in addition o
the increased vascularity of the brain in
hypobaric hypoxia, there is an increased density
of the glucose transporier moiety ol the blood

brain barrier which contributes significantly to
the increased unidirectional transport of glecose
into the brain. The physiological concomitants of
these observations hove been followed up in
other studies thot were performed using the same
model of hypobaric hypoxia. Harik et al
measured  regional  brain  concentrations  of
glucose,  glycogen, lactate, adenosine
iriphosphate, phosphocreatine, regional
intracellular pH and regional cerebral metabolic
rate for glucose in rais subjected o 3 wecks of
hypobaric hypoxia (14 The resuls obained
from that work indicated a significant increase in
brain glucose and lactate levels and o significant
decrease in brain glycogen levels in hypoxic s
but withowt o significant change in brain ATP,
phosphocrenting, and pH walues. Thus, the
increased density of the glucose transporter at the
bMood-bram barrier, and the increased blood-to-
brain glucose transport result in higher beain
glucose concentrations, The lack of differences
between hypoxic and normoxic brains in their
high energy phosphate content furher indicates
that ot this lewel of hypoxia, there is odequoate
compensation for oxygen lack., The similar
regianal brain intracellular pH in hypoxia and
normoxia s another  indication of the
compensation which prevens tissue acidosis in
the face of higher lactse concentrations in the
brains of hypoxic rats. Harik et al. speculated that
the increased brain lactale levels in hypoxia are
useful for maintaining brain pH in the presence
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of low brain tissue CO, tension, therehy avoiding
the necessity 1o export brain bicarbonate (14).

The concomitant findings of decreased beain
glycogen and increased brain laciale suggest
increased anacrobic glycolysis in the hypobanc
brain. The other important finding was the
ineressed cercbral metabolic e for glucese in
hypoxic rats (14). The authors suspected that the
incrensed cerchral metabolic rale for glecose in
hypoxia, presumably for anacrobic glycolysis,
combined with the low brain plasma flow in
hypoxic rats and the fact that rats eryihrocyies do
nod earry glucose, are logical explanations for the
increased glucose transport of the bloodbrain
barrier. The exact mechanism of how the higher
cerchral metabolic rate fior glucose in prolonged
mocherate  hypoxia  evenwunlly causes  up-
regulation of glucose transport ot the blood-brain
barrier remains unknown.

The incréased reliance of the brain on possible
anacrobic glucose metabolism is probably onc of
severnl compensatory mechanisms that underlic
adaptation to profonged hypoxia which was
previously suspected in the heart (15). Perhaps
this is the reason why a carbohydrate rich diet is
believed o be beneficial for subjects exposed 1o
high altitude (16}
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RESUNMEN: Respacsins de Yasos Sanguinces Cerchrabes Fetales v Aduliss Inducidas por Hipoxemia de Altura

En rospucita a | hipoxomin de aliura prolongada, | arterios corchoales de fmos de oveqas v de oveyas sdulins mussieen pespucsias
cofildctiles desimingnlas a b neeslenaliza ¥ o aines aponisias. Enoosta revisidn cxaminamos los mecanismos contrictiles pre-sindplicos y
posi-siniipticos que podrion explicar estos cambios. Addmas, exammnamos la selajachdn de lon vasos corcbrales y o rol del cnsbaraes on b
alterncicn die eslas rospucstas. Los resultados revelan ln profosdss diferencins de respeesia de | smenias canbibdss comis e inemermnes], aai
coana las diferencis slgmificaivas existenies on b nespusitas del feio ¥ del adolie. Dichos resultados tombidn enfatizan el ol de l
hipoxemia de altura prolongads en by medalschda del acoplamicnie farmaos-mecinico & mivel de b microciroalaciin cochral.

Palabras claves @ Aclinomcidn: Hipoxia: Sistema pervoso skmpdticn; Moradenaling: Desmolls

RESUME: Héponses des valssesux sangaing cérébraux
Tosnmay o galalies, induiles par hypoxémic d"altitude.

En réaction b Phyposémie prolonpde o altiude, b andmes
winibwales de Foctns de brebis o de beehis aulubies présenicnt des
peaees comiracisles asnoindnes 3 13 noradedtnaline of 3 J astes
aponisies. Mhans cotie Sude de pévicion noas examenons ks
MG contraciles prd-synaptiques of post.synaptiques qui
pourmicni eapliquer ocs changements. Mous dludsans dpalement
la relaxation des veisseay cléndhemuy of le rdle de |5 penmion
dans ["ahémalion do cos piponses. Les résalims rdvilomt de
profondes diffirences entre les réponses des anides caroide
commine & inlacrinenne, ainsi goe  des  diffdrences
signalicalives care bes piposncs du Foctus ol ool da Madulic,
Ces pésulials meitent asssi en relief ke rile de “hyposémie
Fulungie d'alilmde dans la maslulation e Pacoouplemomt
l"ﬂfﬂ'l-ltﬁ-lrlﬁnmq'u: oo mivesn e la mmcrocinculation
virdhnle

Mots-cléis @ Acclimatation, Hypoxie, Syiléme  nerveus
sympathique. Moradrtealine. [éweloppemon.

INTRODUCTION

In the Ie 19205 and dhe 19308 several
investipotors determined that in man ond other

SUMBAKRY: In response (o high olvitede long-temm
ypoxemia the corchral asteries of adull and Felal sheep show
decizaied conliciile peuponses b0 nopcpinephifine snd ol
ogonisis. In this peview we exoming the presymaplic and posts
symaptic contractile mechanizms which might accoun) for ihes:
changes, In addition, we examine cercheal vessel relaxation and
the role of peegrancy in alicring these pesponses. The resulis
highlaght the profoend differemccs n response of commaon
carotid amd emracrans] amerses, o5 well mn the sigmificam
differences in responses of felus and odall They akso emplasize
the role of high alimode, losg-torm hypoxemia in mesdulaisng
pharesco-mechanical coupléng bn the censbeovmiculmure |

Key Words: Acclimatization, Hypoxia, Sympathetic nervouas
syslen, Morepanephnne, Devulopment

marmmals, fetal wumbilical blood  hod  low
oxyhemoglobin saturation and high O, capacity,
as compared 1o adults, This led 1o the concept of
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the Tetus, as o mountaineer ol high altitude, Icing
exposed to a low O, tension, and thus being ol
"Mi. Everest in Uigra” (1, 2). The guestion arosc,
if the fetus corricd by a mother an =ea level is in
elffect living ot simulited high alitude, how docs
a [etus survive which is borme by a mother  high
altitude in whose arterial blood the O, tension is
much lower than that o sca kevel? What are the
mechanisms, both maternal and  fetal, which
cnabile man and many mammals o reprodece at
sltitudes wp o 4,500 to 4,850 m (L5000 10 16,000
iy} In addition o women at high-alaoede, fotuses
ol a large number of other pregnant women may
cxpericnce prolonged hypoxemic stress, Thas, the
problem  of long-term  lypoxemin, and the
mechanisms wherchy mother and leias attempt 1o
maintain ssee and cellular oxypenation, s of
great  physiologic.  importance  and  clinical
relevance.

The cerchral vasculiwure iz richly npervined by
sympathetic  nerves (3. 4),  amd  ihe
newrolransmitter  norcpinephrine  acts  post-
synapically  on smooth  muscle  adrencrric
receplors o% o principle determinant of voascalsr
contractility (5, 6, 7). The reactivily of vascular
smooth musele o wdrenergic agonists has been
shown 10 be modulsed by a number of Gactors
inchuling hypoxia (8, 9. 10). In the adul. high
aliitnde, long-ierm hypoxia is associaled with a
number  of  cerebrovascular,  Cordiovascular,
mctakbsnlic, and other adapiations (115, the cellular
bases of which are poorly undersiond. For the
fetus, which at sea level thrives ol an anerial PO,
value comparoble lo an aduli ae high almede,
almost nothing is known of ils cerchrovascular
aochmatizalion responses when ils mother i at
high altitude,

Here we review what is known ol cerebrovascular
acclimaization responses 1o prolonged hypaoxemic
stress in the adult and the developing Fetis, Maos of
the data is derived from studics in sheep, Because it
is outside the scope of this presentalion, we will not
amempt 1o review  pulmonary,  coardioviseulor,
hematologic, and other responses (o high-aliiede

(3000 mi), lomg-terme hypoxemia in the adult o
fetus.

Scveral delininons are i order. Gencrally
speaking "hypoxia™ relers 1o a relative lack of
oxyren o2, Iow O, comlent or tension) in il
mnthient air andfor lisswes. Strictly  speaking,
"hypoxin™ or “dysoxia” 15 O, limied energy Mux
and  clecaron  transfer o the  maeochandrial
cylochrome oxidase sysiem rather than a low O,
contenl or iension, per 5o (121 "Hypoxemia” is a
state of less than moemal O, in the artorl Blood,
“Acclimatvation”™ 1o high aliitude 15 the process of
becoming accusiomed W an envirenmen with a
relatively low O, tenston, as ambient PO, s
inversely related 10 altiude, The proess of
acchmmization ocours over o period of days (o
weeks, bul is believed 1o be essentially compler
within live 0 six weeks (13L This is io be
distinguished  from  “adaptation®  which  ovcurs
over a perisd of decades or gencratsons.

High  Altifude, Long-Termn  Hypoxemia
"Model™

During the post decode, we have explored o
number of [acets of the process wherehy the fetus,
pregmant - mother,  and  nespregnant  adul
scclimsiive suceessfully w the stress ol high-
altinede, long-term hypoxenia. The high-ahitde
"model” which we luive waed 1= a5 lollows.
Western  grade  Sullolk owes (bhoth 30 days
pregmant and nanpregnanty are pransposied o the
White Mountain Besearch  Station  [(WMRS),
White Moantain, California, where they  are
matntained. a8 3,520 o (12470 i), After three 1o
four moaths of acclimatizadion, e newr-lerm
(=140 ol 147 days gestation), and noapregnant
ewes are transporied 1o our laboratories for siudy,
In addition, some pregnant cwes are retirned 10
our laboratorics an =115 w 120 doys gestation Tor
chronic cotheterization and in vive siudies. Aler
arrival at LLU. the matemal srerial O, tension of
all long-term hypoxemic ewes is maimained al
that kevel which they experienced at high-altiade,
e, =00 Towrr.
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Table 1. Maternal and Fetal Physiologic Responses to High Altitude, Long-Term Hypoxemia

Physiclogic Response Mormoxia High Altinude % Change

Mother
PCy, (Torr) 102£2 Gil+2* =37.1
PCO, (Torr) 3521 o_|* -17.9
pH 442001 T.46_0.00 i3
[Hb] {ghdl} 8.740.3 10.5_0r4* 0.7
B {mm Hg) Blz3 BH_4 R

Feius
Weight (g) (at 140 days gestation) 4640280 862+ 300 -
PO, (Torr) 23x| 19£]% .17.2
[HBO.] (%) 503 S0z3 e -159 .
[HE] fpfdl 10.1£0,7 1262 _0.6" 4.7
DJ canlent (mLldl) T 7205 TH20.5 1.0
PCO, (Tore) 48z k] ® -184
pH 73620.01 T.3720.01 i1
Lactate (mpfdlh 13 1207 14 421 9.9
Heart Rabe (heatsfmmin) |6EeS 16525 -1.6
Arteripl Pressure (mmHg) 44%) L d b il
Right Ventricular Ouwiput{m! min " kg') 2176210 183£10° -31.6
Left Ventricular Outputiml min" kg") 166216 14216 -14.5
Right Stroke Volume (mbkg) (EELI R 1.1120.05* =331
Lef Stroke Yolume {mlfkg) 0572008 (LB =008 -134
Combined Ventricular Output (ml min' kg') 441223 333228 -24.1
Breathing Incidence {minh) 15 =] -
Morepinephrine {poefimi) 553255 635263 14.8
Epinephrine (pgfml) Blz19 113212 349.5
ALCTH (pefmi) Gilied Gl <1
Cortizal {ngfmi) 4T3 She] B
Erpthropoietin {miUml} 231 &7 k]

[rata froen Beferemsces 19 and 2. Values are means & SE; * pa000]; #p<005 freen contml

General Fetal Responses/Adaptations to Long-
Term Hypoxemia

In humans, newborn birth weight and perinatal
maortality rofe serve as faidy universal measures
of the effects of high altitude on fetal growth and
development. Ower the past five decades, a
number of studies on several continents and many
cthnic groups have demonsirated lower mean
binhweight, clevated placental 1o fetal weight
ratice, and higher neonatal mortality and
morbidity including intraventricular hemorrhage
{14) in such infoms (15, 16 17, 18). Some
specific physiologic responses o high altitude,
long-term hypoxemia in chronically catheterized
fetuses and adulis are given in Table 1, with
comparisons 1o normoxic control animals, The
values are based on resulis in 10 1o 40 adult or
singleton fetuses in cach group {19, 20).

Cerebrovaseular Changes

General. In chronically catheterized near-term
fetal sheep, cerchral blood flow (a5 measured with
radicactive labeled microsphercs) was  nol
significantly different in the high altitude,
acchimatized fetus (110219 mUmin/100 g} as
compared with sea level conmtrals (13912
mUmin/100 g). This, despite the foct that todal
cardiac  owtput was  2T%  lower (35153
mUmin/Kg) that in normoxic controls (48312
mifmin/EKg) (20).

From a structural standpoint, the common canstid
arterics of fetal and adult sheep showed -50%
increase in basc soluble protein (percent of dry
weight) as compared with normoxic contrals (Fig.
1, upper panel). However, these vessels showed
no significant differences in vessel resting inside
diameter, wall thickness, or perceni water (9,
Fetal, but mot adult, middle cerebral arteries
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showed o less dramatic, 22% increase in hase
soluble protein (Fig. 1, lower panel). The reason
for these large increases in prolein is not elear,

Contractile Responses to Potassium and o
Amines. In bath common carotid and the cerchral
arferics of adult and fetus, chronic hypoxemia
depressed  maximum  contractile  tension 1o
depolarization by 1.2x10" M  potassium.
However, when these contractile responses 1o K
were normalized relative to vessel cross-sectional
arei, the responscs of fetal and adult vesscls
differed. In the fetal aneries, the hypoxic-induced
depression of response persisted. In contrast, adult
arferics showed no significant changes in K'-
induced siress. When normalized 10 cross-
seciional aren, the pobassium responses reveal not
just the contractile capacity of the tissue, bul also
the relative proportion  of  contractile o
noncontractile  clements  in the  wall.  Thu
pedassium-induced siresses decreases in the fetal
common carclid suggests that cither contractile
protein synthesis decreased or that non-contractile
elements increased, in response lo hypoxia. That
ne other changes were noded suggests that
hypoxia exered few effecis at the level of the
contractile apparatus. As noted above, hyvpoxia
generally  increased protein  content. I this
occurred without a change in stress, then hypoxia
must have excried a parallel effect on both
contractile and non-contractile elements in the
adult common carodid, but may have
preferentially stimulated noncontractile protein
synthesis in the fetal common carotid.

Some may argue correctly that 1.2x10" M
podassium is an unphysiclogic stimulus. Thus, we
repeated this comparison by the use of exogenous
amines serotonin (107 M) and histamine (2x10°
M) In fetal common carotid and intracranial
arteries, chronic  hypoxemia depressed  the
maximal contractile response o a mixture of
serofopin and  histamine 37%  and  26%,
respectively. In conirast, ihe adull common
carotid  and  cerebral  arteries  showed o
significantly different responses. O inferes,
when these maximum responses 10 serodonin and
higtamine were nommalized relative 1 the
maximum response to potassium, the changes in
the fetal arteries became not significant, while the
adult intracranial arteries showed significant 50 1o
B7% increases in the ratios (9). The amine-

potassium ratio serves to normalize out any
effects of changes in ihe basic contrctile
apparatus, Thus, changes in protein, thickness,
and potassium-responses are all excleded from
interpretation of these data. Instead, the data
indicate the exient 1o which recepior effectior
coupling i= choanging =% o conscquence of

hypoxia.

Base Soluble Protein

COMMON CAROTID

Pratzin
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Figare 1. Upper Pangl. Effects of long-term

hypoxin on base-soluble cellular protein content,
expressed o8 percent dry weight, in common
carotid of fetal and non-pregnant adull sheep
maintained a1 either sea level {open or lightly
shaded bar) or at 3280 m (heavily shaded har) for
110 days. Values are mean + SEM: *pall.05.

Lower Panel. Shown here are mean + SEM,
expressed as percent dry weight, measured in
middle cercbral aneries of fetal and non-pregnant
adult sheep mointained at either sea level or m
3280 m for 110 days (the last 110 days of
gestalion for the fetuses), Mote that hypoxia was
msociated  with  significantly  elevated  protein
levels in anteries of both age groups. *p<05.
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Contractile  Responses 10 Endogenous
Norepinephrine.  To  exumine  adrenergic-
medied contractile  mechanisms, the arerial
nervies were directly and selectively stimulated a
physiological frequencies resulting in
nofepanephrine (NE) release with  contractile
effect (21, 223 For all areries, the comiractile
response of normoxic ameries were significantly
greater in acult than im fetws (210 In the adult
comenon caretid and intrcranial aneres, long-
lern hypoxemm wos associaied with signilicant
depression of contractibe response. In contrast, in
fetal common corotid and intrecranial arerics,
long-term  hypoxemia was associated with a
markedly greater contractile response {21). We
emphasize  thay  ilwse  responses were 1o
endogenous norepinephrine, amd U all normal
uptake systems were intact and not blocked. Thus,
the daa reflect the true functioning of the
adrenergic receptors in these amteres, [ the bleod
brain barrier s et circulating norepinephrine
would never peach the -recepiors on cerebral
aneries and only NE (rom sympathetic newrons
wortld activate these receplors. As the adrencrgic
neurpeffecior pathway s nol completely
developed in the fews, hypoxia appears 10
meeelerme development of this system in the foius,
bt retard it im the adult.

Pre-Synaptic Noradrenergic Function. In a
series of studies, we have attempled 10 dissect the
hypoxic-mediated NE-induced responses m terms
of pre-synaptic (e.g., ncuronal neurctransmitier
releasel versus post-synaplic (e.g., factors which
determine contractile response) components, Cne
measure of pre-synaplic noradrencrgic functlional
copacity is NE content. In fetal intracranial
arteries, but ool common  carotid,  long-1erm
hypoxemia was associed with a slight decrease
in NE content. In contrast, both comman caratid
and cercbral arteries of the adult  showed
significant increase in NE content (21} Thesc
changes may appear paradoxical in light of the
depression of neurogenic vasoconstriction in adull
arteries, and ils augmentation in [eal arleries,
However, NE content is the FII'IJJ.’IJL"[ of bath nerve
number and the mean NE content per nerve Tiber.
In addition, NE content may be less in those
nerves which fire often, s compared with those
that are more cuiescenl. Thus, these resulls
suggest thal in comparison with normaoxic, control
fetal  arterics, hypoxic  vessels: have  fewer

adrenergic nerve lerminals or less NE per nervi.
The opposite would be expected in the adult
arleries, .., increased adrenergic nerve density
of grenter NE conignt per perve, These resulis
emphasize the controsting effects of long-term
hypoxia on fetal and adull common carotid and
cerebral ariencs.

Another index of pre-synaptic  noradrencegic
function is nerve density. This can be determined
indircctly by quantifying cocaine-sensitive NE
uptake, a selective mepsure of ME coniaining
nerve terminals. As shown in Figure 2, upper
pancl, in adult gmd feial comavon carotid arterics
exposed to 107 M cocaineg, long-term hypoxia was
pesocioted with clevated NE uptake of 86% and
132%, respectively (i.c., greater adrencrgic nerve
density ), Other intracranial arteries excepl the
midille cercbral alse showed a similar increase
{21). Imponantly, long-tcrm hypoxia had o
similar effect in hoth fetus and sdull. Thus, nerve
density changes alone cannol explain the age
related differences in NE content (hypoxemic-
induced decreose in fetus and increase in sdult).
Thus, it would appear that long-term hypoxemia
is associzied with decreased NE contenl per
nerve, possibly resulting Trom increased nerve
recruitment in fetal arteres. Adull aneries show
the opposile response, e.g., incrensed NE conlent
per merve, due possibly from decrensed nerve
recruitmeant (215,

A additional facwor tha may accoum, in part, Tor
the hypoxic-induced alierations in  contractile
response 10 nerve stmulation, is the co-release with
ME from adrenergic  nerve  lerminals  of
nouropepiide Y (NPY). Following NE depletion
leom  adremergic morves by pretreatment  with
puanethidine (10° M), the remaining tetrodotoxin-
sensilive neurogenic responses can be atiributed to
NPY release. In response 1o long-term hy poxemi,
both sdult common corotid and middle cercbral
artery showed significant decreases in maximum
response 10 stimulation a0 8 He, In conirast, fetal
arteries showed enhonced responses. That 15, long-
term hypoxemia decreased the NFY component in
adult common carcdid omd intrecranial arieries,
while enhancing it in the fetal vessels (21) Thus,
the pre-synaptic cfiecis of long-teem hypoxemia
were similar for NE and NPY, but are opposite for
acfult and fetws. In the adult, long-term hypoxemia
pppears 10 incresse neuralransmitier conlent per
nerve, passibly due to increased adrenergic nerve
activity. In contrast, long-term hypoxia decreascs
neurafransmitier conlent per merve in the felus,
possibly as a result ol increased neuronal activity
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{21).

Past-Synaptic Noradremergic  Fonetion.  Posi-
synaplic  mechanisms  in - adrenergic-mediated
vascular contractility include a multitude of factors,
soimne of which are: vascular smooth musele plasma
membrane o-0-, and B-adrenergic receptors
(AR their density and binding affinity, the second
MESSCNEers {inositol 1.4, 5-insphosphate
ans( | 4,5)P,) for a-AR., and cyclic adenosine
monophosphate (cAMP) for o= and B-AR), the
Ins(1, 4,50,  receptor  (Ins(14.5P-R} on
endoplasmic  reticulum,  intracellular  caleium,
several enzymes and their state of activation, and
so forth.

Norepinephrine Uptake
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Figure 2. Upper Panel. Effects of long-term
hypoxin on morepinephrine uptake in feial and

acdult common carotid artery. Paired arleries were
cxposed 10 ['H]-norepinephrine with and without
the presence of 107 M cocaine. The differences
between control and cocainetreated arterics arc
shown. Note that in the common carotid hypoxia
appears 1o increase nerve density in both Tetal and
acdult arleries. Values are mean + SEM; *p<0.05
Lower Pancl. Effects of long-term hypoxia on
norepinephrine uplake in fetal and adult middle
cercbral asteries, Paired aneries were exposed to
['H]-norepinephrine  with  and  without  the

presence of 107 M cocaine, *p<il.is.

To examine the role of o-adrencrgic receplons
ond their alicration with long-term hyposia, we
quantified ihese recepiors in common caratid and
anterior, middle, and posterior (AMP) cerchral
arteries of fetuses and adult sheep acclimatized 1o
high altitude. Figure 3, upper pancl, shows the o,-
adrenergic  recepror  density  values (B .an
fmolfmg profein), as measurcd with safuration
binding of the «-AR amagonist | H]prazosin, lor
normoxic control and high altinede, hypoxemi
fetal and adult common carotid arlery. In the fetus
and adult, in response 1o long-term hypoxcmin,
i-AR density decreased 75% and 66% from
noemoxic control values, respectively, For balh
the hypoxemic felus and adult, these receplor
density values were significantly different from
normoxic  controls  (p<0.01). Figure 3, lower
panel, shows « -AR density values in fetal and
adult combined anterior, middle, and posterior
cerebral  arteries.  High  altiwde.  long-term
hypoxemia was associnted wilh decreases of 765
and &1% from comrol values, respectively
ip=0.01). [IH]prozosin binding affinity  values
(K, of both common carodid and AMP cerchral
arteries overaged 0.13£0.07 aM, and did not vary
significantly as a  function of hypoxemia,
developmental age, or vessel type (23).

To examine the effect of long-term hypoxemia on
the NE dose--Ins(1.4.5)F, response relationship
for cercbral arteries, we quantificd Ins{l.4,5)P,
(maximal response at 45 sec) as NE varied from
107 10 104 M in both adull and fetal AMP
cerchral  arteries. For normoxic el AMP
cerebral arteries, 107 M NE-induced Ins(1.4.5)P,
increased 212% from the basal value. In hypoxic
arteries the basal value was similir 10 normoxic
control, increasing only 965 with 107 M NE. The
EC, values for hypoxic adult and fetal AMP
cercbral vessels did not differ significantly from
nermoxic contrel. Figure 4, upper panel, shows
these responses, expressed as percent of basal
value, for the common carotid artery of the lelus
and adull. The normoxic fetal common caroid
showed cssentially no response 1o NE, and this
wis not altered by hypoxemia. In conirast, in
adult commaon carotid, leng-tlerm hypoxemia was
associoled with a decrease of NE-indueed
Ins(1,4,5)P, response of 51% from control. In
fetal and adult AMP cerebral arteries aFig. 4,
lower  panel), long-term  hypoxemia  was
associated with decreases in Ins(1,4,5)P, responsc
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of 35% and 44%, respectively, from normoxic
ME-indwced valaes (23},

To examine inositol 14,5 trisphosphate receplor
binding in hypoxic wvessels, we quantified the
Ins(1.4.5P-B in the hypoxemic fetal and adult
common corotid and AMP eerebral arleries, and
compared these values with normoxic controls, In
the commen carolid anery of the fetus and adult,
Ins(1,4,5)P R density fell 32% and 709 from
normoxike  control  values,  respectively,
Ins{ 1 4.5)P-B density decreased 30% and 47%
rom contrel values for fetal and adull AMP
cerchral arteries, respectively. In the hypoxic
vessels Ins(14.5)P-R affinity did not change
significantly from control (23).

o4-AR Density
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Figure 3. Upper Panel. o -adrenergic recepior
density (B_.) values (fmolimg protcin) os
determined with 'H-prazosin, in the common
caralid artery of normoxic control (open or lightly
shaded bar) and high altitude, hypoxemic (heavily
shaded bar) fetal and adult sheep. Data are mean
values + SEM. For both fetal (n=4) ond adult
in=5) COM the receplor demsity values for
hypoxemic vessels were significanily dilferent
from normoxic controls. *p <001

Lower Panel. o -adrenergic receptor density of
combined anterior, middle, and posterior cerebral
arteries for the normoxic control and hypoxemic
fetus and adult. Data are mean values £ SEM, The
receptor density values of both feius (n=4) and
adult {n=4)werc significantly different from the
values for the normoxic controls, *p<0.01.

Relaxation HResponses. In response o the
endothelium-dependent,  receptor-independent,
vasodilator (by release of endothelium-derived
relaxation factor) A23187, chronically hypoxemic
Tetal common carolid and middle cercheal anerics
showed less relaxation than normoxic controls. In
contrast, adull common carolid {and o a less
extent oiher cerebral arteries) showed enhanced
responses 1o AZ31E7. By comparison, both
hypoxemic fetus and adult showed decreased
relasation  responses 1o the  endothelium-
independent  relaxant  nitrosothiol  SMAP . (3-
nitroso-M-acetylpenicillaming}. Thus, the ratios of
AZ318T to SNAP were lower in hypoxemic fietal
arteries, while they were higher in the adult
vessels (9),

Pregnancy-Associated Effects on Contraction
amd HRelaxation Responses, In the normoxic
aduli, pregnancy is associated with profound
alterations of vascular structure and function,
including the cerchrovasculature (24, 25, 26).
These changes are believed 1o be mediated in part
by the marked increases in circulaling estrogen,
progesterons, and other hormones (27, 28). To
examine the combined challenge of hypoxia and
pregnancy, we cxamined contractile  and
relaxation responses in pregnant and nonpregnant
pdult  sheep  acclimatized to high  alitude
hypoxemia. Although both pregnancy and high
altitude  produced  significant  abierations  in
cerchrovascular function, these were nol simply
the sum of responscs in the two groups. Both
hypoxic pregnant and hypoxic nonpregnant
common carolid and middle cercbral arteries
showed increased  contractility to  potassium
depolarization, compared with normoxic pregnant
of nonpregnant contrels (29). For common carofid
(but ot middle cercbral) these changes were
similar when corrected for vessel thickness (e.g.,
giress). We observed no significant difference in
AR density  or  affinity, NE-induced
Ins(1,4,5)P, response, or Ins{l,4,5)P,-R density or
affimity belween  prognant  and  ponpregnant
common carotid or AMP cerebral arteries, For
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common  carolid  from  pregnamt  animals,
endothelial function, as measured by relaxation
response 10 AZ3IET, was decreased. Howewer,
this was markedly enhanced by hypoxia. Such
changes were nod nodable in middle cencheal or
olher intercranial aneries (29). Clearly, cerchral
vascular responses and dynamics of hypoxema
and pregnancy affect vessels in an artery specific
manner,

Ins(1,4,5)P; Response
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Fipure 4. Upper  Papel.  Norepincphrine-
stimulated {107 M) Ins{1,4,5)P, values (expressed
a5 percent of basal wvalue) in normoxic and
hypoxemic term felal and adult oviee common
corodid artery. Yalues are expreseed o5 mean +
ZEM. The value for hypoxic adult COM (n=5)
was  signifecantly different from that of the
normosic conirol, **p <001,

Lower Panel, NE-induced Ins(1.4,5)F, values for
AMP cercbral arteries of the normoxic (open bar)
and hypoxemic (shaded bar) fetus and adull. The
values for hypoxemic fetus (n=4) and adult (n=5)
were both significantly different from mormoxic
controds, *pil.il

COMMEMNT

For the adult, high altitude has served as a uselul
model of how the body's  physiological
mechanizms acclimatize over a period of days or
weeks, or genctically adapt over the course of
generations, For the feius, because of s relatively
fow arterial PO values simulating "Mt Everest in
pfere” under normoxic, conirol conditions, the
question of how it can grow and develop in a
mother at high aliude bas posed a dilemma.
Because of its obwvious relevance [o neurcnal
function, the regulation of cerebral blood Mow is
I poriant

Hopefully, the present studics will help 10
illuminate a rather obscure cormner of regulatory
physiology. Thalt different clemenis of the
adrenergic-medisted  pre-synaptic  and  post-
synaplic  signal  transduction  cascade e
independently regulated, boh in the aduli and in
the fetus, should come a5 no surprise. Because in
our studics of the Telus under conditions of long-
term hypoxemia the circulating concentrations of
epinephirine and norepinephrine were high normal
o clevated (300, this chronic vasoconsiricior
influence may down-regulae the several portions
of the signnl transduction cascade. Such a
modificd regulatory response may help insure tha
vessel contractility is decreased, so that cerchral
oxygenation s ot compromised. In adbdition,
many of the hypoxic-induced changes observed in
the fetal vessels are similar to those associated
with developmental maturation. Nonciheless, the
manner in which these changes serve o regulate
cerchrovascular tone under these circumstanees in
vivo must awail further studies. In addition, the
present studies may provide wseful leads 1o
examine the critical issue of hypoxic-mediated
gone iranscriplion in modulating the adrenergic
signal transduction pathway.

CONCLUSIONS

In adult common carotid and AMP cerebral
arteries, acclimatization to high alitude, long-
term hypoxemia was associated with significant
alterations in  pre-synaptic and  posi-gynaptic
adrenergicmediated mechanisms; however, these
were nol necessarily the same in the two vessel
groups. Fetal common carotid and AMP cerebral
arteries also showed considerable alierations in
these mechanisms in response 10 long-term
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hypoxemia. Monetheless. there were significant
differences in these responses between the two
vessel groups in the fetus, and between adull and
fetus. These lindings illustrate the complexity of
scclimatization responses 1o high altitude, and
probably account, in part, for the significant
hypoxic-induced  differences  in NE-induced
contraclility in adull and fewal cerebral vessels, OF
course, other elements in the sdrenergic-mediated
signal transduction pathway may also differ ender
these conditions. Alterations in these or ather
signal transduction mechanisms may also play a
key role in dysregulation of cerebral blood Mow in
the adult subjecied 1o high altde, long-term
hypoxemia, as well as in the Felus or newhom
subjected 1o prolenged hypoxemia,
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BRESUMEN: Transiciin Cardiopulmenar en ln Alura: of Neenato ¥ el Lactante

Ohjetivor En la akiura , ocurren aliersciones nefacionadas con el nivel e altited en la satsmcidn anerial de cxdpeno (S,04), tante en el
mgeaatn comd en el locianie.

Disefba: La ovidencia tomada de ivestigacidn criginal ¥ do ka lileratura publicada permite la comparacidn de varios grupos poblaciosales
residenies en alvurs, tanto en Andrica del Noste y del Sur como en Asla,

H"'-“"-"'"-'-t ¥ Pibtoides: Datos de oximern de pulso, pletismogrofin sespimeona, scocardiograffa, cateterizaciin candinca y examen
histoldgico de neonates ¥ lagtantes ibestran sheraciones on la funcidn, cjomplos de odapiacidn cxiloss, ¥ ciemplos do. mochididad ¥
ncriatieud relacionadas con el nocimdenio o 1 residencia en aliurm,

Resultados: La 5,04 cae al ssmentar I3 alvsra; sin embargo, este efects no tiene nelacidn liseal con la alturm o b preside baromdirica. La
40 varia marcsdaments con ol estade conducisal. En comirass con los patnancs observados o nivel del mar, ka 500 disminuye losgo de
umna sermana de vida en chertas peblsctones de allur. La prevalencis y o durscidn de la respirsebén peritlicn de los lacinnies aumenda on I
alwara en comparacidn con los del nivel del mar, Ly respisaciin periddica ecurne mis cominmente durante ¢l seefio active ¥ tranguilo ¥ ot
asccia com un pabed Cicligo de sptusciin de owdpeno, Lo peesidn de |a anenis pelmenar cag lenlamenis luepa del aasimicnio en albar
extroma. En alurn modersds, los prestones & B arlena pulmonar pucden nonmalizasse, pero el kecho vasculor polmonar sigue siendo
suseeplible ol desamallo do Ripemicnsidn palmesar ssnioendzics durssie un de imesicitn. Bl sisirame do mal de
montafia subagedo il ¥ b pemimsiencia de conecircuitas de devecka o izgquicnda por el foramen oval y ¢l conducto amerioso reflejan uns
presiin de arieria pulmonar y una resistersta vasculor elevadis on la infancia.

Condusisn: El mecién nacido de ko olivm experiments una transaciin més kenta de patrones fotales a patrones maderos de funcida

canfsopuimonas, Ucurmen effoctos diferenciales al awmentar la alivm y se chservan diferencines en fespucsia enfre vakos grupos
poblzcionales o altaras similses,

Palabras elaves: Adapiacida Aseldgica: Alea: Hipazia; Oximctria do pulso; Hipoiensidn pulmonas; Mal de moniiia subagedo infangil;
Penl; Tibet; China

RESUME: Transitien cardisrespiratoire & grande alitude :
ke neuveau-nd ¢l le pourrisson,

lentemeni apris la noissamce, A une oliiude modénde, les
pressiens de Iamine pulmonaine peuvenl s normalisor maas lo

Oilyjectil : Des oledmiions de s soivmiion andrielle d"ocygine
(5.00) [8ées au miveaw d”aldsde se produitent aussi bien chee e
mouvean-nd que chex e nosision,

Man : L'évidencs obienise de I'invesiigation ongsnale et de la
littdrmiupe  poblide pormetl la companison cnime phicurs
groupes humains habitaml des néghons de prnde alifude en
Amdrigue du Nord, Amdrique du Sud =2 Asie.

Mladéricl of méibodes @ Des donndes §oxyméisic de pouls, de
pthysmoprphic  respiraleine,  d°&checordiographie,  de
calhélfrisalion cardipque aimsi que Pexamen histologique de
pomvenu-nds e de nourrissans ilbestrent ks abdrutices de la
fonction, ks excmples o rdussie et bes exemples de
mbdisd ¢ de meamalind lides & b maissanee ou § | rdaidene
en aliidude

Riésultats : Bien quo la 540 diminue quand augmenic
"altifude, oot offel n'es pas il Nndairemend 3 "alioude ou & 13
pression baromérigee. La 5,05 vanis tgs neliement en fonction
de I'diat comporicmental, Contralvemeni aux modiles ohsenids
au niveau de b mer, chez certaines papulatkans vivant & grasds
aliimude la 5/0; diminue aw bout J'use semaine de vie et la
prévalence e la darde de la respération plricdique du Dot mEson
soni en wapmeniation. La sespiration pékodige: se produit ke
plus souvent peslant b sommel aetif e paisible et elle est
ssncite i um parera cycliges de safuration d'oaygens. A by
prands olifude la peessbon de Ianire pulmonaine diminse

lit voscolabre pulmosabne peste suseepiible au développemen
d'unc hypericnsion pulmonaire sympiomalique pendant une
piriode prolongée de irmssition. Lo symdome du mal des
moniagnes subaigy infantile et la persistance de counts.circuits
de droite b papche par l'anfce ovale o lo condwil amdéricl
reflien! une pression de amére pulmonzine et une résistance
vaseulaire Sevdes pendant I'enfance.

Conclusicn ; Chez enfant nowveau-sé de geande alsinsde, la
lansslion ded podferns foclaux oox potierms mabores de fa
fonclicen yespimatedre g2 [t ples  lenlemenl. Des  elfets
différenticls s¢ produisent guand "alifude sogmente et 1%an
obmerve ded dilférences dand les nfponses die plusicurs proupes
die population vivami b des aliitudes ssmilaiges,

Mots-chis - Adaptation physiologique, Allisude, Hypaoxie,
Crnymafirie de pouls. Hypericnsbed  pulmonaine, Mal des
montagnes subaigu infasdibe, Pémow, Tiber, Chine.

SUMMARY:

Oflipectives  Alunide-related  abemliond in asterial  oxypen
saluration (3.0, wentilation, ond the pelmonary circalstion
Eur defing cardiopad transdlion in the necnale and
indmnt at high altiude, Design: Evidence gathered froin original
rescarch and the published literature ollows comparsos of
waricras population groups resident al high altinde in North and
South America and Agia
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Material and Methods: Daa from pulse oximelry, resplrmtony
mettysimepmphy, cchocardiography, cndiac ctheloimiios asd
higiologic examisation of neonstes aed isfants  iBusimic
slicrations in funstion, maanecs of successful sdaptation, and
caamples of morbidity asd momality related o0 hink or
residemce al bagh aliiude,

Besubis: 3,05 falls with increasing altinsde; however, this elfeci
is mol lincardy related 1o allitode or hasomeinc peoasunz. 5,04
varies markedly with behavtoral state. In comtrast po pamerns
ehsorved al sca lovel, 5.0 decreaseq alfber | week of life in
cemsn popslations ol high altimde. Periodic beeaibing in
infamcy imcreases n prevalence and daration at high alfitude as
compared t0 sea lewel, Pesboddic  beeathing  oceuss  mosi
commonly i aclive and guict sleep asd & associsted with o

eyelic paticm of oxypen safuration, Pulmonsry aery pressan:
falls stowly after Binh al extreme high alitede. A1 modemle

Background

Altitude-related  alterations in  arterial oxygen
saturation (5,0,), ventilation, and the pulmonary
circulation oecur during the cardiopulmonary
transition after birth and during infancy at high
alitude. A comparative approach using data from
virtous population groups resident at high altitude
in North America, South America, and Asia
illustrates the cffect of increasing altitude and the
differences observed among certain population
groups @l similar  altitudes. Among  these
examples exist instances of successiul adapiation,
altitude-related  alterations  in  function, and
increased morbidity and mortality due to birth or
residence at high altitude,

A vignette from the history of Spanish settlement
of the Andes in in the mid- I6th century poins
out the hazards of birth a1 high altilude. Antonio
de la Calancha wrote that in the first years of the
settlement of Potosi, a silver-mining community
at an altitwde of 4000 m, no Spanish infants born
there survived the neonotal period (1), Women of
European descent chose o descend to nearby
valleys, where their infants remained during
infancy. Omly after more than half a century is
there record of a Spanish infant surviving after
delivery in Potosi,

Arterial Oxygen Saturation

Oxygenation is the eritical function assumed by the
lungs ot the moment of birth. The ransition from
Muid-filled 10 air-filled lungs not only effects
oxygen fransfer across the alveolar-capillary

high shivede, pulmonary arlery prestupcs may noomalize, bu)
the pulmonary vascular bod remale sesoeptibles o developmeni
of symplomatic pulnsonary hypenension duning a prolonged
\Fafiai Ll rmud Thie synilrome of subacute imfandile mounkan
sickness amd pemsistence of nghtdo=leli shunts at the foremon

ovale and ductes arteriosus rellect elevaled padmonary arery
jpressan: and palmosary wascular resistancs in mlancy.

Conclomsion: The rewhorm infant at high altiude expericnoes o
shwer  trangilgon  from fel o maloee pallerns ol
cardiopulmonary  fumction.  DafTerestial  effects  oecur with
ecreasing altiomde and diffezences i resposve are observed
among varicess popalstion groups at semilar altivades,

Key Words: Adspistion, Physiolopic; Aluiode, Hypoia, Pulsg
nximetry. Pulmonary hypericnsion, Sshaowie inlantile mousinin
sicknesx. Pene, Tibel, China

membrane, but the physical inflation of the lungs
and the increased alveolar oxvgen serve 1o dilme
the pulmonary vascular bed and Gacilitale increased
pulmonary blood flow, the oher key component in
ruising the PO, afier birth, At sea level, 5.0, rises
from 47 to 61% immediately after birth 1o mose
than B0% by 7 minutes of life (2). In the first week,
850, remains in the low-to-mid 90% range and
reaches adult levels of 94 10 98% by the end of the
Tirst month of Life {3).

Al 16100 m in Denver, Colorado, mean 50,
during infancy ranged lmom 92 io 949 {43, Aler
the first month of life. 50, voried with infant
activity; 5,0, was higher while awake and feeding
o5 compared 10 active and quigt slecp (Figure 1),
Al 2800 m in Summit County, Colorado the mean
8,0, for healthy awake infants was 92% (5).

AL 3100 m in Leadwville, Colorado, mean 50,
ranged from 81 10 91% (Figure 1) in the first 4
months of infancy (6). Arterial oxvgen saturations
were initially at the upper limits of this range;
3,0, fell by one week afier birth to a mean of 81%
in quiet sleep, a1 the lower end of the range. Infant
sctivity had notable effect on saturations at and
alter one week of life, when values were higher
during wakefulness than during sleep. 5.0, during
feeding was intermediate between  saturations
while awake and asleep, Values in quict sleep rose
to 86% by 2 and 4 months; the highest saturations
were achieved in the awake stale ot 4 months,
Although all infants in the study cohort remained
healihy, the drop in 5a02 a0 one week of age
coincided with the reported onset of symploms in
other babies who developed clinical signs of
hypoxemia (c.g. cyanosis, imitability, poor
fecding, failure o ihrive).
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Figure 1. Anerial oxygen saturation in awake (upper poncl) and guictly sleeping (lower panel) infants
decreased with increasing altitude. At altitudes above 3000 m, 5,0, fell by one week of life from initial values
at the upper end of the observed ranges. In Tibetans at 3658 m and residents of Leadville, CO at 3100 m,
arterial oxygen satwrations then stabilized through 4 months of age. Han infants in Lhasa, Tibet at 3658 m
showed a progressive decline in saturations, most marked in quict sleep, through 4 months,

At 3658 m in Lhasa, Tibet mean S,0, for Tibetan
infants ranged between 86 and 94% (7). The
highest 5,0, occurred in the first two days after
birth while awake. A fall in sslurations occurred
by one week of life. Thereafter, saturations
stabilized in the Tibetans, with §0, only slightly
greater while awake than in active or quict sleep.
Han infants born in Lhasa to mothers of low-
altiude ancestry showed lower 50, than the
Tibetans from birth through 4 months of age
{Figure 1). Again, the highest saturations oceurred
in the first two days after binh (91 10 92%); a fall
in §.0, occurred by onc week to 87%. However,
mmean Sﬂ declined progressively in the Han 1o
T6% h-:r 4 months, while the Tibetans' values

remained stable during this period.

Al an altiiude of 3750 m in La Oroya, Peru the
mean 5.0, value was 38% in native Quechua
infants from 2- to 5-months old (8), At extreme
high altiude in Morecocha, Peru (4540 m),
directly measured arterial saturations ranged from
37% 10 75% in newborns from 1f2 hour to 72
hours of age (9). Arcrial saturations remined in
the range of 74 1o 80% throughout infancy { 10).

The decrement in 5,0, observed with increasing
altitude is not simply linear, This is due, at least in
pari, to varying degrees of hyperventilation,
resulting in smaller drops in alveolar oxygen.
Hypervenlilation also increases pH and thereby
shifis the oxyhemoglobin dissociation curve 1o (he
feft, at least temporarily; metabolic compensation
for respiratory  alkalosis  and  intermitient
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hypoventilation may decrease pH, resulling in a
lower saturation for a given PO, (I1). The
prominent differcnces in 5202 between slecp and
wakelulness and the fall in 5.0, a1 one week likely
relate to respiratory pattern. However, the dramatic
differences belween saturations in the Tibetan and
Han infanis cannot be explained on the basis of
respiralory rale and pattern alone, Tibetans are
unigue in their kength of settlement at high altitude,
the lack of admixiure with other populations, and
the absence of migratory patterns fo low-altinude
regions. While the native populations in the Andes
arc analogous 1o the Tibetans with respect to long
ancestry al high altitude, there has been much
greater opportunity for admixture with lowland
populations and migration o low altitude. Norih
Americans and the Han are both newcomers (o
high altitude in the genetic sense. The Tibetan-Han
differences which exist at the same altitude
illusirnie the probable role of genctic adaplation 1o
high altingde.

Respiratory Patterns

Periodic bresthing 12 a recogmized feature of
infaney ot sea level, where it occurs in up 1o T8%
of full-term neonates in the first two weeks of life
(12}, Periodicity in the respiratory pattern declines
with posinatal age, from one month through 3-6
manths {13).

Early studiez in Denver (14} suggesicd that
periodic breathing occurred more frequently and
for a greater duration at 1610 m than previously
reponted from sea level. At 3100 m (Leadville,
C0) the reported incidence of periodic bresthing
was 100% i neonates (15). The patiern of
periodicity exhibited was a cycle of 4 o 6 breaths
ower 0-T seconds with a subsequent pause of 6-T
secnnds.

Periodic  bresthing  likely  represents  an
exaggeration of normal oscillations in respiralory
frequency and tidal volume; as such it may be a
normal phase in the development of respiratory
coptral {16, 17) Penpheral chemorecepior
reflexes amd the interaction of central with
peripheral chemoreceptors may be important in
the genesis of periodic breathing in pewboms
(13). The functional inactivity ofthe carotid
chemoreceptor in the first 48 hours of life may
account for the wirwal absence of periodic
breathing during this period (1E, 19, 20).

Pulmonary Circulation

In normal postnatal transition, the fall in
pulmonary vascular resistance and pulmonary
ariery pressure (P} is the comerslone 1o
achicving higher PO, and effecting functional,
then anatomic closure of the fetal atrial and ductal
shunts, Al sea level, pulmonary arlery pressure
falls 10 adult levels within the first 3 days of life,
with the sieepest decline in the first 24 howrs (21).

At 3100 m in Leadville, ©O0 the the ratio of right
ventricular pressure to leflt ventricular pressure
(EVPLVP) fell within the normal 1o moderately
elevated range during the first week of life. All 2
and 4 -month infants had values in the normal
range, using the echocardiographic technique of
LVECI (left ventricular systolic circular index)
{6}, Howewer, all infanis born in  Leadwville
routinely  received  supplemental  oxygen  al
delivery and during postnatal transition. From the
era before rowline oxygen supplementation, 5
infants and 6 obder children from Leadville were
reporied  with o syndrome of  pulmonary
hypertension. Cardioc catheterizaton in  three
infants confirmed the clinical dingnosis, One
infant who died exhibited medial hypertrophy and
intimal thickening of pulmonary arterioles and
disruption ol the internal elastic lamina on
autopsy (22).

In Lhasa st 3658 m, fifteen infants and children
aged 3 to 16 months at death delned the syndrome
of subzmuie  infantile  moustain sickness,
charactenized by pulmonary hypertension and right
heart failure (23). All children were Han with the
exception of ong Tibetan boy; 13 of 15 were born
at low altitude and brought o Lhasa an average of
two months prior 1o onset of illness. Clinical signs
which characterized the syndrome included:
dyspnen, cough, cyanosis, sleeplessness  and
irritability, facial edema, hepatomegaly, and
oliguria. Histology was characterized by medial
hyperirophy of small pulmonary  arteries,
muscularization of pulmonary  arericles, and
severe right ventricular hypertrophy and dilation,

The most striking data in support of a prolonged
postnatal fall in pulmonary artery pressure come
from extrems high altitude, Newboms at 4540 m
in Peru had nearsystemic pulmonary artery
pressures for several days following birth (9).
Administration of 100% oxygen 1o 3 infants a1 72
hours age resulted in normalization of P_ values
1o levels near those of infants at sea level,

Other evidence supporting delayed fall in P, ai
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cxtreme  high  altitude comes from  cardiac
calheterization studies and pulmonzry histology.
Right hean catheterization of children under 5
years living af 4330 m and 4540 m in Peru
confirmed  instances of eclevated PPA  and
crensed pulmonary vascular resistance (10). In
healthy children who died of non-pulmonary
causes, there was evidence of slow regression of
pulmonary  arteriolar muscularization and
thickening of the muscular layer of small
pulmonary arteries. Delay in regression of the
fetal  pulmonary  vascular pallern was 5o
pronounced in some cases that o fully adult
patlern wiks never achicved {24),

Delayed functional closure of fetal shunis gives
turther clinical evidence of the prolonged decrease
in pulmonary vascular resistance and pulmonary
artery prossure, The incidence of patent ductus
arteriosus in Peruvian children sl 4330 m (Cerro de
Pasco) was 0.74%, in contrast o 0.05% at sea level
(23). In Qinghai Province, PRC, the prevalence of
atrial septal defeet and paticnt ducius arteriosus
increased from zero at sea level 10 > 5% at 4500 m
(26). Hypoxemia is presurned 1o be the stimulus
contributing 1o the increased prevalence of patent
ducius arteriosus a high altivude (25-27)

CONCLUSION

The newborn ot high aliitude experences o slower
tranzition  from  fetad 1o mature patterns  of
cardiopulmonary  [unction.  Arerial — oxygen
saturation remains lower than corresponding adult
values through carly infancy. 50, declines in the
first week and remains lower in sleep than the
awoke siate. Extreme high aliiiude resulis in
persistently  low  saturations, and  certain
populations show an exaggerated and prolonged
fall in 50, associoted with clinical signs of
hypoxemia or rght heart failure in infancy.
Periodic bremhing patterns are common (o all
neonates al high altitude. Periodic breathing in
sleep is associated with cyclic changes in 5.0,
Pulmonary antery prossure falls very slowly with
persistence of fetal pulmonary vascular paticrns
and o higher prevalence of persistent right-to-lefl
shunts. Symptomatic pulmonary hyperiension
may develop: in susceptible infanis a1 high
iltitede.
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EFECTO DE LA MENOPAUSIA EN LA RELACION ENTRE LAS PRESIONES
ALVEOLARES DE O, Y CO, Y EL MAL DE MONTANA CRONICO.

F. Ledn-Velarde, M. Rivera-Ch., B. Tapia, C. Monge C.

Departamento. de Ciencias Fisioldgicas/TIA, Universidad Peruana Cayetano Heredin, Apartado 4314,
Lima 100, Peni,

RESUMEN: Esie csisdio se llevd a cabo con el fin de determinar ¢l rol quo siese la legada de |a menopausia on la relacics
onire las prosiones alvoolanes de Og ¥ COy y el Mal de Moniada Crieiee (MMC) o Enfermedad de Monge. EI citudio s¢ realizd
en ena meesira poblacional femendng residente de Cerro de Pasca (4,300 m) enine les 36-62 afios de el {nsd1). Se midionn,
enire ogms, las variables fisildgicas involucradas en la soouencia fisiopatoligics del MMC: presioncs lidales de Oy ¥ OOk
(PIMT y PCOST, torr), ssurscion de oxigens (5a00%), ¥ concentracidn de hemoglobina (Hb, gidl). Les resultades mostraran
que, en Ins mujerss de slivm despeds de la menopausia, so obsorva una dissdnussim de la PO;T (484238 v 517100 toer;
Pt O0010) ¥ de ba Salk (31984, 12 vs 8472314 %:; p<OUH), asd oo s semenba de lo POXET (34.542.2 ve 3433 vane
e OO0 y de la Hb (1862 0.7 ve 15923 Ypidl; pe0.001), En las poblacieses masculinas de altura s obsdrva iah mimento de
la prevalencin de eritrocibosis exeesiva en fore costines con (o edad, en el caso de las mujeres de alts, postulamos, eo base a
mscsiros. resubtados, que un factor comiribayense adicional para ka aparicida abripta (y no continua) del MMC seria la
spminscian de ba ventilacidn, coma lo indica el aumesto de ks POOST, Esia, al d&smingir, merin como consecucncia hipasemin
¥ eritrociinsis excesiva, ¢l signo proponderasite del MC.

Palahros claves: Menopawsia, Mal de momais crinkoo, Presidn tidal do Oy, Prosida tidal de OOy, Policitemis, Saturacide de

nxigeno.

RESUME: EfTet de In nénopause sar ka relation enire
bes pressions alvéolaires de 0y of OO el le Mal des
Mantngnes Chroniguer.

Le bot do eenie éude diail de délermiser be rile de lo
survenue de |a ménopause dans la relation enire los
pressions ahvdolaires de D5 o OO0y et ko Mal des

Cheonique (MMC) oo Maladie de Monge.
L'gude 3 & ndalisfe & panly d'en échantlles de
popelstion fémining nésidant b Cermo de Pasco (4 300 m
d'altivude). dont Mipe vagiait entre 26 ¢t 2 ans (n=4 1) Onl
& mesupdes, entre audres, lei vasiables physiologiques
présenses dans |a séquence physiopatbologique du MMC
pressices cournnies de Oy b OO0 (POLT ¥ POOST, doe),
salufalion en oxypene {Sa0s, %) ol concemiralion
ihémoglobing (Hb, ghdll Les résublats ont monind que
chee les femmes mdnopassées vivant en altibede il ¥ o ane
dimismtion de b POST (484233 v 32051 om
pelp 000 ) of do la 5 (B 9ad,12 ve B4TaR 14 Tk
pellO01), ashse quiume supmenistion o la POOST

SUMMARY  The objective of this wudip LT
investi the sole of menopause in the relation omong
the ulﬁl:rm Op Y COy pressunes and chrosic mountaln
sickness (CMS) in & female high altitude papulation. The
fomales ssudicd were 26-62 years age (n=dl} and hawe
pormament. residence in Ceno de Pasco (Pasco, Penk;
4300 m.). The samgle was divided in st menopausal

(345420 vs J0A&13 o peoD000) e de In Hb
(1G] T i 15942 Ipfdl; peolh. 000}

Parmi les populations masculines d'altinede o obeerve
une augmestation de la prévalence d'une polyglobalio
cicemive of permanente aven Phpe. Dans kb cas des
femames: vivant on allitude, nows formulons Thypothése, sur
la base de mos pésultass, qu'un [acieur supplémentasic
contribuani & Fapparition brusque (60 non continue) du
MBMC serain fa dimsnuibon de la vestilation respimioin,
pomime lindigee Fsupmentation :l-rh'PCDIT. Celle-g, én
diminuant, oursil pour conséquence lapparitbon dume
hapoatmic e dune polyplobulie excessive, signe
prédaminant du MMC.

Moks chés : Midmopamse, Mal den meosiagres chroniges,
Presshom courante de Oy, Prossion courande de CiOy,
Polyglobulie, Saluralion on axypine.

(n=21) and pre-menopauial  groups  (e=20F  [or
compariion. Esd tdal pressares (PORT y PODST, Torrh,
blood oxygen satwmtion {53l and hemoglobsne
conceatralion [Hb, ghdl) were measared, smaong others, as
the main vorisbles involved in the phosiopathological
sequence of CMS. Posumenopausal women hod lower
POST (484513 v 527430 ioer; peolh000T) and Sa0i}
values (81,924,012 va 84723 14%; p<0001), and higher
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POORT [34.5:22 wi 3041233 tiw, p00001) aml Hb
values (136217 W I!'r.-'i'ti.ﬁlp'il'.ll. PRl ), hEn
[premennpatisal woien.

Men's hemoblobla kevels, al Bgh  alisude, e
continugesly with age, In conbrst, in high altbiude women,
Hb rises caly afier the cexsation of mensiruation. In the
cae of men, the suppostion hat been made that the
incrvase im Hb i the messll of he simultascous drop of
venhilaloey anidlor pulmonary lenclicn a5 5 lusctios of

INTRODUCCION

En 1928, Monge Medrano describid con el
nombre de Enfermedad de los Andes o la
pérdida de aclimatacidn a la altura. Esta pucde
ocurrir por la incapacidad  de  algunos
individuos de aclimatarse en forma integral a
la residencia en alturas considerables. Esta
enfermedad, llamada ahora enfermedad de
Monge o mal de montsfia crinico’ (MMC), se
caracteriza principalmente por sus sinlomias
peurppsiguicos, como  cefaleas,  mareos,
somnolensia, insomnio, fatiga, dificuliades del
movimiento, falia de concentracidn mental ¥
alieraciones de la memaoria. Una elevada cifra
de glébulos rojos, de hemoglobina v de
hematocrite  acompafan al cuadre  clinco.
Esias cifras s¢ cncuentran por encima de
nquelias esperndas para la alwra de residencia
{eritrocitosis excesiva = EE),

Muestros estudios muestran que la prevalencia
de sinlomas azsociados al MMC aumenta con la
edad y que la EE en hombres cercanos a la
quinia década sobrepasa el 208 [Arregui ef al.,
1994}, Asimismo, la ventilacidn, la capacidad
vital, la saturacidn de oxigeno ¥y el Mujo
espiratorio miximo decaen con la edad (Sime
et al, 1975; Monge C. et al., 1992 Ledn-
Velarde et al., 1993; Ledn-Velarde v Amegui,
1994), generando la secucncia de evenlos:
disminuciin de la Tuncidn ventilatoria, caida
de la copacidad wital, disminecidn de la
ssuracidn de oxfgeno, hipoxia arterial, EE

Los problemas de salud de los hombres nativos
y residentes de las punas, como el MMC o
enfermedad de Monge, han sido obieto de
TUIMEN0E0S esludios nacionakes &
internacionales. (Monge M. et al, 1925;
Hurtado et al., 1942; 1955; 1956; Monge M. y
Monge C. 1966; Ergueta et al,, 1971; Heath ¥
Williams, 1981; Wu et al., 1987; Winslow ¥
Monge C. 1987; Pei et al., 1989; Arregui ct al.,
1991; Vargas y Villena, 1994}, sin embargo, la
fisiopatologia de la mujer andina ha sido
menns estudiada que In del hombre, v son adn
menos  conocidas ks caracler(sticas ywio
frecuencia del MMC en esta poblacidn, Este
hecho se ha debido en parte a la consideracidn

age. In the case of women, ong -:nn_pmrutu.nr thal an
additional comtributing factor foe the higher Hib valucs, 15
the greater hypoventilation (highes PCO:T values) which
appears with menopasse,

Key words: Menopause, Cheoaic mousinin sickness, r.-n-d
tidal Oy pressure, End tdal OOy pressure, Palycythemia,
Crygen saturafion.

que las mujeres estarfan protegidas de la
enfermedad, i.e. de la EE, por la menstruacidn,
heche fisiolégico que mantendria normales los
voldmenes sanguineos, adn en la aliura Las
mujeres de la tercera edad {postmenopausia),
no sdlo no estarfan protegidas por la pérdida
del exceso de sangre. sine que ademds, su
lecho vascular no se encontraria preparado
para un mayor volumen de sangre,
desencadendndose la sintomatologia propia del
MBMC con mayor intensidad.

Recientemente, Ledn-Velarde et al, {en
prensa) han encontrado, en base a un estudio
de tipo epidemioldgico, que las mujeres de
alura  después de a3 menopausia  ticnen
mayores hematocritos ¥y signos ¥y sinlomas
asociados al MMC y  menores  Mujos
cspiratorios.  midximos Y saluraciones
sangufneas de oxfgeno. También mostraron
valores de hematocrilos mas alios pars un
misma valor de saturacion de oxigeno. Asi
mismo, estos aulores determinaron que el valor
de eritrocitosis considersdn como excesiva
para mujeres de Cerro de Pasco (4,300 m) es
de 56% y que, basados en esta cifra, la
prevalencia de mujeres en riesgo de mal de
montafia seria de 8.8%. Lo menosausia aparcce
mds lempranamente en la abura que a nivel del
mar {Zhang et al, 1991; Gonzales, 1993;
Villena et al., 1993), lo que conllevaria a la
aparicidn del MNC en mujeres a una edod
anterior a la que corresponderia como tercera
edad para mivel del mor. Si la eapa
premenopdusica protege a las mujeres andinas
de Ia eritrocitosis patoldgica de la alura, y con
ello de adquinr el MMC, aquellas, al llegar a
la  menopausia, tendnon  wna  mayor
predisposicidn para desarrollar la enfermedad.
Esta predisposicidn  se  deberia a  uma
disminucidn abrupta de la ventilacion, la que
se veria reflejada por ¢l aumento de la presidn
tidal de anhidrido carbénico (PCO,T, torr) Con
TESPECIO @ MuUperes o etapa pre-menopiusic,

El objetivo de esie estudio fue determinar si
Con la llegada de la menopausia, disminuye la
venlilacidn  en  los  mujeres de  allura
conslituyendo un factor de riesgo para la
aparicidn del mal de montafia crénico,
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MATERIAL Y METODOS

La poblacién blanco del esiwdio esluvo
constitwida  por una muesirn de mujeres
residentes por mds de 10 afios en la ciudad
andina de Cerro de Pasco (4,300 m). La
mucsira cstuvo conformada por dos gropoes: 1.
Pre-menopausia: mujeres que no  habian
llegado o In menopausia, ie. que se
enconlraban menstruando de manera regulor
in=19). 1. Post-menopausin: mujeres que
habian dejado de menstrear por lo menos Un
afio antes del comienzo del estudio (n=10),

Se midid Ja hemoglobina (Hb, gfdl) en sangre
venosa mediante especirafotometria por medio
del Hemocue. Las presiones tidales de O, Y
CO, (FO.T v POO,T, torr) se delerminanida
utilizando el Mormocap directamente del aire
espirado, Lo medida de saturacién  arterial
(8a0,, %) ¢ realizd por triplicado mediantes un
oximetro de pulso Nellcor en posicidn sentada,
wviende cuidado en que las manos  se
encontraran i ung iEAperiyr copsinie, Esto
se¢ logrd solicitande o la volunlara  que
sumergiera la mano izquierda en un bafio
lempersdo durante un minuts. También sc
evaluaron ¢l pulso (FP, pulsaciones/minuio) y
las presiones arieriales sistdlica (PAS) ¥
dinstcilica (PAD). :

La estimacidn de estos parimetros permitio
discernir en qué medida ¢l aumento de la

PCOT sumenta la Hb, wrayendo como
consecuencia ln EE, y por ende la aparicidn del
mal de montafia crénico

Andilisis de datos,

El procesamiento  de  la  nformacidn
cuantitativa s realizd con el programn SPSS-
PC+. En los casos de una varisble discretn
(menopausia} y varias continuas (POT y
PCO,T, 520, v Hb), se uilizd ¢l ANOVA de
una vin, ¥ en el caso de una variable discreta y
dos continuas el AMCOVA, Las variables
presentaron varanzas homogéneas con 955% de
confiabilidad. Los  resultados  fueron
considermlos como  significatives parn  una

pe0.05.

RESULTADOS.

La fabla 1 muestra las diferencias en edad,
presiones arieriales  sisidlicas, diastélicas y
frecuencia de pulso enire las mujeres pre-
menopdusicas y  post-menopdusicas.  Puede
verse una diferencia en las PAS (p<0.03) v en
las PAD (p=0,05), siendo ambas mayores para
las  mueres poste-menopdusicas, Esto
probablemente se explique por las diferencias
de edad (p<0 . 0001 .

Tabla 1: Edad (afios), peso (kg), presitn arterial gistdlica (PAS, mm Hg) y diastélica (PAD, mm Hg) ¥
lrecuencia de pulso (FP, pulsaciones/min) en mujeres pre-menopdusicas y posi-menopdusicas,

N EDAD PESO Ps PAD FP
Pre-menopdusicas
X ) 55.6 92.6 532 73
DS 6.96 B.78 13.31 10.29 1.72
X 33 57.5 103.7 59.5 774
DS 4.36 8.25 17.54 B.87 10.70
P < 0.0001 N.S. < 0.03 <005 NS

En la tabla 2 se muestra las diferencias en
PO.T y PCO,T, Sa0, y Hb entre los dos grupos
de mujeres, Es aqui donde se observa comao en
las mujeres post-menopdusicas se cumple I

secuencia fisiopatoldgica que lleva al MMC,
En las mujeres post-menopdusicas se observa
una menor PO.T (p<0.05); una mayor PCO,T
(pe0.0006), indicacidn de hipoventilacidn y
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una menor Sal), (p<005), indicacién de
hipoxemia. Esta llevaria a la  mujer
menopiusicn a una  elevacidn  de  a
concentracidn de Hb (p<0.005), principal
signo diagndstico del MMC. Para eliminar el
efecto de ln edad, csia se especificd como

covariable en el andlisis de covarianza, los
relaciones  arribn mencionadas  siguicron
guardando su significancia. Cuando sc realizd
el andlisis de regresidn con la PCO,T como
varighle independicenle s¢ encontrd una p
significativa en funcidn de la Hb (p<0.0006),

Tabla 2. Presidn tidal de O, (PO,T, torr} y de CO, (PCO,T, torr), saturacidn de oxigeno (Sa0,, %) y
concentracidn de hemoglobina (Hb, gidl) en mujeres pre-menopdusicas y post-menopdusicas.

PO,T PCO,T Sa0), Hb
Pre-menopdusicas

53T 0.4 E7.4 159

107 126 232 231
Post-menopdusicas

483 4.5 82.3 18.6

334 233 318 [.70

1] = 05 < L0006, =< 001 < 0L00S,

La figura 1 muestra como la Sa0, se modifica
en funcidn de la ventilacion. Los valores mis
altos PCOT corresponden a una  mayor
hipoxemia ¥ estos se presentan en el grupo

pOsImEnapIusia, Esta hipoventilacidn
generarfa el aumento de Hb que se observa en
la Tabla 2.

Sa0, (%)
85 -
[
904 [}
B o 20
B854 ':'EJ ’
@ uq:, o
‘Fﬁ
o
801 « Pro-menopausia . . =
®*  Post-menopausls s ®
75 - . —
20 25 as 40
PCO, (Torr)

Figura 1. Relacidn entre Ia saturacidn arterial de oxigeno ¥ la ventilacidn en mujeres premenopdusicas
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DMSCUSION

Los  resublades de  esin investigacidn
demuesiran que los indicadores
Nsiopatoldgicos que levan al MMC estin
significativamenie  mds  presentes en  las
mujeres  postmenopdusicas, La  asociacidn
emire  la  disminucidn  de la  vemilacidn
{aumento de la PCOT), aumento de la
hipoxemia (baja Sall). con el consccuenic
aumento de la Hb, sustentan la hipdtesis que la
menopausia seria un factor contribuyente a la
aparicidn del MMC en mujeres residentes de la
altura.

Cabe resaltar, que a diferencia de las
poblaciones masculinas de allura en los que se
observa un aumento de la prevalencia de EE
en forma continua con la edad (Whitlembury y
Monge, 1972; Monge C. et o, 1989; Ledn-
Velarde et al., 1993), en ¢l caso de las mujeres
de altura, un factor contribuyente adicional
para la aparicidn abrupta (v no continua) del
MMC con la edad serid la disminucién de las
hormonas  femeninas en la elapa  posi-
menopausin. La  progesterona  aumenta o
ventilacitn (Regensteiner et al., 1989: Tatsumi
el al., 1995), 1anto durame ¢l embarazo como
en la fase luteal del eiclo menstrual (Goodland
el al, 1954; Takano et al, 1981} En raias
soineiidas o hipoxia crdnica, 3¢ ha descrito
adicionalmente, que la ausencia de hormonas
sexuales femeninas aumentan las respucsias
eritrémicas vy cardiopulmonares propias  del
MMC (Du et al, 1994). Por oiro lado, se ha
demosirado que los estrdgenos reducen la
produccidn  de  eritropoyetina  (Mirand  and
Crordon, 1966), En Ia ctapa de Ia menopausia,
en la altura, la disminucidn de estas hormonas
disminuirfa Ia ventilacidn y aumentaria |a
produccidn de eritropoyetina, eslo
ingrementaria la hipoxemia de aliura y la Hb,
conllevando a la aparicin de la sintomatologia
propia del MMC en las mujeres de altura,

Samolaya et al. (1982), han estudiado un
grupo de 162 mujeres que viven a 2,800 m., ¥
han encontrado que también la presidn arterial
de CO, aumenta muy por encima de los
valores para hombres a partir de la década de
los 40 no obstante, estos autores no relaciona
este hallazge con ln menopausia. Moreno-
Black e ol. {1954} no encueniran un aumento
de la Hb en mujeres estudiadas a 3,700 m, pero
debe aclararse que sdlo estudiaron mujeres
hasta Jos 45 afios de edad, Sin embargo, Ruiz
(1973), si encucntra un sumento  del
hemmocrito en mujeres de miis de 45 afios que
viven o 4,100 y 4,260 m. Este autor no incluye

o la menopausia en su andlisis, no ohstante sus
grificos muestran claramente el incremento de
las pemficnics de aumento del hematlocrite a

partir de la edad de la menopausia para csa
altura,

Se ha sugerido que la menstruncion podria ser
considerada  como  uns  aulo-sangrin  gue
prodegerfa a la mujer en la alurs del MMC.
También s¢ ha mencionado  que  Ia
mensindacidn producirfa deficiencia de hierro
causando wna ligera apemia, Hannon et al
(1969 hon mostrado que las mujeres tiencn
una menor tasa de incremento del hematocrito
gue los hombres cuando su dicta no es
suplementada con ferro. Desafortunadamente,
en I lieratura relacionada a hipoxia o alra,
na 5 encuentran dotos suficienles ni para
apoyar esias hipdtesis, ni para refutaclas.

El hecho que en la aliera se preserven las
diferencias en lag conceniraciones
hematoldgicas entre hombres v mujeres que se
encugntran & nivel del mar (Berendsohn and
Muro, 1957} ha apoyado In idea que fos bajos
valores de Hb y hematocrite encontrados en
las mujeres de aliura las protegeria conira el
desarrolle del MMC. En  este  esiudio
demostramos que ésias, no sdlo presentarian
MM, sino que ademdds podren desarmallario o
un menor nivel de Hb v hematocrito, ¥ a una
edad mis temprana. Este hallazgo, no ha sido
scfialado antes en la  literatura nacional o
intermacional; creemos que s una informacion
que ez necesario difundir dada su importancia
en las decisiones médicas relacionadas a la
menopausiaen la alura,
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RESUMEN: Efecto del Clebo Menstrual én la Incidencia de hlal de Montnfia Agudo ¢n Mujeres: Hesultsilos Preliminases de oy

Estisilios

La mayor parte de catwdios do mal de maniafia on ewjeres premcsapdusicas que visjan o smbicnics de aliors no bhon enido oo csenta o
Tase del cielo mersirusl en ks que s encontrabas las mujeres. Consecuentemenss exisie poca informacion acerca de lus posibiles electos que
ticnen fas Mociusciones ciclicas que ceurren en a8 homesas esteroidess en la ocurrencin de mal de momaia aguda (AMS] Mosolios
Beenod determinado la incidencia de AME en 12 mujeres valuntarias durasic una exposicidn de 36 h o 446 (oer (aproximadsmente £3500 m)
en wng camara Fpobdnea durante la fase folicular lemprasa (BF) v In fase loteal (L) de su cicbo menstruall airevés de un disehio de esisdio
transversal, Adscionalmente, hemos descrminado b incidencia de AMS en olexs 16 mujercs volumatias duranie una residencia de 13 d o
AMH m e la cima ded Pikes Peak, Colorado, ¢n b faoe EF (8 sujeios) o en b fase Lo(8 sujeies), usando un diseiin de cstudio comparative
Los resaliades preliminares do estos esludios segienen qos s incidencia de AMS no dificee mucho entre las fases del ehele menstnas]

Falabras claves: Mal do mostafin apudo, Mojeres, Fases del ciclo menttrual

RESUME: Effet du cpcle menstroc sur Papparitisn du mal
alps  des mentapgees chez b fommes @ résultats
préfiminaires de deux diudes,

La plupart diés dhudes sur le moad des montagaes chee les femines
pri-minopaussques ge rendant dans des dpiens de haule
moniages: n'enl fos pris oa comphe la phase du cyele messirue
dans lequel elles se ouvalent, 1 existo dose peu dinformatioes
relatives aux effets possibls des Muowimioss cycliques des
hesmnones siéroldes sur I"apparition du mal des momagnes aiga
(AMS), Mous avons drermand 'mcidence de 'AMS chez 12
femmes valontaires soumises & une capodition de 36 heunes &
44 o {onvicon 4 300 m) dons ene chambdc hypobare,
pendant la phase Follseulain: préicoce (EF) of b phase leéale (L)
de leurs cyeks menstucls. em ulilisast un phn ddnede
transversale. Mous ovons en outre déierming Uincidonce de
I"AMS cher 16 auires wodanlaires au cours dCun adjeur de 12
Jeaars 4 300 i, au somsmed du Pikes Poak, Cofordoe, penidant
In phase EF (8 supeis) om In phose L (8 ssjersh, en utilisang un
plan " Glude comparative. Les nisultats préfaminaiees sugpirenl
que Pincidence d¢ I"AMS no dilere guire, quelle que solt la
phase dw eycle menstruel,

Motx-chés : Mal des moningnes algus, Femmses, Phases du cycle
menstnl.

Acule mountain sickness (AMS) is a syndrome
which occurs in unacclimatized individuols from
low  aditude who tavel o altitodes  above
approximatcly 2438 m and remain there for more
than a few hours. The most common symptoms of
AMS  include headache, nousea, vomiting and
Bssituche, Altilude-associmed sheep distorbances are
ofien also considerad to be 2 manifeaanon of AMS
(1), although disrupted sleep can occur in well
noclimatized individuals who lack other symploms.
The fundamental cause of AMS i prolonged
hypobaric hypoxia. The pathephysiology is thought

BUMMARY: Most studies of alifuds illness in premennpausal
women Emvcling fo high moumain envirenments have not
conueiod for phase of the monstrad cycle Consegeently. btk
infoemation exlms aboul the possible effccis of eyl
fluciuations &n ovarian Aemal bonnones an the cocurmemce ol
aute mountain sickness (AMS), We daamined the imcidence
off AMS is 12 wamon solunteers duning 3 36 h caposus: G 446
forr [=4MEl m) i a hypoharic chamber durimg ihe carly
fallicular {EF) pnd lussal (L) phivcies of their mensarual cyclke
uiing a cross-over sudy design, Addaienally, wo desarmined
the iscidence of AMS in 16 additional wanen wolunteer danng
a 12 o residence an 4300 m on the sammit of Plkes Peak,
Colomdo in EF (8 individuald) er L (8 individusls) using a
group comparison shedy design. Prelimimary resulis of these
wlugics suppest Bal the incklence of AMS an women does mal
dillfer greaily butween nanstrual cycle phases,

Key words: Acule meuntain sickness, Women, Memsiral-cpele
i

1w invelve hypoxia-induced subclinical cercbral
cdema that resolves with altiude acclimatization
(1. Consequently, allerations in respiratory and
Nuidivolume responses 1o hypoxia could affect the
occurrence of AMS,

The menstrunl cycle of women during their
reproductive years s characierized by regular
Nuctuations of evarian steroid hormones (estrogens
and progesterone) controlled by the hypothalamic-
pituitary-ovarian axis. These Muctuntions and their
physiologic effects function (o assure recurmem
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physiologic opportunities for reproduction. Ovarian
steroid  hormones  have  discernable and  well
documented effects on respiratory function and
body Muidivolume relationships. The different
concentrations of ovarian honmones associated
with different phases of the menstrual cyele could
affect the degree of hypoxia and extent of Muid
shifts experienced by women during high altinse
cxposure, which might alter the occurrence of
AMS symploms.

Although AMS has been investigated frequently in
males, it has not been studied adequately in women
o discern wheiher there is an effect of ovarian
steroid-hormene Nueluations. Two ypes of studies
exist within the English literature that report AMS
in women. First, there are swdies in which an
explicit or implicit assumption was made that no
differcnce in response o altiude exists between
men and women, Those studies examined both
genders twogether without differentiating between
them (2-6), The 2econd Lype of study reporied is
that in which women were compared directly 10
men within the same investigation (7-10) or were
compared to male historical controls (11,12). No
consisient conclusions can be drawm from the
studies. Grollman (7) reported "mild® AMS
symptoms in his wife, but not in himsell, during
the first 36 h on the summit of Pikes Peak in
Caolorado, USA. Huris et al, (117 found that the
pirttern of AMS symptoms in women was different
than that in men. Hannon {13} sugpesied that
woimen acclimatized to high altitwde "more readily”
than men based upon severnl siudies his group
performed on e summit of Pikes Peak. The other
siuchies  did  nol  demonstrite o discernable
difference between men and women in AMS
symploms (8- 10, 12}, bui none of the reporied
studies controlled for menstrual eycle phase.

We hypothesized that the dilferent levels of
estrogens and progesterone present during different
phases of the menstrual cycle would alter the
physiologic respanse 1o altitude exposure and couse
dilferences in the occurrence of AMS symploms.
We tested ihat hypothesis by assessing AMS
symptoms in women voluntcers during a 36 h
exposure 1o 446 ot in a hypobaric chamber and in
other women volunieers during a 12 day exposure
o 4300 m on a mountain during two different
phases of their menstrual cycle. The preliminary
results from these recently completed studies arc

presenbed,

Hypobaric Chamber Exposure

The purpose of the hypobaric chamber stedy was
to determine if there were differcnces in OCCURTERCE

of AMS symploms between the early Tollicular
(EF) and luteal (L) phases of the mensirual eyele
during early altitude acclimatization. The chamber
was wsed 1o focilitate preeise control of ambient
environmental conditions (baromelric  pressure,
temperature, humidity ).

The subjects for this study were 12 women
volunieers with normal menstrual cycles, They had
a mean (5. EM.) age of 26.3£1.2 vears, a height
of 60.1£2.4 em and o weight of 55.627.9 kg. All
were low-allifude residents and hod not  been
exposcd (o altitudes greater than 1500 m for af least
six months prior to their participation in the study,
All were nonsmokers. '

A within-subjects lactorial design was used in
which each volunieer was evaluated ot sea level
and a1 simulated high altitude (446 tore;, 4300 m)
during bath EF and L of their menstrual cycle. The
follicular phose was defined as beginning with the
first day of menses and lasting wntil detection
of"ovulation” using a commercial assay for LH in
the wring (First Response, Tambrands Inc.). The
lutcal phase was defincd as beginning the day of
detection of "ovulation” until the onset of menses.

During cach menstrual cycle phase, the woluniser
was first evaluated in the hypobaric chamber for 24
hours m sea level. The chamber was then
decompressed ot a rate of 15 lomfminute 10 o
pressure of 446 torr, and the voluntesr remnined o
that pressure 32 hours. The ambicnl emperature
and relative humidity were maintained at 2321 °C
and 55£5% throughout all exposures. Volunteers
had unrestricied access 10 a balanced diet and Auid
for consumplion throughout the study, but were not
allowed 1o ingest caffeine,

Sympiloms were assessed in the volunteers at sen
fevel and at 4 and, 24 hours afier decompression
(“ascenl™) using the Environmenial Sympioms
Questionnaire (ESQ). The ESQ iz a  sell-
administered 68-question inventory of symploms
that eccur in stressful environments (14), It is well
validated and has been ofien used for detection of
AMS, Weighted averages of cerchral symploms
designated “AMS-C" oand respiralory  symploms
designated "AMS-R™ were calculated (14) for cach
subject al cach assessment.

The symptom score data was evalupted for
siatical significance uging a two-way ANOVA
(alitudefime, menstrual cycle phase) with repeated
measwres in both factors. Significant differences
were localized by post hoe analysis using Student-
Mewman-Keuls method. All tesis were two-tailed
and the level of significance was designated as
F-ﬂ.u_rl'.
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The overall pattern of symploms in the volunteers
conformed to the pattern scen in previous chamber
studies with males at similar altiades, ic., there
wis onsct of symptoms by 3-_ hours afler ascent
with maximal symptom intensity during the first 24
hours followed by a progressive decrease in
symploms. Mean AMS-C scores at 4 and 24 hours
of altitude exposure and mean AMS-R scores and
24 hours of altivde cxposure were significanily
increased over the mean scores at sea level,

There were no statistically significant difTerences
in ESQ) scores between mensirual cycle phases,

Pikes Peak Study

The second study was designed 10 determine
whether menstrual cycle phase affected AMS
symploms by altering the normal course of altiude
acclimatization. The study was performed in the
research facility on the summit of Pikes Peak in
Colorado, USA (4301 m) o allow prolonged
altitude exposure without restricting volunteers to
the confined space of the hypobaric chamber.
Ambient barometric pressure was uncontrolled in
this seiting and fuctuated from 438 o 464 o
during the study.

Sixteen women volunicers with normal menstral
eycles performed as subjects for this stedy, They
had a mean age of 201.7+0.5 wears, height of
167.421.1 cm and weight of 62.2+1.0 kg. All were
lovw altitude residents, and all bot one had nol been
exposcd to altitwdes greater than 1500 m for at least
six months prior o their participation in the study.
All were nonsmokers.

The study used a mixed factorial design in which
ong group of volunteers (n=8) wos asscsscd for
AMS symploms ol sea level and high altilude
during the carly follicular phase of their menstrual
cyele and were compared 10 another group (n=8)
assessed under the same conditions during the
luteal phase of their cycle. The menstrual cycle
phases were defined as in the previous chamber
study (see above).

Asscssment of sympioms a0 sea level was
accomplished on multiple occasions in cach phase
of the menstrunl cycle during a five month period
prior 1o beginning the altitude exposure, Following
sea-level exposure, the voluntéers were assigned (o
either EF or L groups, They were then transporied
by commercial airplane and automobile o the
laboratory facility on the summit of Pikes Peak
over a period of approximately six hours on the
second day of the cycle phase corresponding to
their assigned group. The volunteers remained on
the summit for 10-12 days, During the entire stady

period they consumed a controlled, vegetarian dict
which was designed 1o minimize weight change.
They were restricted from consuming caffeine.

As in the previous chamber study, symploms were
assessed ot 4 and 24 hours after ascent using the
ES0Q. Weighted symptom averages (AMS-C and
AMS-R, see above) were calculated for ecach
volunteer from (he ESG) data,

Symptom score data were cvaluated for statistical
significance using a  Iwo-way ANOVA
(altimdetime, menstrual cycle phase) with repeated
measures  within the  altisdel/time  Factor.
Significant differences were localized by post hoc
analysis using the Siudent-Newman-Eeuls method.,
All tests were two-tailed and  the level of
significance was designated as p=0.035.

The overall pattern of sympltoms in these women
volunteers penerally conformed to the pattern seen
previously in men and women al the Pikes Peak
facility, Mean AMS-C and AMS-R scores were
significantly increased over sea-level scores 24
hours after ascent. There were no statistically
significant differences between menstrual cyele
phases in ESQ or LLS scores,

Figure 1 presenis the mean ESQ scores during
follicular and luteal menstrual cycle phases from
both studies combined. Each cvcle phase group
represends o todal of 20 wormen,

DISCUSSION

Although we postulated that fluciuations in ovarian
steroid levels associated with different phases of
the menstrual cycle might alter the occurrence of
AMS  symptoms by aliering the physiologic
response 10 high altitude exposure, the preliminary
analysis of the data from the iwo studies suggests
that menstrual cycle phases have litle effect. The
explanation for these results is not clear from the
limited information available at this time. At beast
three possible explanations should be considered: 1)
altitude  exposure suppressed ovarian  steroid
hormone levels, 2) the magnitude of ovarian
steroid hormone offects is insulficient to affect
AMSE, or 3) the inherent variability of hormone
hml". between  and  within  individuals s
s:_ui'l‘in:u:nll:.I greal to preclude detection of statistical
significance with the sample sizes used for these
studics. Some observations from previous studies
(11, 12) suggest that altitude exposure might aber
the menstreal cycle, but we are not aware of any
definitive data in the English literature concerning
this subject. Likewise, we are not aware of
previous literature concerning the magnitude of
physiologic effects of ovarian steroids relative 1o
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altiude acclimatization and AMS symptoms. The
occurrence of individual variability i ovarian
steroid levels is well known, but the extent of
individual vamability in these two studies has not
been evaluated yet. Hopefully, planned analysis of
additional data from these studies will help w
clarify the relationship of menstrual cycle phase 10
AMS in women exposed to high altitude;

i.ﬂ-l
= Folizular
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Figure 1. Environmental Symptom Questionnaire
{ESQ) scores at sea level and at 4 and 24 hours
decompression o 446 torr in a hypobaric chamber
or ascent to 4300 m at Pikes Peak, Volunieers were
exposed in the follicular (n=20) and luteal (n=20)
phases of their mensirual cycle. Bors indicate
standard error of the mean (SEM),
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RESUMEM: Erilropayciina y Presion Venssa Cemiral en Trabajadores de Altura Por Turnes

SgptumI|hwhqwmmhuhhﬁpqI.Lu'ru:nl.:spuﬁn:::nh.lpwhIrquﬁmtgllh:H.nui!lrdmjn:mkdelEWm.n:gmlhsdti
dins de descanso a mivel del mas) por meds de 5 afios, lax respuestas de critropoyeting (EPO) y los cambios ¢n la prosidn vencsa central
FCVPY sun diferenles des las que B¢ Obasrvin ¢ cluciicod gue wiven a nivel &l iiar, d-k'.l-lil-qlurd ell Eempaniissano imlerstickal REMeiCE al
siateina de haja pressdn, un abjetive adicional del estadio fue cusntbffear bos cambios de disinbucidn de Hoaido en ks wjidos superficials a
o large del eje corporal durante al hipoxia intermitende. Se usd un alimsondgrafo pamn medir ks cambios de espesor tisular de la cabera
{fremite) y |a dhia on irabajadores de tumos ¥ en casedsicos de nivel del mar. Adomds wo analizamn mucstras sanguiness pars modir presidn
codaido-aamitica ({COF) ¥ concentraciones de altndména (ALB) con B fisalidad de determisar 53 ¢l pasaje de Hignido del compantimicnto
invravaseular ol exirnvascelar se debe o varinciones de ln COP o de Ly conceniraciin de ALB, Se extudié 3 personal de cocina (N=11) de la
miny de oro La Coipa (3600 m) ¥ o un grupo de capcisioos de nivel del mmlilkluﬂ:mﬂmd:mmyumlrm PRTRA L]
mediciones de CVIF ¥ deadidad (isukae (TT) ases, duranie ¥ luepo de un lume Lipice. En las muestras basales (BC) antes del cambio, los
Ieshajadors por lUmos preseniaron cosceniraciones de EPO de $.2:2 4 milml” | gee aumentams en altura (P<0.01) y refornaron o valares
B domnee la roceperacidn (dia |6). Los cavediioos mostranon la misma evolocidn enoel tiempo. Los valones CVP on kot irabagadoees par
Im[uummﬂﬂ]rﬂﬂ#ﬂp#ﬂﬂﬂﬂuvﬂﬁﬂﬂ:mnuﬁ:im.hhuﬂﬂ tisadar de la regiin I'mu.ﬂm}m;nm ammeili e
rianars defisitiva demnie la exposicide 3 b alvern (P<0.05) ¥ se mantuve 3 un sivel clovado denmie ¢l perfoda de recuperacidn (P<0.05), 1
densbdnd tisular om la Ghia no mostnd cambios significalivos; cambios similares 8¢ obscrvaron en log coocisicos de nivel del mar, En
mﬂuﬁ&grﬂmhhﬁ[ﬁhﬂ#ﬁhtﬂlhmuirﬁﬂk%damﬂghﬁm citd alternda en los trabajadones en
cucatida, Lan mds alis concenirnciones de hemoglobiss wo de CVP halladas en bos trshajaderss por tumncs podrion explicar las
concenirociones mids bicn bajas de EPD observadas en la BDC, ﬁm}mmjmhupwlumyhuu:ma mivel del mar

mostraron acurmalacionss modibles de liquidos en el ijide superficial de s pane superior del cuerpo, lucga del cambio de nivel ded mara b
alura.

FPalabrag claves; Salud, Minenos, Hipoala Enicrmilente, Presidn venosa cenral, Densidad tisulor, Ulicnsenida,

RESUME: Erythropoiétine ¢ pression weimense centrale
chiex les personnes travalillant en ohiftude et par roalemont,

Une hypothise a &1 émise slon laquelle, chez les perssnnes
eravaillant par soukmcnl of i om & cxposées de fagon
Eniermigienie & Valiibede (10 fours e iravall 3 plux de 3 600 m,

cavcasions du nivesy de b mer. Des prélevements de sang ont
en calre pormis de mesurer b pression collobds-camatique
(COP) ¢l la concentrntion d'albemine (ALY, dans be but de
Eihﬂmln-:f Bi b passage des fluides du  compartiment
inbravasculsing au compartiment eximvasculaine est Ji & des

snivis de 4 jours de repos e nivesy de la mer) pendasd plus de
5 ams, les piponscs de Pénythropaibtine (BPO) et les variations
e la pression veineuse cemimle (CVF) sant diffdrentes de eelles
des caucagiens vivaed su niveaw de ls mer. Etamt doneed gec e
compartiment  inlerstitic]l appartiont ou syl de  basse
presston, mn objectl supplémentain de Péude o &i¢ de
quaniifier les chanpemenis de distribastion de Muide dans bex
ﬁuumpmfﬁEMInhgtm;mmum*
stress byposique ermitient A Faide don sppaieil 3 ulinsons
mndwmnihdmmlﬁdnulﬂﬁmﬁmmh
e (front) & ke tibks des travoilleors par mslement o des

variations de la COP ef des concentrations EALD. L'dude a éu
Taite wur le personmel des ewisines (N=1 1) de la mine dor de La
Cesipa (3 600 m) ¢t sur un groupe de caucasiens du nivean de b
mer (H=3). On a effectoé des prélévements de sang et on a
mesurd & plusicurs reprises la CVP ot la demsisg tissulaire (TT)
avant, pendant ¢ apots un roglement normal J'équipes. Dans 12
collection de base de donndes (BDC), avant la transition, ks
travailleurs par dquipes présesinient des concentrations JEPO
de 52224 ml . mi™! qui asmgmentérent en sltitede (P01} et
redescendinent & des valeurs BDC pondant Ia récupéeniion (le
Ve jour). Les caucasiens mantrirent la méme dvelution dans Jo
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s, Les vabeurs CVF chex bes tavailleurs des dquipes de

roulement  furesd  pémdralement  su b celles des
cavcasiens. Lo densié imssulaire de b niglon frontale chez bes
promicrs ampmenta de fagon sigeificative pondant Fexposition 4
Faliiude (peh0E) et g0 maimting b un miveay cmmh
péricde de nécupératon (p=20,05), La densitd tissulaire dans kes
tibeax mh pas mowind de chonpemests significanfs: des
changements similsires efl il Sire obeervis chez les camcasiens
du nivean die la meer. Bn conchesion, nous selusans [Thypothéoe
selon laquelle 1y eépanss initake JEPD 2e siimulus hyposigoe
et alidrde cher bes dravailleurs en ion. Les plud haited
concenieaices Chémoglobine etfon de CVP irowwies chez les
travailbewrs  des  dquipes de  mouboment  powmsicnt  Gieo
rekpoiables des concendrations plushi basses TEPD observées
dans la BIXC. Es ouwre, b tmvaillours dos équipes de roslomend
©l let caucasicns da bord de mer montskrenl des acoamulations
mesanbks de Mibdes dans b Hsse seperficiel de la panie

supdricare du corps, aprls passape du miveau de B mer &
Faltitude.

Mob-cles : 5améd des  imvailleuss, Hypoode mienmaiients,
Pression veineuss cenirale, Donsité tissulaine, Ulmsons,

SUMMARY: It wan the hypothesis that in shile workes with a

hisory of istormivienl hyposic siress (warking 10 days al
23600 m, then 4 days resi of sen-devel) lor =5 veam the isilal

erythropoiciin  (EPOY responae, and the changes in cemimal
vemons pressune (CVE) pee differens from Cowcasean Jow-
laswbers. Beecause the inlerstiial compariment belongs: to the low
pressune Eysieim, o was an addusonal @i of the sudy 1o
guaniify Muid distnbution changes im ibe superficial tissues
alomg the body axis during such an islenmitsent Bypaxic dhcis
Therefoa:, an nlirmsoend device was wsed o measure the lissue

INTRODUCTION

Cienerally, the minegs in the South American Andes
are among *he highest in the world. Today there is
increasing mining activity a1 altitudes beiween
3,000 and 6,000 m. In previows limes, usually long-
adapted local people were recruited for mining at
altiiedes  above 3,000 m. Growing economic
interest especially in Peru, Bolivia, and Chile for
copper, gold, and silver led 1o plans to expand
exploration and exploitation of these natural
resources in the Andes (Monge et al. 1990). It is
easy to conceive that the increasing number and the
growing size of these mines such as Minera Dofia
Inés de Collahuasi (Chile) with a population of
about 20,000 cannot be run by local personnel only
and that people had 1o be recruited from all over
the country, Thus, people from low aliitudes (sea-
level) were recruited. It is apparcnt ihat new
physiological, medical, andfor psychelogical
problems related 1o the establishment of these
mines could be predicted, but only scanty
information is available on how workers tolerate
the high altitude exposure (Jalil 1995 Jimencz
1995; Ward et al. 1995). La Coipa (3,600 - 4,000
m) in the southern Atacama desert of Chile is one
of these new mines. Nowadays about 600 people
are working permancntly in what is onc of the
richest goldmines in the waorld. Personnel are

iksckness changes af the Bead (ront) asd tibia in shill workon
and Covcasian low-lenders. In additlon, hlocsd samples were
anshaed lor coloid cemotic pressan: (COF) and albmmin (ALB)
concenimtions by cvabease whether fludd shifis from the
intravascutar 1o the eximvasoalar comsparimend are probablly due
g changes in COP and ALB concenisalioss. We stadied the
kiichen perspnned (M= 1) of the goddmine La Coipa (3,600 m)
aid & proop of Caucasian bow-landers (Me=5). Blocd seples
were taken and CVF and tissec thickress TT determined several
tisres before, during, and afier o typicai shaft. An bascline dala
cellzction (BDC) preor ko iramsition he shifl workers had EPC
oomcontraticas of 52 + 34 mllmi-l, which increred m
alifrode (PolfH) and retumed 1o BDC valucst on the reeovery
(day 16} The Concastans sleravd the same fime course. CVP
walucs is the skl workers were generally higher than in the
Cascnsises. The tiszue thickness at the front in shift workers
increased  significanily o ahitode exposure (P<0.05) and
remained elevated in the recovery period aktivede (P<0.05). The
tisse thickness af the tibsa showeed no signifleant chanpes.
Similar tissue thickness chanpes could be chserved inm tho
Caucasian hrw-landers, hmlﬁm,hhnﬂﬂhﬂ'ﬂhﬁmhﬂ
refued that the imitial EPD respossd bo & hypoaie stimubes is
aitored  in these sl workers.  Higher  hemoglobin
comcenirations andior CVIF valees found in il workers mighi
be respansible for the rathes low EPO concentrations observed
im shift workers ai BDC. Furbermore, shift workess sl
Caucasian low-landers shewed messurable (fuld nooumulations
in the saperficial tissue of the upper panl of the bxly after
transition {rom sea-hevel 1o bigh altsude,

Key words: Ovempational Heslth, Imermbtient Hypoaic Stross,
Centrnl Venous Pressare, Tissue Thickress, Ulirassand et

recruited from all parts of the couniry especially
froan the constal areas of Chile,

For owur study we have chosen the kichen
personnal of the surface-mine La Coipa (location of
the study, see fgure 1) The reason for choosing
this group was to avoid factors which might
influence  the  erythropodetic  system by
enviropmental pollution, as is known from Andean
underground-mines {(Frisancho 1988). The workers
usually had continued for more than 5 years a shift
of 10 working-days at 3,600 - 4,000 m and a lour
day rest period at sea level The mining
management determined this schedule, which was
most likely tolerated by most of the miners
{personal communication). A scientific evaluation
on the occupationai health problem still needs 1o be
performed.

It was the hypothesis that in these shift workers the
initind  erythropodetin (EPO) response and  the
central venous pressures (CVP) are different from a
contral group of Covcasian low-landers, who prior
o the shwdy had not boen exposed 1o altitudes
=3,000 m during the previous six months before
the expedition. CVFP measurements were included
in this study, since previous experimental data in
dogs have shown that changes in CVFP modulate.
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Figure 1. Location of the goldmine La Coipa (3200-4200 m) in Chile. (Map modificd afier Sylvester and
Palacios 1991).

EPQ production and relense from the kidneys
(Ehmbke ct al. 1995; Just et al. 1993), and similar
considerations have been made for man (Gunga et
al. 1994 ), Furthermore, it was assumed that i both
group lissue thickness changes ot the ront (ead)
aned tikia might occur at high altitede, which are
known to be present afready ol moderate altitude
exposure (Gunga et al. 1995,

MATERIAL AND METHODS

Location of the study. The study was performed in
the southern Atacama desert of the Chilean Andes
during April 1994, The bascline data collection
(BD) was taken in Copiap= {380 m, Chile) prior
to transition 10 La Coipa, a new gold mine ot an
alutude of 3,600 - 4000 m. The minc is a four-
howr drive by car from Copiapsd.

Subjects and Protocel, The shift workers (N=11,
male, age 34 + 103 years, height 1.67 + 0.04 m,
body mass 67.0 + 0.3 kg) were working os
kiwchen personnel in La Coipa. One Chilcan shili
worker was withdmwn from the study during the
first BDC duc o several vasovagal syncopies
during the bloesd withdrawal procedure

Thee zhift workers uswually hod o shifi of 10 days m
high altitude in La Coipa and a four day rest period
ol sea-level. During daylime they were working in
the minc between 3600 and 4000 m ond slep
overnight in a camp st a lower level (3000 m).

EPO, rmeticulocytes,  hematocrit,  hemoglohin,
plasma volume aml tissuc thickness changes (A%
were determined an the shifi workers during and
afier transition 1o high altimude. The percentag
changes in plasma volume (A% plasma volume)
were calculated from hemoglobin concenirations
and hemptocril using standard methods (Steauss el
al. 1951). Blood samples from the shift workers
were taken on the 15t (=BDC), 6ih, 11ih, and 16k
doy during the expedition

Parallel 1o the Chilean shift workers, a control
group of Coucasion low-landers (M=5, male, age
40.8 + 5.5 years, height L84 + 0.09 m, body mass
B2.5 + 5.8 kg) was stdicd. During daytime they
wore working between 3600 and 4000 m and slep
overnight in the same camp of the shift workers o
a lower altitude level (3000 m). Blood samples
from the Caucosian control group were taken on
the 2nd (=BDC), Sih, Tih, 1 1th, |3th, and 151k day
ol the siudy. In sddition, EPO values from the shifli
workers were compared with dary obained by us
from a larger group of male Caucasiens (N=49, agc
20-50 years),

CVP and ulirasound equipment. The couapnend io
measure CVP consisted of a small conventional
strain gauge connceted (o o 19-gauge needle.
preamplificr, a small oscilloscope, and o tape
recerder 1o store the signals. This equipment wis
used during earlier space Mights for measuring
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CVP under micro-gravity conditions (Kirsch et al,
1984), Pulse-coded modulation was used for data
acquisition. CVP was measured by the arm-down
method according to Gauer and Sieker (Gauer and
Sicker 1956} in & out of the 11 shift workers and in
all 5 Caucasion control  subjects. The CVP
medsurements were taken ol several locations
(Cavcasians: 3th, 5th, 8th, 1 1th, and 13th day; shifi
workers: 4th, =th, 1lth, and 16th day of the
expedition). Every measurement was made in the
morning between [0 am. and 12 noon, after the
subjects had rested in a supine position for 15 min,

For the tissue thickness measurements an ulirasonic
pulsc echo ecquipment was used (CLIDL
Krautkramer and Co, Cologne, FRG). The CL3DL
opersled on 10 Mhe (Kirsch et al. 19808 Kirsch et
al.  1980b), an  equipment  which was  used
sucessfully during space flights (Kirsch et al,
1903, clinkcal (Gunga et al, 1994) and other Tield
studies (Gunga ct al. 1995}, The probe (0 = 1.0 cm)
wansmitls a briel burst of ultrsonic energy that
propagaes through different materials and s
received by the same probe (A-mode). The probes
were connected with the instrument by means of a
Mexible cable. The probe was fitled into a eflon
ring which stabilized the system. The weight of the
probe and the 1eflon ring together was 6.5 g. The
coupling of the cquipment with the tissues induced
a deformation from an undisturbed level by less
than 2 % assuming a tissue thickness between 2-8
mm. This was expenmentally iesied, The data
could be read directly from a display, Since the
values depend on many physiological variables an
in situ analysis of the error is mandatory. In erder
to determine the error of the method in 4 subjects
10 measurements in one location were done within
one hour, This gave an standard deviation of 0,04
mm {1 %) for the mean valwes. The resolution of
the ulirasound sensor is 0.5 % af the values
ohtained in subjects assuming an average lissuc
thickness of 4.0 mm,

Analytical methods. The blood was centrifuged,
and serum waos stored immediately at -30°C until
tested. EPO wis mensured by an ELISA distributed
by IBL {(Hambuwrg, Germany) with an inira-assay
coelficient of variation of 4.8 %. All samples were
assayed iogether in duplicate. The COPF was
measured  with  the  BMT-921-onkometert®
[(Thomae, FRG) and the CV in one run was 0,44 %,
The hemoglobin (HB) concentrotions  were
measured with a Reflotron® by Bochringer
(Mannheim, FRG) (CV 2.0 %), the packed cell
volume (PCV) with a micro-packed cell volume
centrifuge by Compur®-Electronic  (Minchen,
FRG) (CV 0.8 %). The percentage changes in PV
{delta % PV were caleulated from control and post

ascent HB and PCV measurements according to
Strauss e al, (Strauss et al. 1951),

Statistics, The results are expressed as arithmetic
means + SD. For statistical analysiz we used the
AMOVA (Microcal ORIGIN 3.5 software), The
null hypothesis was rejected when P<0005.

RESULTS

The resulis ane summarized in fgores 2 - 9,
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Figure 2. Erythropoietin, reticulocytes, hematoeril,
hemoglobin and A% plasma volume changes in
Chilean high altitude shift workers before, during,
and after 10 working-days at 3,600 m, The time of
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exposure to high aliiiude is shaded [ Pol0F;
P=0.014. (After Guno,a et al, [996),
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Figure 3. Erylhmpu:r:'clirl._mjv:ulmylcs. hematocrit, hemoglobin and A% plasma volume changes in Cavcasian
tow-landers before, during, and afier exposure 1o 3,600 m. The time of exposure 1o high altitude is shaded.
{Afler Gunon et al. 1996),
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(High Altltude
(3600 m

Figure 4. Central venous pressures (CVP) before, during, and afller transition from sea-level {380 m) to high
altitude (3,600 m) in Chilean high altitude shift workers (=) and Coucasian low-landers (o). (After Gunga et al.

MSCUSSION

Populanons living permanently at high altinede
(Quechua  Indians, Sherpas) and  newcomers
{mainly Coucasion mountaineers) have been
studied frequently with respect 1o their adaptation
1o different altitudes. These siudics usually deal
with the typical characlenstics of  altitude
sloptations  such  as  erythropoiesis,  and
cardiorespiratory  control at rest and  during
excrcise. Knowledge on high alnde adapiations in
these two groups have been reported, but no
systematic siudies are available in the literature on
the effect of professional long-term, high altitede
shift working in humans as described in the present

paper.

Therefore, the present study focusses on the
characteristics of high aliwde adapiation in
humans induced by weckly altitude shifis
{intermittent hypoxic stress) over of period of years
rather than days or weeks (expeditions} or
generations  (Quechua, Sherpas) regarding the
erythropoietic response as scen in EPO production
aml relense.

The most prominent findings in this ficld study are

1) the low BPO concentrations al ihe bascling datn
collection in Chilean shift workers, 2) the

1996)

promounced initial EPO increase after transilion
from 380 m 10 3,600 m, 3) the decline of EFQ in
bath groups dunng the prodonged high aluiede
exposure, 4) the higher CVP found in high alitede
shift workers compared with the controls, 5) the
increase in tissue thickness at the front during high
altitede exposure, and 6) the fall in COP and ALB
concenirations in shilt workers at altitnde.

1340 )
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Fipure 5, Typical example of ceniral venous and
peripheral arm vein pressure recordings in one
subject (Chilean shift worker). High altiwude belt
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side, 24 hours aler descent right side. {(Afier
Gunga et al 1996).

Figure 6. Time course of tissue thickness of the
front (head) before, during, and after transition
from sca-level (380 m) to high altinede (3,600 m) in
Chilean high altitude shift workers (o) and
Caucasian low-landers (o). The time of exposure to
high altitude is shaded { P<0.05),

Tessee Thickness (Tibis) [=m]

Figure 7. Time course of the tissue thickness at the
tibia before, during, and after transition from sca-
level (380 m) 1o high altiiude (3,600 m) in Chilean
high altitude shift workers (*) and Caucasian low-
m (). The time of exposure to high allitude is

It is currently believed that the increase in plasma
EPD concentrations 15 proportional to the severity
of the hypoxic stress and that EPD produciion is
regulated by the relative amount of oxygen
available 1o the tissues involved in its production,
primarily the renal conex (Jelkmann 1992). Swdics
concerning the relationship between hypoxia and
EFO production and release are frequent, but they
were mainly performed in rodents, ofien wsed
extreme pathophysiological models and therefore
no data are available on EPO levels in shifl workers
(Jelkmann 1992). 8o first, a comparison between
the basal EPO levels found in shift workers before
transition to allitlade with a larger group of male
Caucasion subjects (N=49) showed that the EPO
levels a1 the bascline dala  collection were
signilicantly lower in Chilean shilt workers than in
Cavcasian  low-landers (Gunga et al.  1996).
Furthermore, it appears that between 2,300-
4,000m, parallel 1o decreasing PO2, only a slow
progressive serum EPO in crease occurs. This is in
accordance with the findings from hypobaric
chamber studies in humans (Eckardt et al. 1989),
although a fickd study ot 4559 m showed gencrally
lower EPOQ levels than observed in the present
study (Mairbaurl e1 al. 1986). This might be due to
the fact that miners and Caucasian controls worked
duning daytinve between 3,600 and 4,000 m and
slepd during the night at 3,000 m, o that they had a
daily intermitient hypoxic stress. Significanily
higher EPO levels were found in mouniaineers af
altitudes >5.000 m (Milledge and Cotes 198S;
Richalet 1994) than in the present study,

In both the shift workers and the Caucasians, o
gradual EPO concentration decrease was ohscrved
during their stay at 3,600 m, although the hypoxic
stress 5 prevailed. This  decline in EPOD
concentrations during the stay atl high altitude is an
observation, which is consistent with findings
reportcd  from  moderaie  altitude (<2300 m)
(Gunga et al. 1994) and higher altitudes { Abbrecht
mr.l Litell 1972; Milledge and Cotes 1985;
Rl}hﬂ!ﬂl el al. 1994). The EPO down-regulation is
surprisingly  similar  in  shift  workers and
Cauvcasians. It was previously suggested (Winslow
and Monge 1987) that at this altitude, the rate of
E_PEI wmover could be increased afier initial
stimulation, precluding its accumutation in the
bood. Nutritional factors, such as a low protein
andier carbohydraie intake (Anagnostou el al.
1977; Bethard et al, 1958; Cachatourian et al
193!_1'. Rosenberg et al. 1989), as 3 reason for the
decline iln serum EPO concentrations during the
#ay .ﬂ high altisde, which first was thearetically
predicted (Dunn et gl 1980), can be excluded
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during this study; the mine management 100k care
that a sufficient food supply was guarantecd so that
cach subject received approximately 50-60 keal -
cal' 24 hrs. Therefore, our data suppont the
findings of a single earlier study, which came 1o the
conclusion that the fall of the EPO concentration
during continuous hypoxia is not primarily related
to reduced food intake (Jelkmann ¢t al, 1983),
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Figare 8. Time course of the colloid osmotic
pressure before, duning, and afier transition rom
sea-level (380 m) 1o high aliiiede (3,600 m) in
Chilean  high altitude shilt workers (s} and
Caucasion low-landers (o). The time of exposure 10
high altitude 12 shaded { P<0.05; P<0001),
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Figure 9. Time course of albumin concentrations
before, during, and after transition from sca-level
{380 m) to high altitude (3,600 m) in Chilean high
altitude shilt workers (o) and Coucasion low-
landers (o). The time of exposure to high altilude is
shaded { P<0.05; P=0.00).

Baseline hematocrit in Chilenn shift workers was
slightly higher than in the Caucasian control group,
but rmher low compared 1o hematocrit values
known from rural and urban populations living
permancnily at aliitades =3,000 m in Bolivia, Peru
and Chile (hematocnt =50%) (Monge et al. 1990;
Winslow et al, 198% Winslow and Monge 1987).
In contrast, the baseline hemoglobin concentrations
of shill workers were comparable to those found in
the literatere for high altitude populations (Monge
et al. 1990; Winslow and Maonge 1987).

Previous experimental data in dogs have shown
that changes in CVP modulate EPO production and
release (Ehmke el al. 1995; Just ot al. 1993), and
similar considerations were mode for man (Gunga
et al. 1994). According to this hypothesis, changes
in CVP should be inversely related o EPO
concenirations in blood, e low CVP should lead
to an imcrease in EPOQ concentrations and vice
versa. We tested this hypothesis in the shift
workers and the Caucasian contrel group. Litle if
any data on the CVP-m altitude has been reported
in the lierature, During Operation Everest I, a
simulated ascent to Mount Everest in a hypobaric
chamber over 40 days, the surprising observation
wis made thot the mean right atrial pressures
tended to be low despite pulmonary hyperiension.
Compared with sca-level valees it was found that
high altitude right atrial pressures were decreased
for 10 of the 15 resting and for 20 of 23 exercise
measurements {Reeves et al, [987),

The venous recordings in the present study support
the idea that the shift workers had a high
intrathoracic filling volume, because the CVP
values were gencrally higher than i the bow-
landers (Figure 4). Furthermore, the wave forms
seen in the arm vein afler descent indicate that the
high Mlling voleme had overcome the collapse of
the veins al the point where they enter the thomas
(Figure 5). Therefore, the pressure gradient
between the intra- and the extrathoracic part of the
bow pressune sysiem was small, so that both paris of
the bow pressure ystem form o unit. This can cither
occur wia high inrovascular volume or venous
consiriction, which moves the blood volume Trom
ihe extra- wowards the intrathoracic vessels or bath.

In general, CVP in the shift workers tended to
decrease al high altitwde. That this was not seen in
the Coucasian controls in this study might be due to
the lact that the subjects tended 1o be dehydrated or
that they had wvasodilation due o the
peclimatisation to the Atscama desert climate
{Adolph 196%9),

In this study at high altitude fuid exiravasations
into the superficial tissues of the upper part of the



186

Acta Andina, VI{2); 1,997

body occured whereas at the lower pant of the body
(tibia) no significant changes could be detecled by
the ulrasound method (figere 6 and 7)),
Simultancously in shift workers a significant fall of
COP and ALB could be obscrved and it might well
be that this fall in intravascular COP is obviously
partly due 1o a protein lcakage supporting edema
farmticn in the superficial tissues of the upper pan
of the body. Those peripheral edemas at high
altiiude are described frequently (Hackett et al.
1976, Hayashi e1 al. 1988; Lobenhofer et al, 1982)
and datn concerning the waler lwrnover, body
composilion and protein concentrations at high
altitude are also available in the literawre (Bartsch
et al. 1991; Claybaugh ot al1992; Hannon et
al 1969; Kryzwicki et al. 1971; Rennie ¢ al, 1972,
Surks et al. 1968). In the present siuedy, the
ultrasound sensors were attached al points were the
underlying lissues consisted predominantely of skin
and connective tissues. These lissues are known (o
be waler stores of the body among others (Aukland
and Reed 1993), In case the hydration level of the
body changes in these tissues the first signs arc
vigible there, provided ihermoneutral conditions
prevailed =0 that noteworlhy changes of the skin
perfusion can be excluded. We could demonsirate
this in patients during dialysis treatment and in
women during pregnancy and after delivery. In
those models within short periods water loading of
the tissues and unloading can be followed. With the
help of the method these changes could be reliably
seen (Kirsch ot al. 1993; Gunga et al. 1994; Gunga
et al. 1995). Why the edems prevenling
mechanisms 2z proposed by Guyton and co-
workers (Guyion et al, 1975) got oul of control a1
high altitude remains an open question, The fact
remains that the fuid accumulation in  the
peripheral tissues went hand in hand with a protein
leakage which concomitantly led o a decrease in
COP. It is lempling o speculate that not only the
superficial fissue in the upper part of the body are
involved in this fluid accumulation but probably
also lung and other tissues of the body, Hacket! and
Rennic (Hackett and Rennie 1979 described
recentiy among other phenomenas the occurrence
of peripheral edema in mountaineers, They stated
that peripheral edemas are o common problem at
altitude and sometimes very dramatic. Cut of 200
trekkers they found 23 % having al least in one
area of the body peripheral edema. The edemas in
their group occurred as well around the eyes and
face, the hands, or the ankies and feet.
Furthermore, they found that 14 out of 19 who had
facial edema had os well signs of acute mountain
sickness. Some of the trekkers had eyelid cdema
which was s0 exlensive thal vision was impaired.
They came 1o the conclusion that everyone with

peripheral edema must be checked for pulmeonary
(HAPE) and cercbral edema {(HACE) as well
Lobenholer et al, (1982} who analysed 166 cases of
high alutude pulmonary edema found in 10 cases
(7 %) local edema, Havashi et al. {1988) who
studied the changes in water balance and in arterial
oxygen saturation in 28 trekkers  duning @&
mountaineering expedition o MyTharkot {6 100
m} in indin found on incressed incidence of
peripheral edema despite a reduction in tdal waler
consumplion and the use of Diamox during the
ascending phase. In their study peripheral edema
occurred from 2 500 m on and the incidence
increased with higher altitude. In their study the
(wo subjects who suffered most severly from high
altitude  exposure  showed retinal  hemorrhages,
coughing and peripheral edema. Carson et al.
(1969) who investigated a group at Pike's Pike
determined  the number and time course of
symptoms of the acule mountain sickness (AMS)
appearing during a siay ol high aliude. They
found that the subjects had the most severe
symptoms on the 151 and 2nd day at high altitede.
It remains 1o be seen whether the application of this
now, non-invasive superficinl  tissue  “edema-
detector” can be used as an indicator in case such a
fatal development starts.

In conclusion, the hypothesis has 10 be refuted tha
the nitial EPO response 1o a hypoxic stimulus
cquivalent o 3,600 m is aliered in Chilean shif
workers during a flive year period of intermitient
hypoxic stress. The EPO concentrations in long-
term shift workers are lowered al BDC compared 16
a karge Caucasian control group. The low EPO
concentrations found ot BDC might be related 1o
higher hemoglobin concentrations or  gencrally
higher CVP found in this group compared to the
Caucasian controls, Changes in CVP, Muid shifts
out of the intravascular companment and their
accumulation in the interstitial space as well as the
decrease in COP and ALB concentrations during
the altitude exposure deserve further investigations
Lo unterstand the role of the low pressure system in
human adapation 1o moderate and high altitude.
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Parts of this article are based on the papers “Fluid
distribution and tissue thickness changes in 29 men
during | week at moderate altinude (2,315 m)* by

Gunga e al

(Eurcpean  Journal of Applied

Physiology, January 1995) and "Shift working at
high alumde and its influence on crythropoietin
and the low pressure system™ by Gunga et ol
(Journal of Applicd Physiology, August 1996).
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RESUMEN: Mipexin Infermitente: Minas de Aliura v Telescoplos v Argumentes n Faver del Enrbquecimenio del Alre con

Dxigena

Se ha discufido peoviamente los problomas de la hipoxia inlermitense en minas noevas ubicodas enire S000 y 5000 m de alium. Hay
interds orecienie en colocar wekesopios on allura, cspocialmenic en el norte de Chile, donde las condicsones de observaciin som
cacclenlus. Em sna bnstalaeldn tiplea propucits, ¢l sclescopio estard a 5000 m y bos trabapidones dormirds & 25000 m. dirigiéndase al
teleseapto cada déz. Bl enngeecimicnto del aise ambizntal con axigeno en las misas ¥ los elescapion mucsiea sn gran poleneial para

mejcaur el hienesiar y la productividad de los mabajsdores.

Palabras cloves: Hipoxemin severa, Colidad del suefio, Funcitn psicoméirica, Aclimatsciin,

RESUME: Hypoxie imermittente  sévire :  Mines
d'adtitmde et 1flescopes; iImportance d'un enrichissement

O BKY R

Ont @& discunds préalablement Jes problémes de I"hypoxie
imtenmisicnie séviee qui 36 priscmtent dans de nouvelles mines
sktudes enere 4 000 &2 5 000 m, I exisne un N cooiaas i
imsinller des wlescopes dans des rones de grande alviiode,
spedcialenent aa nors da Chili ob les conditions d'ebservation
ponl excellenies, Dand whe installation iype propasée ke
idlescope se puvemin 3 5 (00 m, k= ravaillcers dormisaient
b 2 500 m el remonieraient chaque josr sur ke sile du
ilescope. L'ennchissement en oxygéne de 'ar ambiant dans
bes mincs d'alitude & sof ks siscs dis (Gkescopes neprdsenie
us grand poieniiel pour Pomélicention de bien-éire < de ka
productivild des forces de iravail.

Melodx-clés : Hypoxtmie sévitre, Qualiié do sommeil, Foncison
peychoméirigue, Acclimatation.

INTRODUCTION

Recently there hos been increasing anterest in the
phyziological and medical aspects of severe
intermittent hypoxia associated with high-alutede
mines and ielescopes. These [lacilities  are
typically at altitudes between 4000 and 3000 m
though the old Aucanquilcha mine in north Chile
is at 5930 m. Ofien workers commute 1o the
facilitics from lower altitedes, sometimes sca
level, For example, al the new Collahuasi mine at
an altitude of 4500-4600 m, most of the workers
will live in Iqueque at level, iravel to the mine
by bus for 7 days, and then retern 1o their
families ot sea level for another 7 days with the
cvele continuing indefinitely. The medical and
physiological problems associafed with  this
severe intermittent hypoxia are new and not well
undersiood,

SUMMARY: The probdoms of severs indormilhent hypoxia in
npew mmines an liudes of A000-3000 m have previcasly been
digoussed. There i Encreasing interest in placing relescopes o
high alatude, especially im norh Chile, where observing
condilices are excellent Ina typical proposcd installafion, (he
teleseope will be SO00 m and the worken will slegp a1 2500
m ond comsnule do (ke elescope each day, Oaypen
enrichmeni of room air of e sbies of ibe mines and
fclescopes shows preal polential for imgeoving ihe well-being
amd prodectivite of the work Foro.

Ry words; Sovere Hyposemia, Sloep Quality, Psychometnc
Funciiea. Acclimarizaiion

Proposcd Telescopes at High Altitude

Several ielescopes are now planned for high
altitede, particularly in north Chile, Ohserving
conditions are excellent, parlly because the
tefescopes will be above so much of the
imerfering atmosphere, and partly because the
atmosphere near the Atacama desert is extremely
dry and thercfore there i3 a wvery low
soncentration of water vapor which normally
absorbs the radiation.

One proposed installation is the Natonal Radio
Astronomy Organization (NEAO) radiotelescope
which will be siteated at an altitide of 5000 m in
the Andes of north Chile enst of San Pedro de
Alacama. Al that altitude, the barometric pressure
1s about 415 torr, giving a PO, of moist inspired
gas of only 77 torr compared with the sea Jevel
value of 149 torr. The plan is for the workers o
sleep near San Pedro de Atacama at an altitude of
about 2500m and commute each day 1o ihe
telescope. This will be a formidable project with




Physiology of intermittent exposure to high altitude 191

an investment of 3200 million. Other similar

installations are being considered by Jopan and
cdher countries.

The severe hypoxia of an altitede of 5000 m
impairs central nervous sysiem function, reduces
the quality of sleep, and limits work capacity.
The deleterious effecis of hypoxia are reduced
somewhat by scclimatization. However workers
who are intermittently exposed to severe hypoxin
will presumsbly never acclimatize as well as
people who stay permanently ot a given altitude.
The carlicr arrangement of setting up whole
towns near facilities ot high altitude, such as in
Cerro de Pasco and Morococha in Peru, is no
longer favored, It is unpleasant for Tomilies 1o
live at these high altitudes, children grow more
slowly, and in any event it is extremely expensive
o sel up whole communities fogether with
schools, hospitals, ew. Thus it is likely that the
new stralegy of commuting with the inevilahle
exposure (o severs intermittent hypoxia is the
way of the fwiure,

Potential of Oxygen Enrichment of Room Air

some of the reasons why oxygen enrichment of
room air ol high altiude has such potential value
hawve been onalyzed previously (13 Brefly,
rebatively small amounts of oxygen enrichment
confer very substantial guins. For example, every
1% rise in oxygen concentration (for example
from 21 o 22%) resulis in o reduction in
cquivalent altitude of 300 m {equivalent aliitude
is that which has the same inspired PO, value), In
addition, improvements in technology allow lnrge
amounts of oxygen 10 be produced relatively
cheaply. This can cither be done using oxygen
concenirators  which  preferentially  adsorb
nitrogen  andd  produce  an enriched  oxygen
mixture, or using hguid oxygen iself,

Some of the advantages of oxygen enrichment of
room air al high alilude have previously been
discussed {1} bul  some  inleresting  new
information is now available. There are now a
number of measurements of the arterial PO, in
lowlanders who have gone io hirh altitude for
several days. Typically the arerial PO, is lowest
during the first day, and it rises by 2-5 mmHg
over the next 4 or 5 days. The cxplanation for the
rise 15 ventilatory acclimatization wherchy the
alveolar  ventilation  gradwally  increases  in
response (o the stimulation from the peripheral
chemoreceplors, and the initinl inhibiting effects
of alkalosis in the blood and cerchrospinal Muid
are reduced as bicarbonate is removed from both

compartments.

Compilation of the available dua show that when
lowlanders go to altitudes of 3800 m and above,
ond stay there for abouwt 7 days, the arterial PO,
seitles out below 55 mmBHg. Naturally the PO,
falls as the altitude increases, and af an allitude of
5000 m, the arterinl PO, after a few days af
acclimatization is typically less than 50 mmHg.

An interesting featore of this degrec of
hypoxemia is that if it existed in a patient with
chronic obstrective pulmonary disease (COPD) it
would entitle the patient 1© continuous oxygen
therapy. In other words, the modern management
of o patient with severe COPD and an arterial PO,
of less thom 55 includes conlinuous oxygen
therapy by nasal cannulas, Furthermore it has
been shown that patients with COPD whose
arierial PO, is less than 55 mmHg, and who are
treated  with  continuous  oxygen  therapy,
gradually improve their psychometric function
(measured during air breathing) over several
months {2). Heolon and his colleagues studied
both continuous oxygen therapy and noclurnal
oxygen therapy in patients with severe COFPD
and showed that in  both  insiances  the
“Performance 10" which is a measure of
psychomelric function breathing air, improved
over the first & months, and in the case of
continuous  oxygen  lherapy,  psychometric
performance continued to improve over the
subsequent 6 months,

These provocative dota show that if workers had
their arterial PO, reduced below 35 mmHg by
COPD rather than living a1 high aliitede, they
would be entitled 1o receive conlinuous oxygen
therapy, Morcover, the therapy would improve
their central nervous system function when they
were in their hypoxemic state. Given  (he
demanding skills necessary in modern mining
with its high degree of mechanization, and also
the fact that the frequency of accidents in
highaltitude mines is some 3 o 4 lmes greaer
than that in mines below 3000 m (Jimenez,
personal communication), these data sugpest an
odligation for oxygen enrichment at high altitude.

Chher recent mensurements raise very interesting
questions about the value of oxygen enrichment
in dormitorics at high altitude. After initial tests
at the Collahuasi minc at 4500 m, an cxlensive
study was carried out al El Tambo mine, altilude
4300 m, The oxygen concenration in the
dormitorics was rawed from a normal value of
Z1% tw about 25%. Sixteen dormilory rooms
were used for oxygen enrichment, the oxygen
being supplicd from a liquid oxygen depot,
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Studies of the quality of sleep showed that this
improved with oxygen enrichment in that there
were fewer apneas, the total time spent in apnen
was reduced, there were fewer arousals, and the
singing of the clectroencephalogram was more
like the sea level pattern. These resulis are hardly
surprising because it is common experience that
people sleep loss well ot high altitude than low
altitude, and the effect of oxygen enrichment is to
reduce the equivalent altitude.

A more provocative finding was that studies of
psychometric performance during the day after
sleeping in an oxygen-enriched atmosphere
showed small bul consisient improvements in
psychometric  performance  (Jimencz, personal
communication). Al first sight this may appear
surprising because the oxygen stores of the body
are very small and it 15 difficult 1o believe thal the
PO, of the brain could be increased some hours
later. However, as discussed, there is an
improvement in psychometric performance in the
COPD paticnis treated with continuous oxygen
therapy (2). In addition, similar Ondings have
been  described in patients  with  disordered
breathing during sleep ot sea level. For example,
Engleman et al. {3) showed thal patients with
ohstruclive sleep apnea who were treated with
copfinugus  positive  airway pressure  (CPAF)
showed improved  daytime  psychometric
function. Whether this is simply due to less
fatigne or whether there i a more sublle
explanation 15 not clear, However in the light of
the resulis found in patients with disordercd
breathing during sleep at sea level the resulis at
high altituds are not particularly surprismg.

The most provocative finding however is ihat
some patients who have slept in an oxygen
enriched environment apparently sometimes have
a higher artcrial POy duning the following day
(Cantuarias, persanal communication). Tt should
be cmphasized thot this s a very preliminary
finding which may or may nol stand up o
subsequent iesting. At first sight it is very
difficult 10 understand how the arterial PO, of a
worker breathing air during the day could be
affected by oxygen enrichmenl during the
previous night. However again a similar finding
hias been reporied in patient with sleep-disondened
breathing at sea level. Leech et al. (3) studied 17
patients with obstructive slecp apnea who were
trented with CPAP and showed that the daytime
arterinl PO, rose significantly from o mean of 69
mmHg 1o a mean of 82 mmHg over a period of 3
to 46 months of follow-up. A clue 1o the
mechanism of this was supplied by Berthon-
Jones and Sullivan {4) who showed that some

patiens with obstructive sleep apnea who were
reatcd with CPAP improved their ventilatory
response {0 carbon  dioxide, Morcover, the
change was scen within 1 or 2 nights of
trzad e,

It should be emphazized that much more work
needs (o be done on the physiological responses
to oxvgen enrichmicnt ot high altitade. However
the dramatic resulis in patients  with  zleep-
disordered  breathing and  consequent  arternl
hypoxemia at sea level afier treatment with
CONNUOUS positive irway pressune sugpest thal
oxygen cnrichment during slecp at high altilede
may have a number of beneficial effects.
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ANTROPOLOGIA Y MAL DE ALTURA CRONICO: ENFERMEDADES Y MALESTARES DE
LOS MINEROS DE HUANCAVELICA

Carmen Salazas-Soler, CNRS URA 1224 del CNRS, CERMAS EHESS, 54 Boulevard Raspail, 75006 Paris.

RESUMEN: El propdsito de cste tnbajo es presctar ¥ analizar 1 conoopeiin que tiesen los minems de Huancavelica, Pend central, de
las enfermedades que bes afecian en la mina. Segin ellos, se pueden contraer des tipos de enfermedades: aquellas couislas por la
davisilal de la mina (el Mukil, la cuales son concchidas com castipos para sancionar fales eometidas contrn e dics misero o contra
la codectividad; y aquellas camssdas por o comlaesn cod Ies0nos Shikfeos, enlicmos o huacs

E1 anilisis de los setiimonios recogidas, permite ssgerir [a existencia de una poiible coimcidondia entne lod sinsames del primer 1ipo de
cnformodades y 1ok simomas del Wil de Alura Crdnico.

Este aricule permite asi, subeayar ¢l mierds de los irabajos onbropeddgicos sobee enfermedades so silo pam los :ll.udlud:iﬂl_h’dla
cosmedngia y el sisterma de represeniacionss de los manons ¥ inod ik bet Andes, sing @emblén pam invesiigacionss conjunias

AR
con biilogos v isdiices sobie problomas de sabed ide los poblaciones de albem,
Palabras clavess Anmopologis, Enfermedad, Mal de montafa erdnico, Minomos,

RESUME: Amthropologic o Mal  des  Dosiagnes
Chranique : Maladics f malaises des mineurs  de
Huamcavelica

Le but e ce trmvail et de présenier e donalyser la
conceplion gue su fonl ks mingwrs de Heancovclica, P
central, des maladies gui les affecient dans ls mine, Selom
cux, dous 1ypes de maladies peuvent e comimciies @ oelies
caysées par la diviniid de la mane (le Muki) conisdénbes
comme: des pumiiions g des faules commiess contre le dicu
de la imime ou contre la collectivind, gt eelies provoquies par lo
comlac] ovee des irdsors anclens, des sépultires ou des
husgas

Lsnslyse des nimoignapes necucillis permet de sugpéners
Fexistence dume possible coimcidence antre les sympidmes da
premicr type de maladics of ceux du Mal des Montagnes
Chronmsgue,

et antick permet ainsi de souligeer Timidndt dos iravaus
anthropolegiques relaifs sux malmlics, noa seuleiment pour
bes érudes sur o cosmologie o lu sysstbme de roprésenblions
des minears el des paysans des Andes, mals oussi pour ks
recherches conjoinbes aves des biologisies et des mddecns sur
les problimes te samid des populations daltitude

Muts-clés = Anthropologie, Maladie, Mal des Muostagnes
Chiremigue, Mincurs

SUMMARY: Amthropology and chronic meunizin
sickness: llbnesscs and silments of the Heancalican
Alimers.

The aim of this paper is to peesent and amalyze how miners
from Husncavelica, Cemtral Pema, cossuler  aslments
contracied in the mincs: i may costmcl two types of
atlments, those beoughil obost by the god of the mines (the
Muki} and which am considercd 1o be a punssheent for
\ranagressions sgainst the spint guardian of the mines or the
colleciivily, amd those caused by contict with berbed (peasures
dating Fresm the preChiksiEe prast.

The mnadysis of ficklwork daln sugpesis the exisenes of a

possibile nelationshap bhetweenh symploms of the first type of
ilbneia and symgoms of chaomic mountain sickness.

This paper enderlines the interest of the anthropalogical sudy
ol illness not only for isvestigating the cosmelogy ond e
syslem ol mpreseniatsons of Andean miners and peasants but
also for camying oet research in cooperation with béologisis
andl doctors oa bealth peoblems of people living in the
highlassds,

Key werds: Anthropology, Chronic mouniain sickness,
Hinces, Minsis, '
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INTRODUCCION

A inicios de los B0 realizamos un trabojo de
campo en un centro minero del depanmento de
Huancavelica, en ¢l Perd central. En ese
enlonces, nucsiro  interds estuvo cenirado en
reconstruir y analizar desde una perspectiva
antropoldgica, ¢l proceso de transformacion de
campesinos ¢en mineros. Nuestro trabajo estaba
dividido en dos paries, una primern destinada a
estudinr  las  condiciones  socioldgicas  y
cconomicas de la migracion y de la instalacidn en
Ia mina, tanio a nivel de la esfera del trabajo
como de la vida cotidiana en el campamento
minero, Una segunda, que consagramos a seouir
y examinnr ¢l proceso de transformacidn a nivel
del sistema de representaciones y  pricticas
religiosas '

Se¢ trataba pues, de un irabajo cuyo centro de
interés no era precisamente ¢l estudio de las
enfermedades. Sin embargo, muy ripidamente
nos dimos cuenta que era imposible sostener una
conversacidn con o8 mineéros sin que ¢l tema de
las enfermedades no interviniera, Y es que, como
lo hemos sefialado en otro trabajo, ¢l relato de las
enfermedades constiluye una cspecic de mito
personal’. Estos relatos, atraviesan toda historia
migracional, laboral, o para resumir, wda histona
de vido, Porque la ctinlogin sicmpre estd sitoada
on un acto de o vida del individuo, acio que
precede la  enfermedad ¥  que  mereceria
normalmente el aprobio de la sociedad. Die ahl, Ea
relevancia de la historia personal en el estudio de
las enfermedades andinas, o mis exaclamente ln
importancia de trabajar o partir de testimonios y
del relato del enfermo vy no solamente limitarse al
punte de vista de los  especialistas de la
terapsutica. Pero el estudio de los enfermedades
no puede reducirse tampoco para el antropdlogo o
un andlisis de las creencins religiosns vy de Ia
cosmologin. Desde el punto de vista del etndlogo

! Esie trabajo de investigacién culmind en una

tesis de doctorado  tiwladn:  Pratigues &t
croyances religenses des paysans et des
nrineurs & Huancavelica [Andes Péruviennes),
Pariz, EHESS, 1990,

Salazar-Soler, C., op. cil. En csic sentido,
nuesiro irabajo s¢ sitda en la perspectiva
trazada por C. Bemand para fos esiudios
antropoldgicos  sobre  las  enfermedades
andinas. Ver Bernand-Mufioz, C., Enfermedad,
dafie ¢ ideologia. Antropologia médica de los
Renacientex de Pindilij, Quito, Ed, Abya-Yala,
986

1

no son carenies de inlerés los sintomas varados y
I etiologin de ceos males, 1al como aparecen en
los relatos de enfermedades. Esas enfermedades
no solamentc hacen referencia a wna vision del
mundo, sing lambién a una concepcidn del
CUCTPE.

Finalmente, antes de posar a los datos sobre
enfermedades quisiéramos abordar  brevemente
un problema que s¢ nos  presentd  cuando
recogiamos testimonios sobre lns enfermedades
mineras. Existe una comespondencia entre los
malestares v los enfermedades descritas por los
mineros ¥ las enfermedades profesionales de
estos trabojedores? Come veremos, los sinlomas
de las enfermedades descritas por los mineros no
parceen  comesponder o ninguna enfermedad
profestonal. Hay que schialar, que gran parie de
los sintomas de las enfermedades descritas por
Ios mineros son dermatoldgicos, los que pueden
comesponder a enfermedades de Ta piel que la
medicing  formal  no reconoce como
particularments frecuentes en la mina. Tratamos
miemds de informamos con los méddicos del
ceniro mipers,  buscando  oblener un
cschrecimiento del lado de lo medicing oficial
sobre este tipo de enfermedades. El  dnico
resultado fueron respuestas del tipo: “todo esto no
son mis que prelextos de los mineros para no ir a
trabajar™. Y debemos admitir que no fue, sino
hasta Ia leciura de una trabajo reciente sobre cl
Mal de Alwra Crénico, que podimos constatar
que muchos de los sintomas de las enfermedades
¥ iranstormnos relatados por nuestros informantes,
podian comesponder a diche mal” De ahi que nos
parccicra inberesanie presentar agud, ofmo un
estuclio  antropoldgico  sobre una  poblacidn
minera de allure, permitia sugerir o insinuar - a
través de datos diferentes recogidos por medio de
métodos otalmente distintos a los de In medicina
¥ biologia de alwra una posible coincidencia a
nivel de los sintomas con un mal bialdgicamente
existente. Igualmente esto permite subrayar, el
interds de los trabajos antropolégicos sobre las
enfermedades no solamente para los estudios
sobre la  cosmelogin o ¢l  sisiema  de
represcniaciones del hombre anding, sing en una
colaboracian estrecha con bidlogos v médicos.
Por ello, creemos que serfa necesario combinar
los esfuerzos de antropdlogos y de médicos en
investigaciones futuras sobre las enfermedades
fue aquepan a los mineros y al hombre andine en

 Armegui, A, Ledn Velarde, F. y Valedreel, M.,
Salud y Minerfa Ef riespo del mal de montaia
cranice entre lax mineras de Cerro de Pasco,
Lima, ADEC-ATC, 1990,
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general, dado que la cofermedod no puede
lampoco ser reducida indegramentc & un mal
fisico. Ella participn wmbién del campo de las
emociones y de la cosmologin v ocupa un lugar
muy imporiante en la vida de los campesinos y
mineros de log Andes

Los daos sobre los cuales sc basa el presente
trabajo provienen de las investigaciones llevadas
o cabo por NOSOLOs en un centro minero del
departamento de Huancavelica. Sc trata, como va
hemos dicho, de un trabajo de antropologin y por
lo o los casos que hemos recogido
represcninn und muestra pensada en funcidn de
una investigacidn cuyo centro de interés no fue el
estudio de las enfermedades. En este sentido,
precisemos que no aplicamos ningtdn cuestionario
sobre palologins o enfermodades en la ming. Los
datos que presentamos han sido extraidos de
entrevistas o de historias de vida que realizamos
¥ recogimos con una muestea de mineros. Hay
que sefialar gque la muestra cubria sobretodo los
mineros de  socavan, de  diferentes  oficios,
procedencia, antiguedad y edad. Sin cmbargo, no
podemos decir que desde el punto de vista del
estudio de los enfermedades en la mineria o del
esludio del Mal de Aliwra Crdnico, eslos casos
scan significativos, dade que como lo han
mostrado olras investigaciones, para hacer un
estudio serio del Mal de Alwra Crdnico, se
necesita irmbajar con uno mMuestra que permiia
medir de unn manern sistemdiica una serie do
parimeiros con respecto a esbe mal, tales como el
tiempo de irabajo en [ mina, ln procedencia de
los trabajasdores ¥ I edad

MWuestro caso de estudio: los mineros de la
provincia de Angaracs

El ceniro minero estudiado se encuentra ubicado
en la provincia de Angaraes, en ¢l departamenio
de  Huancavelicn, en el Pemd ceniral. [El
campamento principal estd situado a 4250 m de
tltura. La mina produce minerales complejos de
plata, plomo, bismuto,  zine, cadmivm ¥y
wngsteno. La produccidn de plata es de lejos la
mds significativa.

En los afos 80, cuando estabamos realizando
nuestra investigacidn, el ceniro minero conlaba
con 1045 trabajadores: 936 obreros y 110
empleados,

Si existe una divisidn de trabajo compleja entre
los trabajadores, la mds visible y la mis
significativa desde el punto de vista de la
estructura del grupo es aquella que resulta de
doble oposicién entre minero del interior de I

mina y el obrero de superficie, de un lado, ¥ entre
abrero y empleado, por ¢l atro.

¥a kemos sefinlsdo cdmo nuestra investigacion
exluvo centrada sobretodo en el estpdio de los
mineros de socavia,

La mayor porte de los trabajedores del centro
minero  estudiado  son  reclutados en  los
comunidades campesinas de los alrededores de I
mina, en el resio del depariamento  de
Hunncavelica ¥ en los departamentos vecinas, En
los afios B0, 47% provenfan de las comunidades
campesinas de la provincia de Angaraes; 23% de
la provincia vecina de Huancavelica, 6% de las
oiras  provincias  del  departamento de
Huancavelica, 14% del departaments de Junin y
solamente  10%%  provenian  de  los  odros
departomentos. Es decir, que s¢ trataba de una
poblacidn originaria de zonas de altura’,

El 60% de los irabajadores eninn entre 18 v 33
afos; so nivel de escolaridad era muy bajo:
existia un 9% de analfabelos vy 64% no poseian
i insireccidn  primaria complels. La gran
mayoria de ellos eran cosados (845%).

Hasta los afios 60, se trataba de uno mano de obra
Muciuante, que venfa o trabajar o la mina por
periedos conlos de algunos meses, alemando sl
la onctividod minera con  las  sctividades
agropecuarias. A partic de 1968 comiznza un
proceso de estabilizacidn de la mano de obea, que
responde fanto a cambios ocurridos en el campo
come o una politica de la empresa (mecanizacion,
aumento de la produccidn ¥ necesidod de una
mang de obra estable v calificadn). Desde csa
fecha los trabajadores permanccen en la mina por

pertodos mads largos que comresponden a entre 10
¥ 20 afios.

Diro dato que nos parece significativo de sefialar,
3 la ocupacidn anterior de esta poblacidn minern.
En la mayorfa de los casos se iralaba de
campesinos que dejaron sus comunidades para
venir o irabajar al ¢centro minero. Muy pocos son
los que ieninn una experiencia coms obreros v en
particular comp obreros mineros,

Muestro trabajo de investigaciin mosird que para
estn poblacidn  rural, instaladn en el centro
miners, ¢ nuevo eniverso de rnbajo y de vida
induce cambios ripidos ¥ profundos en la esfera
de | as represcnisciones sociales des de la
concepeidn  del tmbajo  hastn  Pos  hidbitos

* La mayoria de comunidades de origen de los
trabajadores mineros esidn situadas por encima
de los 3000 m.s.n.m., Ver Salazar-Soler, op. cil.
1 158K0),
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alimenticios ¥ vestimentarios, incluso =i el
trabajador del centro minero estudiado no s un
proletario en el sentido estricto del 1émino pues
sigue conservando loeos muy fuertes con su
comunidad campesina de origen; permancoe
integrado  al  sistema  (radicional de cargos,
participa en las Inbores v los asambleas de su
comunidad ¥ continua frabajando & inviniendo en
ella, Por ¢l contrario, el andlisis comparalivo de
crecncias v pricticas religiosas de los mineros ¥
de  los  compesinos  de  las  comunidades
campesings de Angarpes, permilid mosirar que
existe una continuided muy fuerte entre el campo
¥ la ming; misma concepcidn del tiempo y del
espacio, misma percepeion del cuerpe v de las
enfermedsdes, las  mismas  divinidades, las
mismas creencias ¥ los mismos ros. Existe sin
embargo en los mineros, unn lendencia hacia la
individualizacidn del componamicnio ritual, por
ecjemple eén sus relaciones con el Muki, Ia
divinidad de la mina. Confrariameniec n las
represeniacionss sociales, el sistema de creencins
religiosas ¥ de representaciones cosmoldgicas no
exvoluciona sino en la Jarga duracidn y determinn
en gran medida las modalidades de mcgracion de
in peblacidn campesina a la modernidad.

Las enfermedades

Tanta los mineros como los campesinos de
Angaracs, distinguen principalmente entre: las
enfermedades de los Wiracocha o enfermedades

microbiosas y las enfermedades de los runa.

Las enfermedades de los Wiracocha (hombre
blanco) o microbiosas son aquellas que segin
cllos aparecicron con la llegada de los espafioles.
Son enfermedades die los hombres blancos, pero
que fueron raidas a los pueblos andinos v por lo
tanto pueden atacor o los runa o campesinos,
quienes para curarse deben acudir al hospital *, A
decir de los campesinos v de los mineros de esta
#ona, csias enfermedades ticnen su origen en Iy
ciudad, La ciudad e3 conziderada como un lugar
de degradacidn de  las  relociones  sociales.
Esiableciendo asl una relacidn entre enfermedacd
v comportamiento  social, La tuberculosis cs

* Runa ¢s un término quechua que quicre decir by
gente o los hombres, por oposicidn a los
amimales o a olros seres, o por oposicidn a I
mujer (Mroz, M. Los runa ¥ lor wireguca:
estiedios sobre la tdeologeia social and;na a
través de la tradicidn oral qrechia, Varsovia,
Tesis de doctorado, Universidnd de Varaowia,
1984.). Este cs el iérming utlizado también por
los mineros de la provincia de Angaracs para
distinguirse por oposicidn al hombre blanco,

considerada como lo enfermedad de wiracocha
por excelencia. En un irabajo anterior sobre fa
creencia del Pishiaku (el degollader andino) enirg
los mincros, analizamos algunas versiones en las
g Eslos acusaban a un ex-enganchador de mano
die obr para las minas de ser ademas de Pishiaku,
incestunso, borracho, ¥ exploador de los muna, ¢l
responsable de haber introducido Ia tuberculosiz
en lo zona. Enfermedod social v enfermedad
fizica van asociadas. La silicosis es clasificada
por los mineros como una enfermedad de
Wiracocha, Los mineros de Angoaraes dicen que
la silicosis Tué traida al campo por los hombres
blancos cuando estos empezaron a trabajar las
minas’

Las enfermcdades de fos runa son aguellas que
EEEUn NUEEITDS informanies, alacan
exclusivamente a Jos runa pues poseen una
constitucidn diferente a la del hombre blanco,
Ellos atribuyen esta diferencia tamo a régimenes
alimenticios  distintos  como o sistemos  de
pensamicnto ¥ de vida social diferentes: fos runa
creen todavia en las divinidades de lo terra v de
la momafin micntras que ¢l hombre blanco ya no
cree en nada. Entre las enfermedades de los runa
encontramos wjuellas concebidas como costigos
infligidos por las divinidades o los amepasados
para sancionar falios - ransgresian del territonio
de las divinidades o iransgresidn de las leyes que
rigen la vida comunal. Son 1ambién considerpdas
como enfermedades de runa, squellas cousadas
por ¢l "mal aire”; para los compesinos o los
mineros ¢l mal aire son las emanaciones o los
vapores que provienen del interior de la tierra v
que pucden alecar al hombre andino. Por
oposicidn o las enfermedades de los Wirncocha,
las  de los  runa, son  concebidaz  como
enfermedades “antiguas®, Ellas son causadas por
los gentiles o por los vapores que expelen los
vesligios de los gentiles, por los Wamani (dioses
de la montafia), los Muki (divinidades de Ia
mina), las divinidades de los pozos, lagunas, o
WCD s

* Sobre el Pishiaku en las minas ver ¢l articulo de
Salazar-Soler, C.., “El Pishiaku enre  bos
campesinos ¥ los mineros de Husncavelica®,

Bulletin de 'nstinet Frongais des  Eudes
Andines, 20, 0", pp. 7-22.

Fuern d_n: estos dos tipos de enfermedades los
cimpesings vy los mineros agrupan las otras
un!'ﬁ'.nudldmi. que atican a los runa pero
tumbién a los Wiracocha en dos familias: -
Aquellas arribuidas o up desequilibrio imterno
causido por un movimients brusco de uno de
fos liquidos del cuerpo tal como la sangre o la

T
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En este wabajo nos limitremos a  las
enfermedades de los runa,

Las enfermedades de los runa en la ming

Segin los mineros de Angaraes, los irabajadores
pueden mrapar dos tipos de enfermedades en la
mina: agquellas cousadas por el Muki, la divinidad
di la mina, y las causadas por los entierros,

En la regidn de Angaracs, ¢l mincro puede suffir
una serie de enfermedades que ellos interpretan
como un castigo del Muki por haber olvidado las
ofrendas o por haber entrado a la mina sin pedirle
s autonizacién. Esias  enfermedades som la
mukihuayra v la kutincha. Antes de entrar en el
detalle de las enfermedodes veamos beevemenle
quién s el Muki.

Los mineros de Ia regidn creen en [a existencia de
un ser de tinieblas, el Muki, que habita en las
entrafns de la terri, E1 Muki es frecuentemenie
deserito como un ser de forma humans |, del
tamaiio de un nifio de diez afios, que estd siempre
vestido come un minero salvo que su vestimenti
asl como sus instrumentos de trabajo son de oo,
Scgin los wstimonios de los mincros, ¢ Muki
posee unos ojos rajos que brillan en o oscuridad
vy estd dotndo de un sentido de la visidn muy
desarrollado. Posee dos cuernos que sobresalen
por encima de su casco y que uliliza para perfonr
los rocns v extmer ¢l mineral que promete a los
hombres. Es descrite  tambidn como un
hombrecite de picl muy blanca, un  gringo,
barbudo que lleva frecuentemente un poncho de
vicufia. Este ser s concebido por los mineres de
Angaracs como el guardiin v el ducho del
mineral, ¥ en tanto tal s muy celoso v aparece
frecuentementes a los trabajadores para solicitarles
ofrendas a cambio de dejarlos trabajar en paz. Es
un personaje  ambivalente, gque  puede  ser
generoso con los hombres y brindarles riguezas,
pero también ex concebido como un ser maligno
que castiga a los que entran a la mina sin pedirle
s mulorizacidn © a los que han olvidado de
hacerles ofrendas, causando accidentes o una
serie de enfermedades, Los mineros realizan
mina proteccion ¥ fecundidad, Se dice también
e n[Eunm [rnbaja.:lnm sellan pactos
individuales con el Muki, en los cuales a cambio

hilis, y - Agquellas concebidas como el
resultado de brujeria causada por un pongo a
pedido de un vecino o pariente envidioso, Para
el detalle de este tipo de enfermedades, ver
Salazar-Soler, C., 1990

e cleras ofrendas v promesas la divinidad de la
mina proporciona riquezas y mineral’

La mukihuayra o viento del Muki (huxyra es un
vocablo quechwa que quicre decir viento), ateca 1
Ins personas que hon olvidado las promesas
hechos al Muki o que han entrdo a la mina por
primera vez sin pedirle permiso. La persona que
sufre de mukihuoyra presenta una ieritacian en la
picl y pequefios granos rojos parecidos a los de la
varicela. Estos granos so desarrollan de 1al
manera que ¢l trabajador, muy disminufdo en sus
movimientos, lermina por quedar completimente
paralizado. Esta pardlisis afecta primero los
micmbros, sobie todo los brazos y las manas,

El easo de Tomds, que nos fue relatado por uno
de sus compaiieros de trabajo, ilusira los sinlomas
que pusde presentar esta enfermedad v que nos
interesa particularments aqud:

"El Elins macstro que ¢, ha dicho
mafiana vamos a empezar tarca 46 asi
que hay que venir temprano. Yo con el
compadre Marcelino, el Ambrosio, el
Aucalli, hemos avisado al Tomis para
reparlirnos  para (raer su coguila, su
cigarro, su Iriguito  para pagar  al
taytacha Muki no ve que thamos o abrr
nueva tarea diciendo se ha ido el Elfas.
Pero ¢l Tomds no ha queride dicicndo,
exo s de chulo, de ignorante diciendo.
Asi que hemos pagado no mds al dia
siguienie, hemos trabajado wranquilos no
mds. Asi que para que  amanesca
midreoles seria ha venido ln mujer del
Tomss ha avisar que s¢ ha puesio mal
que no puede wvenir o lo tarens, Asi
cuando hemos ido a ver lodito su cuerpo
ha estado con unos chupos grundes, con
ojito rojo, grande asi, ¢l Tomds Horando
de dolor, dice que habin amanccido psf
con uns puntitos colorados en todo cl
cuerpe gue b comia, se ha ido al
hospital, ahi el médico le ha dado
medicina, nada le ha hecho peor ha
crecido  chupo  grande, por wsdito el
cucrpo asi con ojito rojo ha sido, no
podin andar siquicra. Liorando ay es que
hia avisado al Gregorio diciendo no ha
pagsdo, eso esx de chue dice, ay le
avisado ayia Gregorio diciendo eso ha
sido de estito, ese chupo con puniito rjo

' Sobre ¢ Muki y en general las précticas
religiasas de los mincros de Huaneavelica ver
Salazar-Soler, C., op. cit.
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eslito apostema asi ha dicho, ¢l tayia
bluki bravo eg” (T, minero de socavin ),

Para tratar esta enfermedad, ¥ en gencral fodas
lns enfermedades que presentamos  aqui, los
mineros acwden por lo general al especialista
tradicional o pongo. Quien, en la mayora de los
casos v 4 fines de poder diagnosticar el mal, hace
una serie de preguntas al paciente no sdlo sobrc
los sintomas sino sobre el conlexio en el que se
presentd la enfermedad. Luego, por lo gencral,
realiza una consulta a la divinidad de la mina
para averiguar si se trata de dicha enfermedad. Si
la respuesta es positiva, el especialisia procede a
curarla, El tratamiento es el siguiente: primero ¢l
ponggo frota el cuerpo de la victima con ires tipos
dee picdras: lo gocharumi (o piedra del lago), la
orqorumi (piedra de la montafia) y la cachirumi
{picdra de sal), Luego prepara dos llampus
{polvos de maiz), uno con maiz negro ¥ el otro
con maiz blanco, Cubre en primera instancia cl
cucrpo del enfermo con el Hamps de maiz negro
para “capiurar la enfermedad”, ¥ luego después
de haberlo limpiado, con el lampu de maiz
blanco para “purificarlo”. Finolmente, frot el
cuerpo del enfermo con una mezcla hecha a hose
de un poco de tierra del lugar en donde el
enfermo dice haber wisto al Muki, tosonjil,
claveles de color rojo, llima-llima, orkosunchu
(vigudera Planzii) ¥y kuya-kuya (senciro
vulgaris). Cada una de estas hierbas tiene -segin
el especialista- una propicdad especifica. El
pongo dice que los claveles son una ofrenda para
el Muki, Ia lima-llima v el orkosunchu sirven
para favorecer la “reproduccién del mineral” al
interior de la tierra pero también para curar
cierias enfermedades pulmonares; la kuya-kuya,
utilizada en olros lugares para la fabricacidn de
filtros de amor, es usada aqui para favorecer la
buena voluntod del Muki hacia ¢l enfermo. El
especialista frota ol cuerpo del paciente con esta
mezela y una pequefia serpiente. Realiza las
frodaciones invocando al Muki para  pedirle
proteceidn, perddn y clemencin.

Como ¢l Muki, el Amary, la serpiente de dos
cabezas que segin los mineros vive en las
entrafias de la tierra ¥ que sale a la superficie en
tanto mensajere de In divinidad de la mina,
castign también a las porsonas que enman a la
mina sin pedic permiso al dios minero. Puede
causar una en fermedod muy cercana a la
mukihuayra: ko victi ma de este mal presenta
"apostemas” que cubren edo el cuerpo pero
sobre todo los brazos. Esos apostemas "maduran™
hasta reventar, dejando escapar un  liguido
negruzeo ¢ inclusive gusanos cuando se irata de
casos graves. Este liquido negro que despiden fos

apostemas puede contaminar el resto de la pacl,
"comen In piel* s no se los cura a tiempo.
Algunos mineros sefialaron gue cllos uvieron
compaieros de trabajo que fallecieron aacados
por esta enfermedad, la cual comid una parte de
los drganos externos: las orgjas, nariz o las manos
por ejemplo. Ellos dicen también que cuando
alguien muere victima de esic mal o5 porgue no
guiso escuchar los consejos del Muki o del
Amaru, “se hizo el sordo”, Coando la enfermedad
ataca las manos de una persona es porque dsia
excavd en ln mina sin perdir permiso al tayia
Muki o porque quiso extracr ¢l mineral sin
hacerle las debidas ofrendas. A decir de los
mineros, en ciertos casos esta enfermedad no
ticne manisfestaciones CXICINES, PErd Clreome
interiormente ¢l cuerpo. En este caso los granos
se desarrollan al inerior del cuerpo | los cuales al
reventar dejan escapar un liguido negro gue
carcome las enirafas.”

Esta enfermedad provocada por ¢l Amary es muy
dificil de detectar. Scgin ¢l pongo, la consulia
que s¢ le hace al Muki jucga un papel muy
importante para ¢l diagndstico y para la cura. El
especialista dice gue cuando esta enfermedad
aiBCa 4 una persons o porgue Esia ha enido un
mal comportamiento , o ha cometido faltas graves
contra I divinidad de la misa. Bl tratamiento de
esta enfermedad es ¢l mismo que para aguella
causada por ¢l Muki. 3¢ reconoce cuando una
persona ha fallecido victima de este mal porgue
al cabo de algunos minutos despuds de su muere
¢l cuerpo comecnza a climinar un liguido negro v

apesta,

La kutincha es otra de las enfermedades coussdas
por ¢l Muki. El enfermo de kutincha empicza
teniendo mucho suefio, vérige v ol cabo de
algunos dias entra en un estacdo de sonambalismo
generador de un debilitamiento progresive que
puede ser faual. Ciro sintoma de esta enlermedad
cs que la persona  comienza o "secarse”
comenzando por los miembros superiores,

Segin los mineros de la regicn de Angaraes csia
cnfermedad es uno de los grandes castigos
impuestos por ¢l Muki a aquellos que tratan de
traicicnarlo, es decir, aquellos que habiendo
sellado un pacto con €l para oblener mayor
cantidad de mincral y mis riquezas no respetan
sus promesas cuando ln divinidad yva cumplid las
suyas. Para hacerles recuerdo de ese pacto el
Muki puede causar entonces un  accidente,

% .
Sobre las creencias on torno al Amard entre los

mincros y los campesinos de Angaraes ver:
Salazar oler, op. cin. {1990,
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infligirles la kutincha y, en algunos casos, puede
causarles directamente la mucrie.

Escuchemos ¢l testimonio de un wrabajador que
sulrd de esia enfermedmd:

"Asi ¥o he sido despedido casi Ay
diciendo  los inges: indios ociosos,
durmicndo no mis andas, acaso e
pagamos para dormir, para lampear te
pagamas!, asi me han sacado de la mina.
Dvice gue me han encontrado dormido,
como res veces asi o mis, dice asi
sentndito asf con ln perforadora pero
bien dormido dice; me ha vencido el
sucfio, Saliendo de la mina me ha
agarrado dolor de eabeza, todito estito
por aquisiie todite esio (dice
agarrindose I cabern) por detrasito por
mi delante parccin que me iba a
reventar. Frio ha de ser me ha dicho Iy
Domitila asi que me he tomado un rago,
nada peor, los orejas en mi adentro
hacian: boom, boom, Asi he llegado a
mi casn, mal me he pucsto, ya ha sido
para estar peor, Asi he amonecido en la
mina dentre, osf scniadits dice  han
cnconirade los de o de la madang,
vuelia he regresado a ln casn, vuelin
dolor de cabeza vuela Dicen me han
encontrado dice alli detrasito de la plaia
por ay por ¢l relave juntito por ay, mi
mujer hy preguntado, va no decia nmda,
asf como wawa me he estado, asi en mi
pantaldn no mis ensuciaba no ve que ya
no andnba, debilidad ha sido, mi mujer
met alcanzaba un calde dicicndo para
frio de la cabeza, pero no podia comer
que serd, asi ome he puesio  pues
enllaquecido, sequile, huesilo no mids
era. Como upa no mis era. Ay coasi me
he finndo, si no fuem por ¢l iayviacha
Cregorio gque ha hecho el uywachi ha
dicho  sanaris, pere esti diffcal, <l
taytacha Muki ¢std bien brave, kutincha
cs. Esto mis ha sido porgue mis antes
yo he trabajado en una mina por ahi por
Castrovirreyna  por  ahi  con  ofro
patroncito, asi hemos lamado un dia al
tavizcha Muoki  diciéndole iracrids
mineral, y hemos hecho trato el ponia el
mineral ahi el patroncilo conmigo més
ibamos @ levarle una  lamita, un
camerito asi o mds, dice que hasta una
pasna ha prometido ese otro patroneito,
por es0 dice es ahor finado. De haber
encontrado mincral hemos enconirado
una vela rica, ha sido pero ¢l patroncito

ese ha sado abusivo v se ha quedado con
harto mee ha dado 0 mi un poco diciendo
loma estito vy desaparece. Bstito he
postndo mi =8 en nado, cusndo se ha
nenbado he venido oed ¥ entro o la ming
y zas! me agarra el toytacha Muki, se
pone bravo, porque porn serle sincero,
ya no hemos pagado, serd por eso que
me ha agarrado asi? como serd?” (5P,
minero de 2ocavin),

Otros mineros  que  declararon  tener  esta
enfermedad dijeron sulrir de constanies dolores
de cabeza, dormirse en el trabajo y algunos
sefnlaron ademds tensr problemas para respirar al
despertor,  Estos  dltimos, en sy mayoria,
relacionaban este sintoma con la silicosis; oftros
con los problemas de cambio de temperatura a los
gque esiin expucsios en ¢l irabajo (diferencia de
lemperntura entre ¢l interior de 1o mina y la
superficic), Incluzn une de cllos, aos contd, muy
disgutado, que sintiéndose “ahogado” todas las
mafianas, habin ocudide al hopital para que le
revisen los pulmones, pero los médicos no e
epcontraron  neda; ¥ noestro minero muay
enfadado nos dijo “que ni siquiera le habian dado
un jarabe”, ¥ que sus problemas de ahogo
continuaban,

Este mal puede ser curado por el Muki, o través
de la mediacion de un especialista, solamenle unn
ver que el enfermo cumplid con las promesas
hechas en el momento del pacto con kn divinidad.
El tratamiento de esta enfermedad es el
siguicnte: ¢l cspecialista frota ¢l cuerpo del
enfermo con un sapo verde, luego hace beber al
paciente una bebida hecha a base de hierbas
(manzanilla,  toronjil, orko  wirn-wira
(Achyroclineable) ¥ retama). Frota enseguida el
cuerpo del enlermo con esta mezcla invocando al
Muki, puliéndole que "le devuelva su songo”, En
esta enfermedad se dice que el Muki ha songeado
a In victima, In ha "vaceado de su sustancia vital”.

Las enfermedodes cowsadas por ¢l Muki como
aquellos en el campo causadas por los Wamani,
las divinidodes de la montafa, son concebidas
comd eastigos por las falias cometidas por los
trabajadores, Bsta concepeidn de In enfermedad
recuenda la distineidn que segdn los mineros hace
¢l Muki entre los hombres de "buen cornzdn” y
aquclios de “mal corazdn”. Son dstos dltimos los
que son casfigados por la divinidad y los que son
victimas de eafermedades como la kutincha o I
mukihuayra. Pero que significa poseer un “mal
coraean” en el contexto de la mina? Aquél que
transgrede las reglas de la reciprocidad  anding,
aquél que no cumple sus deberes con la divinidad
o agquél que rompe el pocto sociol com sus
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compafieros de trabajo 0 sus paisanos, dse cs
alguien de "mal corazdn”. Scegin uno de los
estimonios que recogimos, Hilario, un minero
que fue "songeado” por ¢l Amaru, no solamente
habia olvidado de hacer ofrendas al Muki sino
que ademds habia ocultado a sus compaficros cl
mincral que habin encontrado pora beneliciorse
sdlo del producto de su venta Lo gue parece
resuliar del andlisis de la concepeidn de las
enlermedodes no es mids que una &ica de trabajo,
cuyg garante supremo es o divinidad de la mina .

Como podemos apreciar, muchos de los sintomas
de cstas enfermedodes que segin los mineros son
causadas por el Muki y que aparecen descritos a
Io largo de los westimonios presentados, pucden
sugerir una coincidencia con los sintomas del mal
de alura crdnico: dolor de cabeza, somnolencia,
quempedn de las palmas de las manos vo planias
de los pics, sensacidn de cansancio fisico wo
mental, sensacidn de iristeza o depresidn, fala de
adre ol despertar, dolores musculares ™

Pucde llamar [a atencidn el hecho de que uno de
los principales signos del mal de alwra erdnico,
¢s decir la cianosis (coloracidn azul-morada de
las manos o labdos) no aparczca en os
lestimonios de nuestros Mineros como un signo
de algin malesiar. Sin embargo, este aparece ya
e en los iestimonios recogidos sobre los
enfermedades, sino en otro tipe de informacidn
recobectada. Se trata, de las respucsias que dieron
los mineros a las pregunias que les hicimos sobre
i podinn distinguir a un minero en la calle ¥ si si,
a través de qué rasgos?. 35% de los 490
irabajadores  entrevistados  afirmaron poder
reconocer a un minero. En muchas de esias
aftrmaciones, los rasgos [lisicos lenion  un
importancia significativa. Cabe recalcar que el
13% de los que dijeron poder reconocer un
minero en la calle declararon poder hacerlo a
causa de su fisionomia, en la cual sobresalfa dos
rasgos: cara manchada (manchas negras o
moradas en los labios pero también en el resto del
rostro) ¥ los ojos irmilados con una coloracidn
rojiza "

Como dicen Amegui, Ledn-Velarde ¥ Valedreel
{op. ciL), con excepeidn de la cianosis de lo cara,
labios o manos y ln dilatacién de las venas de las
TANDS O pics que constituyen signos objetivos del
mal de alura crénico, todos los restanles son
sintomas subjetivos v sujetos por lo lanto a la
objecidn que la subjetividad puede tener. Y esta

* Arregui, et al., op. cit.

" Sobre los detalles de esta encuesta ver: Salazar-
Soler, C.; op. cit. {1990}

parece en efecto, ser lo mayor dificuliad que
deben cenfreptar o mineros cuands van a
consultar a un médico, A esto se agrega ¢l hecho
de que muchas veces el control o la consulta no
s¢ efectda en el momente ni en las condiciones cn
que estdin presentes los simtomas, Y s ms,
muchos de bos sintemas no pucden ser atribuidos
solamente al mal de montafin cronico, Por dltimo,
como lo sefalomas ol inicio de esta presenlacion,
los médicos parccian slorgar poch imporiancia
estos malesiares; quizis en parle debida a las
dificuliades ya mencionadas del diagndstico.

Seglin nuestros  informantes, ¢l oo lipo
enfermedades que atacan a los mineros  son
causados por los enticrros y llevan ¢l nombre de
huayra”. La Huayra o enfermedad de la
antimonia  proviencn  de los emanaciones
procedenies de los entierros o huacas cn las
minas. Para nuestros inflormantes clerlos lugares
cn la mina estin cargados de uma especie de
"eleciricidad” que ¢llos Baman antimonia, Ellos
identilican csos lugarcs como enticrros, cs decir
fos lugares donde los gendiles o los Incas
emerraron ¢l oro para protegerlo de ln ambicidn
de los Espaficles. Esos enticrros conlicnen “oro
vivo" v esin e fo causa de ln enfermedad de lo
AnIEmOni,

Por lo general, esta enfermedsd s¢ atrapa por
contzcto directo, como én el caso de los mineros
que rabajando en la ming, encucniran un enlicrmo
o los que trabajan al lado de un wesora,

Los sintomas de la huayra son los siguientes: el
enfermo comienza olicndo mal, como i estuviera
cn estado de  putrelaceicn, lwego e “seea”,
primers los brazos, [os manos v finalmente 1odo
el cuerpo. Una semana después pierde la piel
(sobretodo [n de los brazos) v finalmente sus
micmbros s¢ deforman. Esta enfermedad puede
ser mortal st no se la curn rdpidamente. Para
curarla ¢l especialista debe limpiar el cuerpo del
enfermo con un sapo verde. Luego prepara una
mezcla a base de orina del enfermo, hierbas

* Huayra es un término quechus que quicre decir
viento. El término hace referencia en los
Andes al "mal aire” que como dijimos es
concebido por los campesinos y los mineros
como lus emanaciones o vapores que surgen
del interior de la ticrra y que pueden atacar al
hembre andino. El ayshuayra (o viento del
muero) cs uno de los huayra que segin los
campesings  de  Angaraes  atacan | mds
frecuentemente al runa. Ver para los huayra
Bernand-Mufioz, C. op. eit. y Salazar-Soler,
op, cit {1990,
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{romero, toronjil, retama, ¥ malva) y grasa de
cordero o de [lama, Enseguida debe frotar varias
veces el cuerpo del paciente con esta mezcla
Cuando ¢l estado del enfermo s grave, se le debe
dar u beber esta mezcla sin la grass animal.

Los mineros de la regidn de Angaraes dicen que
esta enfermedmd se manifiesta a veces de otra
manera, la persona atacada comienza a tener
crists de epilepsia:

"Un dia a lo hora del descanso,
estibamos tomando la sopa, un minero,
un compaficre, s acordd que se habia
olvidado su picota, y regress a buscarla,
pere s¢ demoraba harto y no regresaba,
Cuando ¢l timbre ha sonado parn el
segundo wrno o hemos encontrado en
una galeria caminando como ciego, con
tembladera, botando espuma por  la
boca, como  opa,  MNossiros  hemos
pensado que era la antimonia que lo ha
cogide. Ahi  enticrro  dice  estaba
buscando, La  antimonia  es  muy
peligrosa porque  podemos  estar
lampeando tranguilos v vian! pademos
ser castigades por nuestros taytas los
Incas ¥ podemos morir pues™. (M.S.
minero de socavdn).

Segin los mineros, los casos de epilepsia zon
debidos al hecho de que el enfermo ha raado
voluntariomente de excavar un entierro, En estos
cnsos, el especialista da de beber al enfermo una
bebida hecha a base de orinn del enfermo,
toronjil, romero ¥ aliso. Luego hace una mezcla
con un pufiade de terra del lugar en donde ¢l
paciente contrajo la enfermedad v sal ¥ la aplica
sobre In frente del enfermo, Segdn el pongo se
deben aplicar sustancias repugnantes vy saladas
sobre la cabeza, que sean capaces de "absorber®
la antimonia. Finalmenic ¢l cspecialista pasa una
maoneda antigua de oro o de plaia sobre wdo el
cucrpo del paciente para “llamar al oro vivo o la
plata viva de los antigeos®, y extraerla del
CUET]IE,

Esta enfermedwd es conocwdn también con el
nombre de "agitacedn®, sobretodo cuondo  se
manifiesia con convulsiones o cuando se detecia
crisis de epilepsia en los enfermos. Scgin H.
Favre, la agitacidn ¥ la hugyra vela, cran las dos
enfermedades mds comunes entre los mineros de
Huancavelica en los afios 60, Este autor, sefala
ademds, que el temor de atrapar enfermedades en
la mina constituin wno de los factores quc
pesaban en la decisidn de los campesinos de cse
decenio de permanecer cn lo mina solamente por

periodos cortos. La agitocién e considerada
como una enfermedad incurable '

La huayra veta ¢s otra de lns enfermedades
concida por los mineros de Huancavelica, Ellos
dicen que no solamenle los vapores que expelen
los tesores o las huocas pueden causar la huayra o
antimonia, sino que cuplquier veta o fildn
conliens vapores que salen cuando uno los
exploa v atocan al minero, produciéndole una
sene e tronsicrmos. Lo huayra wela es unn
variante de la antimonia ¥ es considerada como
menos grove que ésta. Los sintomas que revelon
csta enfermedad son similares o log de la
antimonia, a excepcion de las convulsiones y las
crisis de epalepsia, EI ratamiento ¢s similar al de
la enfermedad anteriormente descrita,

Existe otra variante de la antimonia. Los mineros
dicen que los lugares preferidos del Muki son
aquellos donde hay agun, que esid contaminada
por los dcidos de los mincrales; agua que ticne
una apariencia de sucicdad y que s responsable
de ciertas enfermedades, Los campesinos dicen
que estas "cidnagas” despiden vapores que atacan
a las personss que caminan sobre cllas. Esia
enfermedad puede atacar o cualguicr mincro,
aungue algunos de ellos dicen que esos vapores
macan sobre todo a la genie que enira a b mina
por primera vex sin pedir permiso al Muki,

Lu persona que sufre de esta enfermedad presenta
"npostemas” sobre los brazos v las piemas, que
terminan paralizindolo  completamente.  Para
curarla se debe frotar el cuerpo del enfermo con
una mezcla hecha a base de un pufiado de tierr
dcl lugar, sal y torongil.

Encontramos la wtilizacidn del término antimonio
o antimonia para describir esos vapores en otras
regiones del Perd y del Ecuador ' En todos los
casos, la antimonia estd asociada al oro de las
huacas ¥ a las emanaciones provenicnies de las
wmbas, El antimonio &5 un metal que podemos
encontrar en diferentes minas de los Andes,
incluso en los de la provincia de Angaraes, bajo
la forma de estibina, mineral que wvo un papel
imporiante  en los  experimentos  de  los
abguimistas. 5i bien como sabemos podemos
encontrar antimonio en la fabricacion de ciertos
medicamenios antiparasitarios, también
conocemos que su absorcidn en alias dosis puede

" Favre, H., "Algunos problernas referentes a la
industria minera en Huancavelica®, Cuadernos

de Antropologia, 1965, vol. 11, n98, pp. 16-
24,

" Ver Bernand-Muiioz, C., op. cit.

-
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provocar vamilos v diarreas. Sin embargo, esto
no explica ln wilizacidn corriente del érmino
antimonia para designar enfermedodes cansadas

por los "vapores®,

Por el conirario, a dosis poco clevadas, los
vapores ¥ oz sales  de  mercurio, son
extremadamente peligrosos ¥y monales. Ya en la
época incaicn la explotacidn del mercurio cra
consideradn como muy peligrasa. B, Coba, en su
Historin del Nuevo Mundo (1653), afirmaba que
los Incas no explodlaron el metal antes de la
llegada de los espanioles, v Garcilaso de In Vega
en sus Comentarios reales de los Tncas 16067,
explica que los Incas prohibicron su explotacidn:
"o Los reyes Incas alcanzaron el azogue, v se
admiraron de su viveza ¥ movimienlo, mas mo
supieron qué hacer de ¢] ni con €1, porgue para gl
servicio de ellos mo Ie hallaron el provecho para
cosa alguna; antes sintieron gue era dafioso para
Ia wida de los que lo sacen ¥ tralan, porgue viersn
que les cousaba ¢l temblar ¥ perder los sentidos.
Por lo cual, como reyes que tanto cuidaban de la
salud de sus vasallos, conforme ¢l apellido
amador de los pobres, vedaron por loy gue no
sacasen ni se acordasen de & y asi lo
abarrecieron los indios de 1al manera, que aun cl
nombre borraron de la memaoria y de su lenguoaje,
que no lienen para nombrar el azogee, sine lo han
inventado  después que los espafioles o
descubrieron ano de mil quinientos ¥ selenda y
siele.” (Libra VIII, cap, XX

Los sintomas de la enfermedad del azogue
descritos por Garcilase pueden corresponder a las
convulsiones y  ln pérdida de  sentido
mencionados por los mineros de la provincia de
Angarnes para describir a las personns atacadas
POr antimonia.

1. de Acosta en su Historda raferal ¥ moral de
Indias (1550, describe la utilizacidn del oro para
atraer el mercurio que se aspird: * A los hombres
que han echado azogue en los oidos para
matarios secrelamente, ha sido ¢ remedio metler
por el ofdo una paletilla de oro, con que Haman el
azogue, ¥ la zacan blanca, de lo que se ha pegado
al ora.... ¥ porgue el humo del azogoe es monal,
me dijeron que s¢ prevenian los of iciales contrn
eee venenoc con lomar un doblén de oro
desmenuzado, ¢l cual pasado al estdmago
llamaba alli cualquier azogue que por los oidos,
ojos, narices o boca les entrase de aguél humo
mortal ¥ con eslo s¢ preservaban del dafio del
azogue, yéndose todo al oro que estaba en el
cstémago, v saliendo después todo por la vin
natural ..." (Libro IV, cap, XL, pp. 101102). Esta
deseripeidn nos recuerda el caso que hemos
descrito mis arriba, salvo que los mineros

acluales no hablan de iragar ore en polvo sino de
frodarse con una moneda de oro ¥ plata,

Esta breve explicacion  sobre la  antimonia
mueatra que esta idea generalizada en los Andes
sobre  las  emanaciones  perniciosas  noo ef
compleiamenic extranjera a cierlas experiencias
concretas. 5i hien ciertos sinomas atribuidos a la
antimonia toles como los convulsiones vy las
erupciones sobre la picl cstin efectivamenlc
asociadas a los vapores metdlicos, en [n moyorin
de los casos, incluso on las minas de la provincia
de Angarpes, ningdn vapor pernicioso de este
tipo es mencionado por la medicing de trabajo.

Algunos daros sobre las enfermedades mineras
en fa historia

Histdricameme cudles son las enfermedades de
los mineros que aporecen descritas en los
documentos?

Para el sigle XVI, XVIly XWVII contamos
sobretodo con descripeiones de enfermedades en
las minas de plata de Potosf ¥ en las de mercurio
de Huancavelica, Como sabemos, estas dos minas
constiluyeron los cjes de la cconomin mimcra
codonial andina

En o que se reflicre a las minas de Potost, 82 5w
¢n el cozo de los mitayos que irabajaban al
interior de la mina (barretcros y apires)- de
enfermedades respiratonias ligadas al cambio de
emperatura entre el interior de la mina ¥ la
superficie, agravadas por la absorcion del polvo.
Pero la documentacidn colonial habla tambidn de
enfermedades que los  irabajadores de  los
ingenios atrapaban por la ahsorcidn del polvo de
Ia molienda mineral, Las fuentes documentales
dan cuenta del mal del Choed, especic de tifus, o
tos producida por la absorcidn del polvo. Asf el
doctor don Pedro  Francisco  Arizmendi
subdelegado del pantido de Chayanta escribe en
1790 a don Francisco de Paula y Sang,
gobermador intendente de Potosi un informe
sobre las causas “principales de la morialidad v
enfermedad extraordinarias que se experimentan
entre los milayos de la provincias contribuyentes
a la mita polosina”. En esie  documenio
Arizmendi reduce las causas para la enfermedad
del Chocd a: la falta de descanso con que se
nhlig; a trabajar a los mitayos, los precios
excesivos de asriendo de los ingenios -lo que
nhlig_-,a_ a hacer sobretrabajar a los indios-, v los
servicios suplementarios con que se recargan a
los indios, Sobre el Chocd dice que: “desde que
hay mita en Potosi se conoce esta enfermedad v
no se ha empefiado diligencia alguna para
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cavielarla®. "Hallindose las alas de molicnda de
los ingenios como inundada de polvos metdlicos,
antimoniales y envencnados, que continuada e
inevitablemente respiran los infelices moledores
¥ cemidores, les ulceran los pulmones y les
causan la 108 incurable que en su idioma llaman
Chocd, a cuyo impulso mueren Unos, ¢ eslropean
otros, ¥ al cabo todos los atacados de ella son
victimas de estos irabajos en la Mor de su
juventud o de su virilidad™ ™

Ortre documento de la misma &poca nos da cuenta
de los estragos causados por esta enfermedad:
“Acabo de llegar de dicho pueblo de Moscari,
donde se me presentaron 44 enfermos incurables
de choco, todos jovenes de modo que ninguno
paspba de 30 afios, 10 han muerto de los que
vinicron ultimamentz de la mitas y los mis,
segln su aspecto v la fos con que se les advierte,
po pueden durar mucho. Este contagio no se
habia experimentado en dicha parcialidad hasta
30 aflos a esta parte, en que segdn el dicho de
algunos viejos de los de la mita anterior a dicha
época fueron trasladados del trabajo del cerro a
diche ingenic o a su morerado, desde cuyo
tiempo empezaron a sufrir e choco destructor de
los indios, sin duda por ln malisima consiruccitn
del dicho morterada...” ™

Las fuentes coloniales no sélo se expanden en la
descripeidn  de esta  enfermedad, sino  que
proponen soluciones (gque en algunos casos som
de una modemnidad asombrosa). Tales males
podian ser controlados segiln Arizmendi si tanto
los personeros del gobiermo como los médicos
que deambulan por la villa recurrian al wso de
métodos de ventilacidn y precauciin (como por
cjemplo mascarillas de  vidrio de  cristal)
utilizadas entonces en Europa: “Porque no pedir a
la mayor diligencin un modelo de aquellas
mascarillas a las boticas de Espafia o a las

¥ Archivo Naclenal de Bolivia (ANB) (Minas, T.
129, n® III).

% pecurso ante la Audiencia de La PLata: El
doctor Victorian de Villava, fiscal de ella y
protector general de indios del distrito, sobre
los tratamientos inhumanos, cargas indel idas y
defraudaciones de salarios con que don
Salvador Fulla, azoguero nuevo y dueno de
minas e ingenios en el asentamiento de
Huarihuaritérmines de Potosi oprime a los
mitayos del pueblo de Pocoata partido de
Chayanta que trabajan en dichas haciendas,
1797-1799. (ANB, Minas, 130, n*10}.

extranjerns ¥ enviarlas a Cochabamba donde se
fabricaran en ¢l ndmero que se quiera™

En algunos documentos encontramos mencidn a
las enfermedades cuyas causa son el cambio de
altura ¥ de clima que experimentan los mitayos
que vicnen a trabajar o los minns de Potosf: "..a
csios fundamentos ©5 que tan lermblements
desventura los gravisimos males que sufren los
miserables indios en la mita de Potosi debe
reflexionarse que si en general causan fantos
estiragos quales aseran en los de los pucblos
Reales en estar por esencia sujetos a dicha
presidn por la diferencia de emperamento de
estos con aquellos, como que los cinco pueblos,
de Capinoza, Tapacari, Sipesipe, Porco ¥
Tiquiparra estén situados en valles ardientes ¥ la
madacion de sacarlos a la rigida puna de Polosi
basta para su aniquilacién y por lo duro de aguél
trabajo en ¢l monerado y molienda de cuyo
cernido resulta un sutil polvo de los metales que
les lastima el pecho de modo que los enferman de
unn Wsis incurable que de a poco que regresan a
sus pueblos mucren los mds de clios™ "

Los otros males que encontramos descritos en la
fuentes del sigle XVI y XVI son las
enfermedades producidas por el contacto con el
azogue. En efecio, los minas de azogue de
Huancavelica fueron los mis peligrosas. La roca
que rodeaba el mineral era inestable y blanda,
siendo propicio 2 derrumbes. Pero peor adn era la
existencia de gases venenosos en las labores, lo
que hacia el trabajo azardoso. El proceso de
beneficio  también  conllevaba  Aumercsos
peligros, de los cuales dos eran muy severos, "El
primero cra al momento de la molienda debido a
la absorcidn de polvos mincrales. E1 segundo
estaba presente durante todas las etapas del
procese de amalgamacidn debido a que los

" (ANB, Minas t. 129, n°3),

* Testimonio de los informes que a instancias del
doctor don Victoridn de Villava, fiscal de esta
Real Audicncia y  protector  general  de
nnaurales, expedieron don  Francisco de
Viedina,  gobernador  Inlendente  de
Cochabamba, al marqués de Casa Hermeosa,
gobernador intendente de Chucuitn, el doctor
Felipe Antonio Maniinez de Iriarle cura propio
de la doctrina de Chagqus, partide de Porco y
Vicario pedancro de Potosl vy el doctor don
José de Osma y Palacios, cura propio que fue
de la doctrina de Moscari, partido de Chayanta
sobre los prejuicio s que a los puchlos de
indios de dichas circunscripciones se siguen de
la mita &z Potosi {ANB, Minas t.129, n®VIII).
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irabajadores estaban CApUSEios al
envenenamiento por mercurio: en la mezcla del
mercurio con el mineral’ que los  wabajadores
relizaban con los pics, en Ta destilacidn de I
pella, en el lavado de la misma, eie™ ™

A propdsito de los peligros del azogue, ya hemos
citsdo o Acosta ¥y a Gargilaso, escuchdémos que
nos dice Soldrzano ¥ Percira en su Palitica
fndiana (1648): “... de los dafios y enfermedades
que se contrahen en las de azogue, como yo lo
experimenté en las de Guancavelica donde cstuve
por visitador ¥ gobernador desde 1616 hasta el de
1619, cuyo solo polvillo hace grande estrago a
los que cavan, que alli llaman ¢l mal de la mina;
y ¢l baho del mismo azogue a los que le cuecen ¥
beneficion los penetra en buen tiempo hasta las
médulas, ¥ debilitando todes los micmbros, causa
perpetuo emblor en ellos, do suerle que aungue
scan de robusto lemperamento, pocos dexoan de
marie dentro de quatro afios, segin dicen Matiolo
vy Biscioln (2), ¥ antes de ellos Plinio, San
Lsidoro, Dioscdsides y otros (3)7 .

En el sigle' XVIIL, las noticias sobre  las
condiciones de trabajo, las cnfermedades v la
morialidad de los mitayos de Huancavelica nos
legan o través de la polémica sobre In aboliciin
de la mita en esta mina. Los denunciadores de la
mitn seialaban los estragos que este servicio
obligatorio causaba en ka poblacidn mitaya, Por el
contrario, los defensores de la mita seialaban en
¢l decenio de bos 30 que los antiguos sbusos
habian sido comregidos ¥ que las  mejores
condiciones de trabajo en la mina reducian el
nifmero de mueries, ya fuera por cnvencnamicnio

a causa del mercurio, ya por otras circunstancias
X

Para ilusirar ¢l tono de la polémica citemos ¢l
testiimonio de Jerdmimo de Sola, quien  fue
gobernador de Huancavelica duramte trece afios, y
que fue decisive en la decisidn lomada por el
Consajo de Indios: "No se habla ya de los miedos
que anles lenian de azogarse y perder lavidao la
salud ; no siendo capar de megar ning On
desapasionamicnio era agqui diclamen cormente
no haber piquero, por lo gencral, que aguaniase
Sin arrgjar sangre ¥ azogarse de res o cualro afos
en cl trabajo; ¥ ahora se les ve entrar ¥ salir tan
robustos al fin de este tiempo como ¢l primer

" Bakewell, P, "Mining", in Bethell, L.,
Colonial  Spanish America,  Cambradge,
Cambridge University Press, 1984,

" poling, M., Anionio de Ulloa en Hueancavelica,

Granada, Universidad de Granado, 1995, pp.
86-87.

dia". En csa misma linea Antonio de Ulloa, olro
gobernador de Huancavelica, dice que “en tiempo
de cmos de tres afos que levo corrido de
gobicrno, silo han parccido en la mina 4 6 5
indios”, Minguno de cllos por enfermedad, sino
"despefiados por los cerros, o de la embriagues a
la cual son muy propensos™ - Estd demds decir el
cuidade con  qué debemos lomar  estos
Lestimonios vista su procedencia,

Seglin anola ¢l historindor M. Molina, el
arogamicnio no parccin ser ya en ¢sa época un
peligro para los trabajadores de ln mina. Los
efectos mortales del "umpe®, “un ayre que mata
de bmprovise s se respirn”, no preocupaban yio o
las autoridades™. "En olra época los pigueros cran
sus  principales  victimas al inhalar el pgos
venenoso cuando desprendian el mineral con ¢l
pico. Al ser sustituido éste por ¢l barreno tal
rigsgo hobia desaparccido. Los dnicos casos de
azogamicnlo se producian, no en el interior de la
mina, sine en los hormos de beneficio. Aqui los
mds expucsios cran los indios “oyancos® v
“homeres®, los encargados de cargarlos™. Al
decir de Ulloa estos casos eran mbién muy
raros. Cuando algdn indic contrafa ¢l mal, el
remedio consistin en "irse a algin paraje donde ¢l
temperamento sea caliente y usar de la chicha
de odrns bebidas que acostumbran los indios, lo
cual les mueve a sudar. Asi quedan sanos al cabo
de 2 63 meses

Como dice M, Molina (op. cit), Ulloa, como
gobernador  de  Huancavelica  tlenin  especial
inlerés en restar imporiancia al cspinose iema de
los peligros de la mina. Asi resulta poco creible
que durante todo sy mandato no se hubicran
producido ninguna defuncidn por azogamicnio o
que las cuslro o cinco muerles sc hayan
producido o causa de accidente o de la
embriaguez . © No cabe duda de que el indice de
mortalidad  disminuyd  respecto de  Epocas
anferiores ¥ que los mineros cuidaban cada vez a
und poblacicn mds escosa v cara. Pero ello no
significa negar la evidencia de un tipo de trabajo

]

Relacitn e informe que hace Don Jerdnimo de
Sola.., pp. 18-19; Cana de Ulloa al virrey.
Huancavelica, 9 de encro de 1762, AGI, Lima
842, Ambos documentos citados ¢n: Molina,
M., op. cil. p. B7-88. Antonio de Ulloa ocupd
It gobermacidn vy la superintendencia  de
Huancavelica entre 1758 y 1764,

Molina, M., op. cit., p. 89; Ulloa, A., Naeticiar
Americanas, entretenimicnto XIV y Carta de
de Ulloa al virrey. Huancavelica,® de cnero de
1762. AGI, Lima, 842,
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considerado, en s mismo, "de gran riesge” ¥
realizado en un lugor que, en la propia expresidn
de Ulles, era intransitable y amenazaba constante
ruina” '

Para el siglo XIX contamos, para ¢l Perd v en
particular para las minas de Cerro de Pasco, con
las descripciones de Rivero y Ustariz. Este autor
menciont, ¢l caso de los azogados ("Se da esie
nombre a los paraliticos que han respirado
vapores mercuriales refogando la pella™, del mal
del Chocd ("Enfermedad gque acomete a los
operarios de ingenios ¥ tragando ellos ¢l polvo
del metal que cuando muele se levanta por el
recio golpe del almadeneta, les causn una cspecie
de asma de que mueres™), ol humpe ("Aire
estancado en las labores por falta de ventilacitn v
que corrompiéndose mata a quien lo respire™) v el
macurgue ("Es una incomodidad corporal que
sienie al dia inmedizio de haber enicndo en unn
mina profunda y tenido muchas labores, v que
causa delores por cuatro o cingo dias, impidiendo
adn el andar”), BEste autor también habla del
soroche, vela o bochorno: "Se Nlama asi la falia
de respiracion por lo delgado del aire, Los
mineros dicen que proviene de los antimonios de
las vetas que eruzan la cordillera”™. Dice también
que: “Se observa que las personas que acaban de
Megar v las que mo cstdn acosiumbeadas al
lemperamenta y son debiles de pulmon padecen
afcocidn al pecho, faltindoles la respiracidn
cuando se¢ agitan; lldmase aqui esto veta (en
Lampa y Puno soroche) pues ¢l aire de fas velas
gque cruzan en los paises minerales son los que
producen tal efecio, hsviéndose cstensiva csla
falta de respiracién o bochomo, que proviene de
la poca densidad del aire por la excesiva aliura,
hasta los animales que caen muernoes, cuande los
apuran en las subidas de las cuestas, con pesadas
corgas, La enfermedad que acomete a los mineros
s I pardlisis producida por el trlnsile repentino
de una temperatura elevada a otra fria, ¥ también
por el continup wso que hacen del azogue. Los
que padecen de esta enfermedad s Hlaman
weogados, He visto personas atacadas de pardlisis
que no podian ni aun ponerse los dedos en la
boca, pues muchos de ellos habian tenide que
sufrir por algunos ratos la respiracion de los
vapores mercuriales. Pero la enfermedad mis
comin es lo pleuresin & dolor de costado, ¥ la
fichre pétrida o tabardillo. La primera se cura
tomando una infusidén de mullaca, yierba de muy
pequenn talls, que crece en los cercaniis, o con
Ins que llaman hueso muerto. Lo primera planta
es de hojas muy menudas y de una frutilla

2 Moling, M-, op. cil., 90.

coloreda redondita, La segunda crece en los
pastos y sus hojas son blancas y cortas™.™

Igualmente parn ¢l siglo passdo, E. Ruck { 1890),
habla de wn mal gue afectoba a los mincros
bolivianos. Se trataba del casavi, una especie do
tisis: ".En el afio 1321 muricron cazi 300 en la
mina de Salomdn v en ¢l camino coma 9., oiros
enlermos contraen el casavi que o5 ponerse CoMmo
tisicos".”

nif &

Regresemos a la época aclual v o Angaracs, Los
males descrilos anieriormenic no parceen  ser
exclusives de los mineros, si no que los
campesinos de Ias comunidades de Angaraes que
cnirevistamos comparien también una seric de
cslos iranstormos, Lo cual es Mgico, si pensamos
que la comunidades de Angaracs con la cuales
trabajamos estdn situadas por encima de los 3200
ms.nm., Algunas de cstas enfermedades nos
fueron  explicados  como  castiges  de  las
divinidades de ln montafia (Wamani) o de la
madre-tierra { Pachamama),™

Tomemos el ejemplo de la Ceaiccazen, descrila
por bos campesinos de Angares como un castigo
infligide por el Wamani, el dios de In moniafa.
Los enfermos de coaiceasea comienzan sintiendo
dolores de cobeza imsoportables v unn folts de
apetito que conlleva una pérdida importante de
peso. En algunos casos los wictimas de esta
enfermedad sufren desvanecimientos, pérdidas de
conciencia que se prolongan con cada erisis.

Finalmente, segin los campesinos, la persona que
sufre de ceaiceasea 22 vuelve opa (lonta). Como
en ¢l cago de los mineros, escuchemos el
testimonio de un campesing:

"Asi ha sido mi enfermedad, asi pues he
estado bien grove. Ha sido cuando cra
Jjwen todavin, asi dice me dolfa la
cobozn parece que se me iba a partir asi
avizando he diche a mi mujer pero

® Rivero y Ustariz, Mariano de, Coleccidn de
memories clesnficas, agricelas ¢ indusiriales,
Brusclas, Imprenta de H. Goemare, 1957, 2
tomos: “Memoria sobre el rico Mineral de
Pasco™ (1828), tomo 1, pp. 182-227; p. 187.

'"' Ruck, E. Diccronario e
hizpenoamericans,  Sucre  (inddito), 1890,
ANE

Sobre Ins enfermedades de los campesinos de
Angaraes ver Salnzar-Soler, 1990,
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vuelta no mis me he ido a trabajar
vuelin he regresado, poro asi no mis he
cstado, hambre nada enia, wdo botaba,
nacda se qguedaba em mi adentro,
enflaqueciends no mas he  estado,
Cuando ha sabide venir a verme mi
hermano de por ahi de Jauja; diciendo
como pues en flaquect do no mds estis,
gacurn a0 mas, todo s tus lerrenitos seco
ne mal & esld, como pues irds a verle ol
hespital. Yo he dicho que voy a estar
vendo al hospital he diche ya = me
pasard; pero peor ha sido, peor ha sido.
Asi pongase vo estaba conversando con
mi mujer, paj | quedaba tieso, ataque me
daba, asi no mas me daba ataques, tieso
quedaba, despuds claro me recordaba,
Asi no mids ha side, mis peor mis
ataques me han sabido dar hasta quedar
no més opa, opa he quedads, tontito, ni
hablar he podido miraba no mds, parecia
ol rader gque me recordaba, pero no, malo
ha sido csia enfermedad. Asf no mds
coma opa he quedado, mi mujer sacaba
no mds tomar el sol, despeés ni ha
sacado tomar ¢l sol porque he sabido
ponerme negro, Wodilo mi cusrpo negro.
Asi un din gque mi muper ha ido a la
fienda a comprar fideos ha  esiddo
comando asi ha encontrado al curioso
saliendo de la ticnda, €1 ha dicho iracras
para ver, traeras. Mi mujer ha suplicado
diciendo, vendras taytacha a ver o mi
esposo vendrds porgue €l va no puede
andar ha dicho. Ha venido pucs, me ha
visto ha dicho, vamos a ver diciendo
curaremos, Ash con el pongo, mi mujer,
mi compadre Feliciano mis me han
llevado quipichado a Pajari, ahi hemos
subido. Ahi el pongo ha comenzado a
llamar al taytacha Pujan. Hemos Hevado
U Codquila, sSu Cigarre, su lraguifo, sus
caramelitos, ha sido ccaicasca ha dicho®
(P.5. compesinos).

Una ver mads la desenpeidn de esfa enfermedad
nos pueden recordar algunos de los sintomas de
mal de alwra crdnico. El informante atribuye csia
enfermedad al castigo del Wamani. Scgin £ la
divinidad de la montafia esiaba disgustada con ¢l
porgque cuande fue reclutado como mano de obra
temporal para trabajar en la instalacidn de Ia
central elécirica, los ingenieros le hicieron cavar
la montafia sin antes realizar ofrendas a la
divinidad.

Coma en los casos anteriores, antes de emprender
el tratamiento  propiamente  dicho, hay que

asegurarse que se trota de una enformedad
causada por ol Wamani, a gquien ¢l pongo
consulte . 51 la respuesia o5 posiliva, se procede
al tratamicnto. El pongo comicnza Himpiando el
cuerpo del pacienie con madz, Luego le hace
beber un brebaje preparado a base de ruda, raices
de spluma {escoryonera, Perezia multiflora), de
hojos  de  toronjil, de saksa koti  (Guasuma,
Theobroma ferruginea) molida v romero, Cuando
el pociente estd grave se aconscia vendarle la
cabeza con ranas y claveles o darle de beber una
sopa de cobeza de carnero negro. Se les da de
beher timbién una bebida hecha a base de polva
de faupa rumi (piedra de los gentiles, acgquellas
quc se¢ encucniran cerca de los vestigios de los
gentiles, son de color gris ¥ se disuelven
facilmente) mezelada con cafiazo. El trotamicnto
debe durar ires semanas,

Veamos un scpundo coaso  campesino.  "E!
taytacha Canlalay me ha sonqeado”, esta fue la
fraze wiilizada por Euscbio para explicarnos la
causa de las desgracias que le aguejaban desde
hacia cinco afios, Un din Eusebio habia subido a
un comidn parn ir 8 visilar a sus parientes, lo
carreiera  estaba  interrumpica debide a um
deslizamiento de terreno v ¢ chofer habin pedido
aywdn o los poasajeros para reabricla. Busehio
rehusd y se subid a dormir al cerro que se
enconiraba al lado de la carretera. Cuando
Eusebio fue despertado por los olros pasajeros
Pir CORLmEOT viaje, sINHG ¥a on e5c moments un
intenso dolor de eabeza, v desde ese dia enyd
enfermo: 1enia mucho suefio, sufra de dolores de
cabeza cada wer mis inicnsos v "senifa una
pesadez de la cabexa®, segin €l sufria de ataques
que s¢ fugron profongando hasta convertirse en
convulsiones. Al final se volvid “sondmbulo™
"...Dicen que come upa me he andado 1odos los
terrenitos, asi conendo o que me daban, asi
andando como upa, grave me he puesto dicen que
me daba ataques, bolaba espuma por la boca y mi
cuerpo odilo mi cuerpo temblaba™,

El tratnmiento de esta enfermedad es a base de
frotaciones, con polvo de mafz para caplar la
enfermedad ¥ limpiar ¢l cuerpo; ¥ con una
mezcla hecha a bose de un poco de tiera de
donde se cogid la enfermedad v hictbas, También
se les da a beber una bebida hecha a hase de
cofimes, ¥ polve procedente de picdras de la
moniafia, de polve de songo rumi (una piedra de
color amarillo que se encuentra por lo general,
segun los campesinos, en las riberas de los
lngunas o en los lugares que son considersdos
como los “ojos del Wamani®, los orificios de la
montafind ¥ hoesos molidos, 5i la enfermedad ho
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sacado lo cabera hay que venddrsela coms en el
caso de [ ccniceasca con ranas ¥ claveles rojos.

Comentarios finales

Algunos  comemarios  para concluir  csta
presentacion, Bl amilisis de los estimonios de los
nuneros de la provineia de Angaraes sobre sus
enfermedades | sugicre una posible coincidencia
a mivel de los sintomas enire cierto tpo de males
gue aquean a los mineros y el mal de alwra
erdnico.  Molemos, que son  sobrewsdo  las
enfermedades concebidas como cosigo de las
divinidades, tante cn la mina como ¢n ¢l campo,
las que presentan caos sintomas coincidentes.
Esta cs una hipdiesis que necesita ser verificoda a
través del estudio de un nomere mayor de casos,

En lo que concierme a la paric hisidrica, las
enfermedides de los mincros descritas  hacen
alusidn sobre tedo a problemas respiralorios
lignebos al cambio de temperatura entre ¢l interior
de io ming v lo superficie ¥ a la absorcidn del
polve mineral en la moliends Las fuéntes
histdricas  hacen  fambién  refcrencia a I
inpoertancia de la intoxicacidn con azogue.

Creemos  haber demosirado B necesidml  de
realizar trabojos conjuntos entre antropdlogos ¥
cstudiosos del mal de allura crdnico, Si las
cncucslas miédicas o bioldgicas  son
indispensables en el eswdio de este mal, lis
entrevistas con los supeios del estudio realizadas
en ¢l campo ¥ con un seguimienio a largo plazo
o son carentes de importancis, puss permilen
conover I percepeién gque lene los  actores
mismos del mal que los agueja,
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danger lel quavalanche, phissement de emin, s 5i e
femps est doux ou gue Pévacuaibon Emmédiae gavie
difficile, towies bex dechnigees cowmnies de rlankmsiion
peuvent Ere appliguées. Finalement, le rile de la
prévention est loujours primondial

Mots clés : Sauvetage on mosdagne, Médecine durgence,
Trauwmatologhe, Hypethermie, Mal des montagnes aigu.

SUMMARY: More than 500 rescues are mads cach year
froan the monniains of the Moni-Blane Ml ond s moee
than &% of thowe mescues a doctor is presont af ihe scene.
The rapid tranamission of 1he alen hanks @ a
sophisticated mdio network, the relatively compact size of
the Momi-Blanc Massif ond the idead positbon of the
Hopital de Chamesix mean that almost all rescues age
completed |& lesa than an Bour. The belicopiers' uinch
allows rescoes fo be corried out in the mosy [maccessible
amd perilous places. During kigh season (seven mosths of
the year) & doclor is permanenily on-call at the heli-pad,
ready 1o joen the resces tzam al a moment’s nolice. To be
an effective member of the team the dociors musl nol oaly
be competesd i raematclopy ond emengency medicing
but nlse be strong and ecperenced mounialsesrs. The
medical equipment carricd is robust, light and compact

INTRODUCTION

Situated st the foot of Mont Blane, Chamonix
is rightly considered one of the world capitals
of mouniaimeerng. In summer, climbers come
from all owver the world 1o climb such famous
laces as the north face of the Grandes Jorasses
ar the wesl face of Les Drus but above all they

enough ba be carmicd in a mucksack The rescse victims ane
predominantely young, male and are ofien foeeign. 15% of
patients one severdly injured and 7% are pronounced dead
al the scene. Loag-term Follow up of the severely injured
shows that 83% po on 1o make & pocd recovery
and that their it iz beimer if ibe fme beiween
pcciden! and medscal sitenticn s short. The most common
pathology scem is o moderabely severe, Iraumaic injury l_:ll"
the Jower limb, Immobilisation, sedation and analgesia
peove (ke basis of treatment in the mountaing, More
wWOrTYing ane injurics 1 the bead or spine and ischacmic
heart disease. H in is often 2 consequeencs of other
injurics o Hiness. Medical treatment in hosile mountain
condticns must be kepi to a mininam. The expericnce of
ik doctor is essential as il s be who must find the best
cormgromise betwoon meddeal treatment 3t the sceme and
immediae cvasuation &0 removing the victim from ihe
effects of cold, hypoxia and ohjeclive danger (avalanche,
stone-fall etc.} If the wealher is mild or if immediae
pvacmation it diMcwll, all ke wsual cesuscitation
techniques ane passible. Finally, the role ol prevertion
romaing essenkial.
KEY WORDS: Mounain rescue, Emorgency madicane,
Trammalobogy, Hypothermia, Acube moustain sickness

come 10 climb MontBlare, Whilst in winter,
the descent of the Yallée Blanche remains the
reference im high-mountain off-piste skiing.
The activity of the rescue service cormesponds
with the popularity of the massif with currently
maore than 500 rescues o vear (Figure 1), This
paper is based on the 3932 rescues that have
iaken place over the last eight years,

i NP
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Figure 1 : Activity the last 20 vears

THE STRUCTURE OF THE MOUNTAIN
RESCUE SERVICE

Initially run voluntasily by mountain guides
the rescue service has become more and more
gomplex  over the years.  Significamt
developments in the service have ofien come
in response (o o major accident, most nolable
is the story of Vincendon and Henry who in
1956 died of exposure following o badly

managed rescue mission, an event which led 1o
the creation of the Peloton de Gendurmerie de
Haute-Montagne (PGHM) in 1958 [1],

The present rescuc service can be considered
in five paris:
1. The helicopter tcams of the Gendarmerie

and of the S&curité Civile, who can rescue
victims from the most inaccessible of
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places, are involved in 95% of all rescues
[photos 1&2).

LEhoto 2

2 The PGHM rescee team members, of
whom the majority are guides, deal with
the logistics of the rescue including access,
rope-work, and evacuation of the patient.

3. The doctors have been regulor members of
the team since the mid-1980's and arc
mainly assistanis  in  the Emergency
depariment of Chamonix  hospital,  In
addition to their knowledge of emergency
medicine, they are  all  experienced
mountiineers, an  essentinl  quality  that
allows their imegration inlo  the leam
without putting cither the team or victim at
further nsk.

The hospital is ideally situated in the heant of
the massil where, sl an altitede of 1000m,
it is ofien above the walley fog that
prevents the helicopter landing ot other
lower hospitals. This proximity  allows
carly asscssment and treatment 1o take
place. The emergency department with its
Iwo resuscitation rooms and heli-pad may
seem excessive for a small alpine twwn but

was designed this way o cope with the
seasonal influx of patients [photw 3).

=

5. The " Société Chamoniarde de Secours en
Montagne' (SCSM), is the administrative
hedy behind the mouniain rescue service.
They supply some medical and technical
pquipment bul above all they finance the
radio network, which during the last 10
years has significamly improved both the
transmizsion  of the alern and  the
coordination of the rescue.

Each rescue is coordinated from the PGHM in
Chamonix by a member of the rescue eam
who has an indepth knowledge of massif. The
details available 1o the rescue team as 1o the
state of the victims are often vague and it is
often difficult 10 determine il a doclor is
required. This is compensated for by the high
percentage (60%) of rescues that have a doctor
present, a service that is above the necds of
many of the paticnts.

THE EQUIPMENT

Aszide from the mountain rescue equipment
used, the medical equipment differs littie from
that found in a paramedic ambulance.

The streicher the most frequently used i3 the
‘Perche Piguillem’' which is well adapled 1o
winch rescue [photo 1]. The victim is strapped
into the stretcher and if necessary can be
completly immobilised with neck  collar,
splints and vacuwm stretcher,

A first aid pooch containing  syringes,
cannulars and 1V analgesics is carried around
the doctors waist. The doctor’s rucksack,
developed in conjunction with Lafuma®, is
divided into 2 paris, one part for the climbing
equipment and one pant medical, whiFh Eurl;h-:r
divides into 4 pockets (respiration, circulation,
medication and dressing) [photo 4&3].
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| FierE MEEREALE SECEURS EN MONTASHE CHAsOmE

A standard range of medication 15 carried with
an emphasis towards intra-venous analgesia,
sedation, rehydration and coronary ariery
dilmation.

Vil signs can be monitored at the scens
including a cardiac trace by a miniscope the
size of a calculator, temperature by an epi-
tympanic thermometer and oxygen saturation

by 4 mini pulse oxymeter.

The medical equipment is completed by a
resuscitation mucksack containing  oxygen,
suction, a respirator (Oxylog®) and a
defibrilator  (Leardal®) all of which are
compact and robust

THE GATHERING OF DATA

Each rescue victim has a medical record card
on which 15 recorded their personal details
along with the time, place, and circumsiinces
of the accident, the injuries susiaimed (WHO
classification), the state of the patient and e
Lreatment given at the scene (Figure 2).
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Figure 2 @ Medical reconds card
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EPIDEMIOLOGY

The population rescucd are young with an average
age of 32 years (3d [3), predominantly male (719%)
and ofien lorcign (37%). February, March, July
and  August are the busicst months, together
accounting for 65% of all rescues (Figure 3), The
activity of the rescue team is speesd evenly
throughout the working day with a slightly carlicr
slart in SUmmer.

&5 FR WAR APR MY AN ML UMD BF o7 WY [EC

Figure 3 : Monthly distribution {1988 - |955)

The rescues are generally rapid, with an average
time between the alert and the return 1o the valley
of 58ming (5d 10}, The specd of the rescue is aided
by the relatively compact size of the massif (25km
by 12km}, by the central position of the hospital
and by the briel and rapid approach Lo reatment

The avernge alttude of rescue is 2406m with 24%
taking place above 3500m. The high number of
people that ski the Vallée Blanche in winter and
climb Mont-Blane in summer nutkes these two
arexs the mos common siles for rescees in the
massil,

S0ME of all victims are from skt accidents (half of
them on piste) and 44% are due w climbing.
However trsumatic deaths are [our times more
e amongst clhimbers than amongst skicrs el
are miinly due 1o [ulls or stone fall. Hiking in the
lower moumaing of the massif sccounts Tor 14% of
festues and involves o more standard popatlation
Finally, although paragliding is an increasingly
ol spoat i sceoaents o ur|-|_:," 25 ol all
acidenis

SUCIO-CULTURAL FACTORS

Fashinmn

Mountgincering is and remains a dangerous sport,
however recemtly a worrying trend is emerging.
With the increasing popularity of bolied rock
climbang, more and more climbers are heading into
the mountaing with the ability 1o climb hard rock
but with lew of the skills necessary 10 deal with
glaciers or mixed ground. With the dangerous
resull that many climb without a helmet or move
on erevassed glociers unroped. On the other hand, a
rope badly used can increase the risk of an accident
for cxample when a climber falls and pulls off the
oller climber.

The myvstigque

Each year a number of climbers, inspired by the
reputidion of Monm-Blanc and encouraged by the
media as o the locility of its ascent, choosc to
ignare the risks and climb i with a minimem of
cxpenence. Some succeed, many (il and sadly
some  have  serious  aceidents  (amipatations
following a winter ascent in light shoes) or even
die (diabetn: kelo-acidosis when o climber was
caught out in bad weather with limited supplies).

The sther side of the coin

In recent years, the gencrous nature of a free nescue
service has sadly begun 1o be abused, Occasionally,
climbers demand o rescue where in the post they
would ot bave thought w do so. Without doubt
they are encouraged by the cuse of calling lor help
with a radio and are used 0 secing the helicopter in
the massif. Because of the overall increase in the
number of rescues, the pumber of coses of minor
trauma or even simple fatigue wre increasing. This
peoblem s important as cach rescue must be
halanced against the risk to the rescue weam and the
cxpense of the mission,

FATHOLOGY

The majority of the pathalogy sccn in mountin
gecidents s trematic (90%) and can be groded
from 1w 5. O the 3932 victims rescued, 0%
were unharmed (grade 1), 68% had an injury of
moderate severily e, fracture/disloction ol a long
bone (grode 23, 12% were severly injured e.g.
fracture of the spine (grade 3) 3% were in 2
serious state e.g. haemorhagic shock or prafond
hypothermia (grade 4), and 7% were dead on
rescue (grade 51 I is interesting 19 node that men
aecount for 835 ol all seriously injured puticnts

Trowmatic injury of (he lower limb 5 common,
wecounting For 35% of all rescues, although i
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rarely leads 10 serious complications (Figure 4).
More worrving are the 22% of victims that present
with a head injury, often due (o stone or ice fall or
to o fall by the climber. 109 of those rescued have
a spinal injury, 12% of whom go on to have some
residual impairment. 13% of victims have muluple
trauma. In many of these neurological signs,
hypothermia and hacmorrhagic shock are often
intricated and it can then prove difficult 1o
distinguish the cause.

N

i
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Figure 4 : Traumatic injuries (n = 3932)

Al this point it should be stited that hypothermia is
frequently secondary 10 oller injurics (78% in a
series of B9 cases in 6 years) and less often a pure
phenomenon, Finally, although always present in
the mind of climbers, lightening strikes are rare
with only 2 or 3 cases a year.

Medical problems account for only 10% of rescucs
amaongst which two pathologics are common:

= Coronary anery insulliciency 15 often exposed
in men still in their fifties who are taken quickly
i altiude by cablecor and are then very active.
This leads 10 numerous cases of chest pain and
arpund 5 myocardial inlarcis a year,

= Acule mountain sickness (25 cases a year)
usaally begins after a sympiom free perod of 4-
6 hours above 3500m. Although often limited
1o hesdoches, shortness of breath and nauses, it
can however be serious. This condilion s ofien
migjudged by mouniaineers who only associate
it with expeditions 1o very high aliitude,

TREATMENT

A doctor s present at the scenc i &% of all
rescucs and in 93% ol rescues of seriocusly injuned
viclims, Some serious cases are still rescued

without a doctor either because the details of the
aceident were vague or because of dangerous
flying conditions where & minimum team is carmied.

The treatment given in the mountains depends on
the state of the patient and on the environment. It is
unrealistic 1o expect 10 be able 1o perform
advanced resuscitation in the hostile conditions
often encountered in the mountains. Therefore after
an initial assessment of the patent, the aim 15 1o
remove the victim from the effecis of cold, hypoxia
and objective danger (stone-fall, avalanche etc.).
From our experience it is apparent that at 4000m in
summer, an adull climber, well equiped bul
seriously injured (internal bleeding or a head
injury) can drop his temperature 10 30°C in less
than one hour, From this it is clear that only
essential  tremment  should be given in  the
mouniaing and that the rest be lefi o the hospaal,
The expenience of the docor in this  inital
assessmeni is essential, as it is his role o fnd the
compromise between optimal treatment and rapid
evacunlion.

Treaiment in the mountains

Clinical examination of a patient in the mountains
15 always diffoculi because of e amoum of
clothing and equipment worn by mountaineers,

IT the air iemperature is warm and if immediate
evacuation of the patient is not possible, then more
advanced resuscitation techniques are  possible
fcentral venous line, intru-thoracie  drain  cle.)
withowt forgetting that the doctor must perform
them alone, IT the conditions are less Favourahle
one must limit onesell 10 cssential acis such as
immaobilisation, analgesia, sedation, compressive
dressings, intubation and cardiac resuscitation.

The securing of venous access although prelerable
must not delay the rescue. We rarely put up an
infusion because of the difficully of guarding the
line open in extreme conditions amnd  wse (he
catheter mainly for injection of intra-venous drugs.
Hypovolaemin con sometimes be dealt with in ihe
ficld simply by raising the patient's legs. The
prefesred rehydration Muid is the plasma expander
hydroxyethylamidon, as it is more resistn lir the
cold than the gelaing. In the Tuture we hope 10 he
able 1o use the new hypertonic 7% suline solutjons
which have o good relationship beiween elficacy
and weight.

Finally, in the case of an overlund evacuation, i js
better, if possible, 1o allow (he victim 1o participale
in their own rescue. Patients can often walg with a
fractured arm or skull if they have sufficien pain
relicl.
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Rescue and Evacuation

Although very well suited 10 alpine rescue, the
single cngined Alouette 111 faces two technical
restrictions in wineh rescues (44% of all rescues).
Firstly, the stretcher can only be brought en board
if it is tnclined at an angle of 50°, a manocuver
which is obviously incompatible with a patient who
is haemodynamically unstable [photos 1&6]. In
such a case the sireicher is winched in a horizontal
position o a flat area where it is landed, and from
there loaded anto the helicopter. Secondly, as only
one person can be winched at a time the doctor iz
taken up first, followed by the patient.

i
T

The cockpit of (e Alouctie T is cramped and i s
our practice 1o load the stretcher in ransversely
with the docior sitting above the patient, Therefore
every drug that the doctor may want 1o use during
the Might must be preparcd befone ke ofl ond
corrigd in the hand, In such circumstances the
pursuil of a cerdio-vascular resuscitation would
prove  diflicull.  These  nconvensenees  wiold
chizappear widi the inbrogducion ol & new generation
ol helicopier which each year s held back for
finadcial reasons,

Finally, i the case of hypothermia, the transport is
the perod of greatest dunger amd must be
performed gently yel quickly, Also one must be
particuialy careful when moving the paticnt on and
ol the sircteler 1o mot set ofl & veniricular
fibrilagacn

The First Few hours

e resuscitation and management of a victim of

GWruniain i is the same as for oany et

victim of trauma, however two points specific to
the mountains need emphasising.

- Sliding down a snow slope can lead 1o internal
injuries which are not always obvious on initial
examination. For these patienis abdominal
ultra-sound on admission is systematic,

= All multiple trauma cases should be suspected
to be hypothermic and the laking of core
femperature  systematic.  Reciprocally, as
hypothermia is most often scen secondary (o
other injurics, a hypothermic patient s
presumed fo have other injurics until proved
otherwise and rehydration remains thats hasis
of resuscitation [21.

Transfcrs

Despite the amount of mountain relaed medicine
that it sees, Chamonix Hospital is still essentially a
smnll hospital. For patients with serious injurics,
specifically of the head, spine or thorax, it allows
resuscitation and stabifisation before transfer 1o o
specialist centre. For some patients, for example
those with internal  hacmorrhage, this service
requires great resources which are proving more
difficult to finance cach year,

OUTCOME

Long-term fellow up of trauma vichims shows that
of the patients comalosed Gollowing head injuries,
three quaners go on 10 make o full recovery. OF
those that die From head injurics more do 20 lrom
hacmaorrhagic contusions with oedema than from
pure  haematomas which are wsually  drained
suceessfully.  Spinal  injurics can  be  well
immobilised once the patient is on the stretcher,
however somelimes irreversible damage is already
done. The prognasis for victims of multiple trauma
is penerally good unless they have a signilicant
head ey

Follow up of those presenting with medical
problems  shows  that  patients  with  pure
hypothermia and a cardiac output, even il the
hypothermia is profound, have a good prognosis;
thit the progoosis of patients with a myocardial
infarction in the mountains, as elsewhere, depends
largely on the rapidity of treatment; and that all
patients sulfering from seute miountain sickncss
mecover Tully, only occasionally necding a shorl
skay im hospatid

A follow-up study of 145 serious (Grmbe 35843

victims of mountain accidents | 3] showed ihia %35
wenl onlo make cither o good  or  complete
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recovery, 5% recovered poorly, andd that [2%
finally died. The total morality, before and afier
rescuc is 9%, or around 50 per year. They have an
wverage age of 32 years and are predominantly
male (7%}, This same study showed that the less
the delay belween accident and rescue and the less
the ume of the medical intervention, the beter the
outcome (p=0.006). This result is all the more
imponant as il appliecs io  a  population
predominantely young and male for whom rapid
recuperadion has important economic implicaiions.

The presence of a doctor in the rescue team 15
clearly beneficial and this is supported by the fact
that the number of deaths each wyear has no
ingreased despite the Fact that the numbser of
rescues has increased by approximately 9% per
year since 1974,

CONCLUSION

Within Chamonix's prestigious and popular massif
one finds much mounain related rovma, rescue
tcam members who are guides, doctors who ane
expenenced mountaineers and a highly eguipped
hospital at the foot of the mountains. Everything is
there 1o maintain and justily an inegrated rescue
service of the highest standard which is capable, in
the majority of cascs, of managing the patient feom
the scene of the accident through hospital o their
refurn home,

Onee the alert is received, the reseue almost always
goes ahead in a satisfactory manner. Therefore, to
reduce mortality in the Moot-Blane massil one
must concentrate on the ume before the alert is
recelved nnd specifically on two arcas, Firstly, to
cacourage the more  widesprexd and  more
responsible use of rdios; and secondly and above
all, to promote a higher level of safety in the
mountains. For as ever, the prevention of accidents
by education and iraining is cssential,
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HESUMEN: Adapiabilidsd Fisiolégicn, Fancidn Tiredden, Cemgosieiin Corporal v Vorighilidsd Gendlica en Pablaciones de
Alwrn de Asln Central

Se regogid doing soba pihp.ﬂ!llﬂiﬂ:l fissolighen & la nleura, funcide resdea, composacidn corporall y varackones gondlicas. dwmanie el
programa CAHAP {Centml Azia High Allinoike People). S estuidid 0 mds de 200 varones scamos de cuatrs poblacianet difennies: una
muesira e |o shiea Sary Tash, Rirghiz, 5200 m {HA); wna mucsira de Talas, Kinghiz, 900 m una mossics de Karakh, valke de Keghen,
monta_os de Tien Shan, 3100 m (MA); v una poblacidn de baja altura (LA), Uighsr, 63 m. En este aticulo se examinan veinie variahbes
fisioligicas ¥ somabomeéiricns. Los valores de hemaglobina y eribrocitos son significsivamente mayores en s moesirs de manta_a que én
ks de baja nltera. Las variaciones en los volinencs palmossscs son contreverssaks, No se observd diferencins significalivas cn los
indicadores de funcidn tiroides (T4 libee ¥ hormona estamslanic de la Groides) entre el grape HA Kirghiz v <l graps LA Kirghiz. Los
resulizdes sugieren la presencia de adapinciones. Nsiobdgicas a la hipoxia pobdeica en el grupo WA Kirghiz asi comea on ¢l grupo MA
Karakh La menor adipasidad de los del prepa MA Karakh comparaila can 2 del gnape La Uigher pan relactonarse con ¢ estrls asociada
& al ambiente de altura asi coma 2l catilo de vida, Bl agua conporad 1o y of apua exiracelslar, qua se predijeran per los méiodos do dibeciin
y de impedancia biockicinea, mostranan alla corclacida, sugiriende b posibilidad de ded uso conliable de las Rirmulas prodictivio
desserolladas en sujoios cascisicos. S¢ amaling los slscmas de grepos sanguineos, ks isosimas y los polimorfismas de pronnas séreas con
méindos mubtivariantes. Los mapas gendiices obtemidos usando el andlisis do componente principal muestran fa contrabidad de bes Usghurs,
Knzakhs y Kirghiz demiro de b amplia varabilidad gendtica de las poblaciones asidticas, en coscordascia con su centralidad geogrificn y la
histestia compleja del poblamicnio de b nepice.

Falabras elaves: Alturs, Asis Central, Kirghiz, Faeakh, Usghur, Fisiclogia, Tirides, Composicidn corporal. Antropomenia. Variabilidad
pendfica

RESUME: Adoptahilité physisbogique, Fonclion de In [ans colle Gude oni 6 exmmindes  vingt  vasiables

ikyraide, composition corporclle «f variabilitd généibque des
populations de haude altitwde d°Asiv Centeale.

D donndes sar ["sdaplabilisé phasicboginee & In haule aBigude,
ba fosction de ln thymide, la compositios comporedle < la
atinbiling pométique ond 86 recuillics s cours du programis
i recherche CAMAR (Contral Asia High Aliiude Peopic),
Lémd: a porié sur des swjois saies de sexe masculin,
pparesant & 4 populations difféeentes © un échanillos Kirhgiz
e vt altiosdle (HA} du village de Sary Tash, Painir {3 2
my; s échanillon de référence Kinghiz de Talas (900 mp; un
Echaniillon Kawakh de moyenne aligude (MAD de kb valbde de
Kcphen (montagnes du Tien Shan, 2 100 m) el wne popalalon
Uighur de hasse altivade (LAY D60 11,

indagi el somatomcingues, Dons les dchantillons de
mﬁﬁqﬂlﬁ valewrs o' bémoglobine ef J'énytheocyies sont
nelierent supdricures i eelles des dchantillons de hasse altitade.
Les varintbons de volunees pulmonaines soe controversables. Oo
i°a pas ohservd de dilfénences significatives dans bex indicatoarns
de In Fonction thyroidicnne (T4 libee et hormone stimalanie de
In thyraid) enbre le groups Kirghiz HA o be groupe Kinghiz LA
Les résulisis suggirent 1 présence d"adaptations physialogiques
i I'hypoxic hypobare dons le groups Kirgliz HA, ains gee daes
I proupe Kawakl MA,

0 scmblemit goe 1'adiposité mebndre des sejeis du groupe
Earakh MA on comparsison svee coax du groupe Uighur LA
sl & mettre en relation avec b stress assochd & Uenvimancment
imaniagnens, aussh hicn qu’over ke syl de vie. L'eau comporclle
peake et 1caw extracelbulnire. pridves par les mdhodes e
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ditutbon & d'impddance biokecrique omt mamné une fone
comélaizon, suggirst ln posssbitiid de I'emplod conflable des
Farmudes pridictives développées chez les sujets coucasions.

Les systémes de groupes sanguins, les isozymes et les
podymoepliismes de proddines séiques ot did analyeds par des
méthodes multivananies. Les carles pénéliques oblenues par
analys: du conposasd principal mostresd L position centeale
des Uighers, des Kazakh ¢t des Klighiz ou sein de Vomple
warlabilind péndtique des populaiions osiabiques, en accord avec
leur position géographique cemirale et 1'bisigine comples da
peuplement de ka région.

Mods-clés : Mauic alifiude, Asie Centrale, Kirghiz, Kazakh,
Usghur, Physiologie, Thyroide, Composiion codposelle,
Anthcopomésric, Variabilind généique,

SUMMARY: Data on physiological adapisbility so high
alitude, hyrold Functbon, body composition and  peneisc
vanisices were collected during the CAMAP {Central Asaa High
Aliitude People) research program. More than 400 healihy sdul
males from fowr difforent populations were swdied: o high
altitude [HA) Kirghiz zample of the Sory Tash village in Pamir
{3200 m); o reference Kirghiz sample from Talas (% m): a
middiz altitude (MA) Kamkh sample from the Boghen valley
(Ticn Shan mounksns, 2000 m) and a bowland (LA} Uighur
population (500 m),

Twenty plosiologizal ond  somatomseiric  charscters  ane
ccamined in the present reponl. Thene are significanily highor
wnhees of bemaglobin and erythrocyics in the moustain samples

INTRODUCTTON

The sudy of human adaptability to high altitede
(HA) in Central Asia populations is an nleresting
field of research. In fact, there is linke informaticn
on thiz (opic in the international literature in
comparisan with the data available for other Ha
populitions, such as Andean Aymaras and
Cuechuas, Ethiopian Ahmara, and Tibetans, Han,
Bothia and Sherpas in  the Tibeto-Himalayan

region.

Although some studies have been promoted by the
Kirghiz Instituie of Cardiology in Bishkek and by
the Institute of Anthropology of the Moscow Stxie
University, many aspects of the hiology of HA
peoples of Tien Shan and  Pamir are  sill
unexplored. Moreover, the results of these studies
have been published mainly in Seviet or former
Soviel national journals, An  interesting, but
certinly  nol  recent, general review of HA
adaptation in the Pamir and Tien Shan mountains
was published in "The biology of HA peoples®
(Baker ed.) (1978) by Mirakhimov, who briefly
summarized  the  results  of  several  siedics
performed by his rescarch group and by many
other Soviel investigators. In the same IBP volume,
Frisancho { 1978) discussed data on the growih of
children in the Tien Shan mountains collected by
Psyzuk ct al. (1967) and by Miklasheveskaya et al.
(1972}, Miklasheveskaya ¢ al, (1979 published a
review of their studies of HA human growth in

{he nwland ones, The varistions in lung volames anc
mmmiﬂ Mo significan thiflerenocs |h:.-fnid fancmon
indicatnes (free T4 hormane and thyroid stimulating hormeone)
were nided betwven Ha Kinghiz and LA Kirghiz. Resulis
sugpest the presence of physickagical adapioteans bo Rypobans
hypasio in HA Kirghiz as well &5 im MLA Kazakhs.

The lower adiposity in MA Earakhs than s the LA Uighurs
geems to be felaied o sieess connecsed 10 the moustain
enwironmend a5 well as 1o the lifestyle. Towd body water and
extraceliulsr body water, predicied by the dilution and
hiccleewric  impedance  methods, are  highly  comclaed,
sugpesting ihe possability of the reliable use of predictive
farmulae developed on Caucasian sulbjecis

Blood group syslems, isozymes and  esfum  prodein
polymorphisms were analyzed with multivariate methods. The
genctic maps oblained using Principal Composenl analysis
show the costeslity of Uighurs, Kazakhs and Kirghle within the
wide genetic varinbility of Asian popelations, in agreement with
iheir geographic centrality anmd the complex history of ke
peopling of e rogion,

Kevwords: high ahitude: Cesiral Asiy; Kirghiz: Hazakh:
Uighur; physsalogy; thyrebd: boady compaosition; anlhrapomelry.
penclic variabaliny,

“Physiological and morphological adaptation and
evolution” edited by Stini.

Subscquently, numerous  papers  have  been
published but mainly in Russian (Mirrakhimow,
1972, 1978; Mirrakhimoy e al., 1981, 1985, 1987,
1988, Mirrakhimov and Ibeaimov, 1982; Thraimov
and Mirrakhimov, 1979; lbrnimoyv et al. 19400;
Aitbacwvel alP, 1992; Aldashev e al., 1989; Aliev ¢t
al., 1993; Daniiarov el al, 1982, 1992;
Episkoposyan et al, 1994, Ehmelniskn et al.,
1591; Reshetnikova et al., 1991, 1994; Tulehekov ct
al,, 1977}, In 1983 an interesting new edition of the
1977 “Adaptive reactions in human populations™
(edited by Alexeeva) was published, which also
contmins an overview of HA adapiation studies,
Unfortunately, the data reported is not always
uaehul for comparative studics on account of the
peculiar topics investigated and the differem
methods of dua collection and analysis.

The CAHAP (Central Asia High Aliiude People)
rescarch  program  has  been  promoted  in
collaboration with the Laboratory of Anibropalogy
of the Academy of Science of Kazakhstan. The aim
of the project is the collection and analysis of new
anthropological and genctic data in HA Ceniral
Asia populations in order to have results direetly
comparable with the information already present in
the international literature on other HA peoples and
mm particular with the original information collected
m the Peruvian Andes with the same methads and
instruments (Tarazona-Santos et al., present issue),
The main objectives of the CAHAP Program are
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the study of human adapiability to HiA, body
composition, nulrition and genetic variability in
Kazakhs of the Tien Shan mountaing and in
Kirghiz from Pamir. Two lalo-Kazakh expeditions
were carried out in 1993 in Kazakhstan and 1994 in
Kirghizstan in onder to collect new information on
these lopios,

In the presemt communication we would like 1o
describe our experimental design, 1o synthesize the
oblained results and 1o give some preliminary
indications regarding further analyses currently in

MATERIAL AND METHODS

Rirghiz, Kazakhs and Uighurs are  Turkich-
speaking (Altaic linguistc family) populations that
settled in the Pamir and Tien Shan mountain ranges
during the last 4-5 cenwories. From an
anthropological point of view they have been
defined o= TurkoMongolic populations {Alexscev
and Gochman, 1983).

In the present research, the high altivude (HA)
Kisghiz population of the Sary Tash village in
Pamir (3200 m) s compared with a lowland (LA}
Kirghiz reference sample from Talas (900 m). To
detect possible gradients of human adapability,
data were also collecied on middle altitude (MA)
Kazakhs from the Keghen valley (Tien Shan
mountains, 2100 m) and in a lowland (LA} Uighur
popalation from the Pendjim village (600 m), in
Eazakhstan.

Sary Tash is a HA village a few kilometers from
the Border with Tajikistan, in the heart of the Pamir
mountaing, The local population numbers around
1500 and is largely concenrated in the village or
scaltered in outlying areas. 1 is extremely isolated,
especially during the long winter months when it is
cut off by spow. Hygiene is primitive and food
supplies are scarce: there is no sewer system or
waler mains, The local economy, based on grazing
sheep and gomts or raising yaks and horses moved
o the mountain pastures during the summer, offers
bare survival. Only o small amount of foosd i
imparied,

The village of Talus is in the most northerly section
of Kirghizsian, along ihe irade routes o
Kisakhstan and Uszhckistan, imporiant  since
ancient times (The Silk Route). The health and
hygiene sitution is Tair and the local economy,
based on farming and cottle raising, ensures
complete and abundant food supplies. Mumerous
baraars and local markets provide good product
thstribation

I

The Keghen valley is on o high plain a few
kilometers from the northern slopes of the Tien
Shan range, Although isolated, especially during
the winter months, it is a rather hospital place for
human setilements, The local economy is mainly
based on grazing sheep, goats and horses but also
on farming.

The village of Pendjim is in the most castern
scction of Kazakhstan, only 18 km from the
boundary with China. It is inhabited mostly by
Uighurs, who cmigrated from the Xing-Chang
(Chinese Uighur awionomous region) in recent
decades. The local economy is based on farming
and coule raising while some bazaors provide
products from China and from the rest of
Kazakhsin,

Alier a preliminary medical analysis, more than
400 Tully healthy subjects were studied. They were
unrelated adult males, native to the siudy area. In
particular, data were collected during the summer
of 1993 from 123 Kazakhs from the Keghen valley
and &0 Uighurs from the Pendjim village, while in
the summer of 1994, 114 Kirghiz from the Sary
Tash village and 91 Kirghiz from the Talas plains
were exanmined,

The following physiometric, anthropometric and
genelic  variables, selected from  the  wider
information  collected  during  the CAHAP
expeditions, are investigated in the present report:

Adaptability to high altitude. Forced Expiratory
Volume (FEV) amd Forced Expirmory Volume in
one  second (FEVI1) were assessed with a
Vitalograph Alpha spirograph, while hematological
parameters  (hemoglobin,  erythrocytes  and
hpematocrit) were messured with an Emo-Flash
photometer (Menaring, Florence, Daly), The main
somalomeinic characiers involved v adaptability (o
HA  were  measured secording o0 the
Anthropometric Standardization Reference Manual
of Lohman ¢t al. (1988). Thyroid function by
concentration analysis of frec T4 hormone (FT4)
and thyroid  stumulating  hormone (TSH)  was
glodied im  relation to  hypoxia  and o
phenyithiocarbamide (FTC) aste sensitivity {by the
Harriz and Kalmus methad, 1950}

Body  composition,  Eleven anthropometric
variables related 10 bedy composition and in
particular 1o adiposity (skinfolds) were measured
following Lohman et al. (1988). Total body water
(TBW) and extracellular  water (ECW)  were
assessed by D20 and NaBr dilution, respectively.
Fat patterning was analyzed by multiple frequency
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bioclectrical  impedance (Human M Scan
tetrapolar impedance pethysmograph,
Dictosystem, Milan, Ialy}.

Generie variability. The distribution of more than
20 “classic” penctic markers and of several mi-
DMNA (d-loop region) and n-DNA polymorphisms
{microsatellites) was ecxamined. In particular, a
multivariate analysis of the distribution of blood
group sysiems (ABO, Eh, MNSs, Kell, P, DulTy,
Eidd and Diego) is presented in this survey,

RESULTS AND DISCUSSION
I. Adaprakility to bigh altitude

There were no significant differences in thyroid
function indicators (FT4 and TSH) between HA
Kirghiz and L& Kirghie (Figure 1), Moreover, no
relaionships were observed between the FTC Tasie
Sensitivity distribution and e thyroad  Tunction
(Facchin e al., 1997},

& i oa @ om B OB R E

Fig.l Free T4 homone (FT4) and  thyroid
stimulating hormone (TSH) values in high (HA)
and low (LA} aliviude Kirghiz, DalTferences are not
siatistically significant,

The discussion of the relations between the hypoxic
environment and thyroid function i s interesting
becawse the topichis still controversial and few is
the available datn . Many studies have supported
the idea that acute, but also chronic (Ramires et al.,
1995), exposure o HA could produce o marked
clevation of plasma T3 and T4, while having no
influence on (Sawhney et al., 1991} or causing a
reduction of (Basu e al. 1995) Thyroid
Stimulating Hormone (TSH). More in gencral,
many authors have observed that HA hypoxia
could induce an increage in thyroid function
{Chakraboriy et al, 1987). Neveriheless, siudies on
animals reported by Frisancho (1993) show that
HA exposure feads to reduced thyroid Tunction,

perhaps related 10 a delicient sccretion of TSH or a
decreased requirement for Td fand hence @
cancomitant reduction of hormone synihesis). Also
Gambert (1991) supports this last hypothesis and
noies that HA populations in the Andes, whose
diets are delicient in iodine, have less goilers than
people with similar diets living a lower alutde,
This should imply that there is an altitude-related
increase in T4 sensitivity and thus a decreased
requirement for T4,

Finally, during acclimatation 1o hypoxia, several
investigntors  have reported initial increases in
serum T4 and T3 concenirations o HA, Tollowed
by decreases toward pormal  with  continued
gxposure, while TSH levels were normal (Blume,
[984; Ward ct al., 198%).

As regards Central Asia, studies carned out in the
formeer USSR (Tien Shan and Pamir Mountains)
have shown that healthy local HA populations have
a  hypofunction of the thyrmd  gland
(Miklashevskaya et al, 1979). Our data are
consisient with these observations, suggesting a
slightly decreased or normal Tunction of the thyroid
gland in HA environments.

In conclusion, stedics on humans in acute hypoxia
have suggested o temporary increascd thyroid
function whereas those on humans and animals in
chromic hypoxin have indicated decreased or
normal function of the thyroid gland, Nevertheless
it should be considered that there are wo
complicating foctors in the interpretation of thynoid
response 10 HAC a deficiency of wodine typical of
the mountain habitat and the general influence of a
cold environment on thyredd function.

As argued by Heat and Williams {1995), both these
variahles are much casier to control in experimental
animals that in humans. In addition, in the study of
acute exposure o HA, several experiments have
been performed on a limited number of subjects
{soldiers or mountain-climbers) but not on large
sumples (Chakraborty ¢t al. 1987; Blume, 1984;
Mordes ¢1 al, 1983}, There are probablyiwo or
more different adaptive physiological responses to
hypoxia based on the type of exposure (acule or
chronic).

Although data analysis of the hemaological and
pulmonary variations is sill in progress. maost of
the observed  valees  indicaic  significam
physiological adaptive responses 10 hypoxia both in
the MA and HA samples,

In particular, the hematological paramcters appear
to be altitede-sensitive also an 2100 m. and then
they increase at 3200 m. While MA Karakhs and
HA Kirghiz have higher hematological values than
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LA Uighurs and LA Kirghiz, no dilferences were
found between MA Kazakhs and HA Kirghiz
{Figure 2). The values seem consistent with those
reported in the review by Mirrakhimow (1978).

|BIFVE L3 EERY [rawsl|
L]

l' Il
HA-Hir L MAHsa Lsp

Fig.2 Forced Vital Capacity (FVCH and number of
Red Cells (ERY) in the 4 samples: High Altinde
Kirghiz (Sary Tash, 3200 m) and Low Altilude
Kirghiz (Talas, @00 m), Middle Aluode Koeakhs
iKeghen wvalley, 2100 m) and Low  Alitude
Uighurs (Pendjim, 600 m). For ERY and FWC the
differences are significant {p<0.001 ).

Lung volumes are higher in MA Kazakhs than in
LA Uighurs, while the two groups are similar in
somatic and chest dimensions. The comparison
between HA Kirghiz, LA Kirghiz and MA Kazakhs
is comphicated by the effects of nutritional siresses
m ke HA Kirghiz population. HA Eirghiz in Tfact
exhibit lower somatic and chest dimensions than
the LA Kirghiz and MA Kazak samples which ane
charcterized by a proper nwirition and a lavorable
environment (Figure 3}, Lung volumes are also
lower in HA Kirghiz than in LA Kirghiz and MA
Kazakhs (Figure 2),

L

=3

£ Body coumposition

The LA Uighurs have higher values than MA
Kazakhs for all the characters related 1w body
compsition {Table 1) The lower adiposity in MA
Kezakhs than in the LA Uighurs seems o be
felated to stress connected 1o the environment is
well as 1o the lifestyle (Facchini et al, in press).
The data on the HA Kirghiz and LA Kirghiz are
gill being analyzed, but o clear decrease in
adiposity is present in the mountain sample,
confirming the effects of the unfovorable HA
environment. In fact, the body composition
analysis reveals dilferent fal patlernings in relation
6 the different  nutritional  environments  and
climatic siresses (hypobaric hypoxia, cold, ete.).

TBW and ECW were assessed in a subsample of 28

MA Kazakhs both by D20 and NaBr dilution,
respectively,  amd by  multiple  frequency
bioelectrical impedance (BI) at | and 100 kHz,
respectively; formulac developed on a sample of
Caucasian subjects with a hydration status similar
to that of the study population were applied. TBW
and ECW predicted by the iwo methods are highly
correlated and not significantly different. These
resulls suggest that the selected predictive formulae
developed on Caucasian subjects may provide a
precise and accurate assessment of ECW and TBW
?r;g?'ntu-h'lungnli: populations {Battisting et al.,

CIWimigi (M) @Sy Fesgsl (i) 0w Cinprst, norm (o) |

«s3E¥tE 298§

Fig.3 Selected anthropomelric variations in the 4
samples: High Altitude Kirghiz (Sary Tasgh, 3200
mj ond Low Alilwde Kirghiz (Talas, 900 m),
Middle Aliede Eazakhs (Keghen valley, 2100 m)
and Low Altitude Uighurs (Pendjim, 600 m). For
Siwing  Height (p<003), Chest Circumlerence
(p<0.05) and Weight (p<0.001) the dilferences are
significant.

3. Genetic variability

The resulis for the distribution of more than 20
blood group sysiems, isozymes and serum protein
polymorphisms are among the first available Tor
Central  Asiaa The PTC Tasie Sensitivity
polymorphism was also tested: in agreement with
other data on Kirghiz populations {Ibraimov and
Mirrakhimov, 1979; Mirrakhimov and [broimov,
[1982), a higher PTC Non-Taster lrequency was
found in HA Kirghiz than in LA Kirghiz (Facchini
el al., 1997,

As regands blood group distnbution, the samples
were typed for the AB O, Rh, MNSs, Kell, P,
Duffy, Kidd and Diego systems (Pettener ct al,
1996). Az an cxample, Fig. 4 shows the genelic
relationships among 31 Asian populations based on
the ABD, Rh, Kell and MNSs systems, the most

widcly studsed blood groups,
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Tab. 1 Far patterning varistions in Middle Aliude (MA) Kazakhs (2.100 m.) and lowland (LA) Uighurs (600 m.).

MA-Eazaks LA-Uighurs
iH=122) [MN=73) ANDVA
Mean £.D. Haan 5.D. F P
Age L¥E) 32.4 B.7 33.2 12.6
Height [em) 169.40 6.4 i68.9 5.5 0.0z 0.av
Weight (kg) 6E.5 8.7 7.6 11.3 ob.59 0.45
Body HMass Index (KG/CM2) 231.3 2.5 23.7 4.7 0.94 0.33
Ccircunfarances (cm)
Upper arm 27.4 2.X B4 3.0 T.97 =001
Waist 78.5 6.9 Bl.6 10.3 33.31 =3.01
Hip 90,8 5.& ax B G4 14_46 =0, 8%
Thigh 4h.3 3.2 wE. 1 1.5 12.92 =0,01
Skinfolds {mm}
Supraliss 9.1 3.5 12.7 5.9 24 .61 =0.01
Subscapular 8.5 2.9 11.5 A 31.43 =0.01
Triceps 6.4 2.4 7.8 1.3 & ,85 =, 0l
Biceps 2.9 0.8 &.2 1 GE, 26 =0 .01
Calf 4.6 1.1l 6.8 66 . BE =0.01
Arm muscle area [(cm2) S50.0 5.9 54.1 9.4 G, 2% =, 0l
firm Fat Area (Cm2) 8.5 i.5 0.7 5.3 12.11 =001
Ratios (mmiem]
Eub. Sk./Tric.sk 1.38 0.2% 1.549 D.45% 14.5 =0 .01
Sup. SK./Tric.sk 1.48 0.4l 1.70 47 15 _& x>0, 01
Lub, Bk./Calf sk 1.5% 0. &d 1.84 0.£4 07 0.42
Tric. Sk./Calf sk 1.38 .37 1.14 .34 18.1 =, L
Waist/Hip 0.87 0.04 0.88 0.06 2.0 0.16
Walisc/Thigh 0.17 G.01 .17 .01 4.0 .92

The first principal component (38.1 % of toal
variation) describes a repular cast to west cline.
Caucasoid groups present negative values slarting
from Turkic, Near East and European averages,
while Mongoloids show a tendency o posilive
values. Along the second component o wide
variion s shown by Mongoloid groups in
comparison  with  the  narrow  range  that
characierizes Coucasoids. The position of the
pepulations suggests a south to nerth gradient. On
the whole the two components account for 60,3 %
of the tedal variation and give patierns of genetic
affinity congruent with the geographic map of
Asia. Within this genclic map the four Central Asia
samples cluster in the center of the graph al the
boundarics between the Cavcascid and Mongoloid
groups. The two Kirghiz samples exhibit different

trends, the population from the plain being closer
1o Cavcasoids, This is probably related 1o its more
western geographic position and its location along
the ancient Silk Route. It is also interesting o note
the ceniral position along the first axis of the
Himalayan and Tibetan Cemiral Asia  mountain
populations, which according to geography cluster
with negative values for the second axis.

Multivariaie analysis shows genctic allinity among
Uighurs, Kazakhs and Kirghie. The new data
indicate that the patterns of genclic variability
should not  offect  the reliability  of  the
interpopulation  comparisons  performed  in the
present study, Moreover, the four samples present
an intermediale position between the major groups
of Caucasoids and Mongoloids, The detected
genetic centrality of Uighurs, Kazakhs and Kirghiz
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is in agreement with their geographic centmlity and
the complex history of the peopling of the region.

The present resulis are being confirmed by the
assessment of funther blood group systems, red cell

enzyme polymorphisms and serom proteins. The
analysis of several miDNA (d-loop region) and N-
DNA (microsatellites) polymorphisms will allow a
complete survey of the genetic composition of the
Kazakhs, Kirghiz and Uighurs from Ceniral Asia.

25

15

0s

P.C.2(223%)

P.C.1(38.1 %)

Fig.d Principal component analysis of genetic variability in selected Asian populations bascd on blood group

syslems
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RESUMEN: Adaptabilidad Humann en una Peblscbin Quechius de lss Andes Pervanod Centrales (Huamcavelica, 3680 m).
Relaciores Enlro Capacidad Vilal Ferzada, Dimenslones Toricbeas y Concentraciin de Hemoglalina

El estuidbs inlenta brindar dalos originales de una poblacidn Quechun de en Sres poco estudioda, bos Anides Peruanos Centrales, y busca
imvestigar lxs relaciones cmine varables implicadas en b adapashilidsd hurana 2 la aliura. Se examing uaa muesim de 77 varones adulics
sancs no emparesindos, paives de la provingia de Huamcavelica (3680 m). Se investipd las sipudenies vanables somalaméinicas y
fiisométnicas: talla, talls en posicidn seniada, anche redcion, ceposor Ioicion, cicenlenneias iondcicas mdxima, finidaa ¥ el
capacidad vital formda (FVC) v concemiracida de hemaglobing (His). Loa vabares g los variables exominadas won eomparables o low de
esiudiog prevics de poblacioncs Andimas de aliurm. La Hb y b3 edad so exuvieson commelacionadas, Para ovaluar las relaciones enre laa
varishles, se realizd andlisis de regeesica mdalliple secuencial de la FYC v de las oims varisbles. Los resubiadios suglenn quee lo edsd v la

mictdnica respiratonia, pero no Ins dimensiones iricicas, catda Mecricnenie ascciadas con la funceonalidad palmonas,
Palabras claves: Adaptobilidad o by aboes, Asdes, Quesheas. Capacidad vilal fecrada. Hemoplobina, Amromoimtei

RESUME: Adaptabilité hamaine d*une popalation quechna
dis Andes cenbrales piruviennes (Huancavelica, 3 6850 m),
Relajbons emire la capacité vitabe forofe, les dimensions
thoracigues et 1o concenteatisn d°hémoplshine.

Ce travail temlc de fournic des donnéss crigimales sur une
populatson Quechua d'wne région peu &udide, les Andes
cemtrales plruviennes, € reckerche les omelations enme les
variables impligeles dans Padapishilié bemane & kb hasic
alifude. Les 77 sajets d'um dchamiiflon d'adulies masewlin,
snirg € now apparceds, natifs de la province de Husneovelica
(3 620 m) cea & examisgs, Les variahles somalomeirigees et
phosiomdiniques suivanies ont dd mesenéad : laille, @ill en
podilion assise, langeur of épaisseur du thorax, dreonféenoes
maxinales, manimales ol normakes du thons, capacied vinak:
farede (FVC) et convestiation d hémoglobing. Les vabeurs des
variphles examindes sont comparables & celbes  d'éludes
préalables sur des poplxions andines de haste altide, 1l o'y 2
pas de cormélation enére "hémoglobine of 'ipe. Aflin d'évaluer
les redations endre |ef wanables, ene amolyse de régression
mudtiple séquentielle de la FYC wer les audnes variohles o dod
effectede. Lot rdoulinls sugginesd gue I','i# ol [ mécanigee
nespirataoine, mais non  les  dimeesions ibssacaques,  sonl
lortenend assocics 3 la fonctionmalild pulmenaire

Modg-chis : Adapeabilitd & b bawie aliijude, Asdes, Quechuas,
Capadand vitale forofe, Hémoglobine, Anthropoendinie,

INTRODUCTION

Since Hurlado began the first systematic rescarch
on adaptations 1o high alide at the population
level {1,2), severnl studies have reported and
analysed the differences between high and low
altitude populations (3-20). These  differences
mainly regard anthropometric and physiometric
wartations concerning the uptake and transport of
oxygen. Indecd these functioms are the basis of
adaptation o the hypoxic environment.  The

SUMMARY: The study aims to provide orginal dso on 6
Cwechma population from a less siedied area, the Penuvion
Central Andes, and to investigate the relationships between
vanabdes invalved i buman adaplability 10 high albiode. A
sample of T7 healiby wirclabed adull males. natives of ihe
Province of Huancaovelica (3680 mhk waa examined, The
Ioflowing somatometric and physiomeine  vanables  wens
invesinpated: heigh, gitimg height, weight, chest Breadibh, chi
depeh, maximum, mimmum ared noamal chest chreumfaneees,
forced vital capacity (FWVC) asud hemaglohin concenimuicn (His),
Wilugs of the examined vanahles arc 1_'-;|||1|'p:|_|ﬂ'|l|_l b those fram
previces sudics of Andean high alitude populations, Hb and
age are nod comelated. In order 1@ evaluate the relabionships
between the variable, siepwise mubilple regrossion analysis of
FWC on the other variables was performed, Resalis saggest thai
fge and respirabory mechanics. bul mot chest dimensions, are
strongly assodiated with lusg fenctionaliny

|'|E.i."[|-"l-l-'|'.|l'du: high abiisude adaplabibiy, Andes, Quechass, farced
vital capaily, Bemoghobin, anthropaistry

multiple factors that could explain the variability
among high and low altiude populations are the
suhject of an active field of rescarch [or
anthropologists and a prolific source of theoretical
questions in adaptive biology. In the first studies.
the :I:iJ'_I:n:n-:r:.-. between high and low altiide
populations were attributed 10 an adapiive genctic
component resulting from natural selection (1,18).
Starting from the 705, an aliernative hypothesis
based o bwological plasticity  replaced  the
predominant point of view, This hypothesis gives

greater importance to the possibility of modelling
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adaptation during growih (6-B). Recent research
has tricd o quantily the genetic and developmental
components of the adapiation to an hypoxic
cavironment and has revealed the imponance of
both factors (21,22}, Other studies have assessed
the role of work activity (21,23) and of socio-
econornic conditions in the determination of the
detecied  variability among  high  aliwde
populations (2426).

Adaptation 1o high altiude implies the interaction
of systems involved in the upake, transport and
delivery of oxygen. Thus it is appropriate to study
the interactions between varisbles that are reliable
indicators of the functionality of those sysiems.
This approach is imporiant because Frisancho e al,
{3} have shown that particular siresses associated
with environments such as high alitude or
circumpolar areas could modify the relaionships
between morphometric and physiometric variables,

This study i part of a joint research program of the
University of Bologna and Cayetano Heredia
University of Lima, Peru, Besides human
adapiability to high altitede, the research aims to
study body composition and genetic variability,
using surngmes, classical markers and DNA
polymorphisms, in the populations of the province
of Huancavelica (3680 m), in the Peruvian Central
Andes. A parallel collsboration with the Academy
of Sciences of Kazakhstan will allow comparison
of the results oblained in the Andean populations
with those obtained in high altiude groups from
Central Asia (19, 27-30).

In this paper, we present the first anthropometric
and physiometric data obained in the Quechua
popualation  from Huoancavelica. The resulis are
compared with those available for other Andean
high alitude populations. The study aims to
provide original data on a Quechua population
from a less studicd area, the Peruvian Central
Andes, The relationships between lung funciion
measured by forced vital capacity (FVC) and the
other variables studied have also been analysed
using stepwise multiple lincar regression,

MATERIALS AND METHODS
The sample examined

The sample is composed of 77 healthy unrclated
ault  males, natives of the Province of
Huancavelica. All the subjects belong 10 the
Quechua ethnic group and arc permanenily resident
' the arca around the city of Huancavelica (3680
mj, which is charocterised by low rates of
Wmixture with non-indigenous populations. 73%
oF the subjects are manual labousers (mainly

farmers), The age distribution of the sample is
shown in figure [,

0

Figure 1 Age distribution ofthe Quechua sample
from Huancavelica (3680m),

Variables considercd in the study

Ench subject was interviewed in order to asscss his
cthnic origin and his permanent residence in the
high altitude environment. The  following
anthropomeiric and physiometric variables were
measured: height, sitting height, weight, chest
breadth, chest depth, maximum, minimuem and
normal chest circumferences, forced vital copacity
{FVC), hemoglobin concentration (Hb), All the
somalomelric paramelers were measured by the
same  investigator in October 1994 (E, T.5.),
according (o the recommendations of Weiner and
Lourie {31} and Lohman et al. (32). The forced
vital capacity (FVC) was measured with a
Vitalograph-ALPHA spirometer. Every  subject
repeated the mest iwice and the best performance
was recorded. The hemoglobin concentration was
measured from a capillary blood sample with a
portable Hemo-Flash Menarini spectrophotometer,
Three readings of hemoglobin concentration were
made and the mean valee was reconded,

Statistical analysis

The following basic statistics were calculated for
each variable: mean, standard deviation, coclficient
of variation and Pearson's correlation coefficient
with age and its level of significance. Means and
stamdard deviations for subsamples (i.c. ten-ycar
age classes) were also calculated. Stepwise multiple
lincar regression was used 1o analyse the
relationships between FVC, a reliable indicator of
lung functionality, and the anthropometric and
physiometric measurcments.
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RESULTS AND DISCUSSION

Table 1 reports the basic satistical duta for the
considered variables, Figure 2 shows that the sitling
height and weight of the Huancavelica Quechuas

are similar 1o those reporied for other Andean
populations, while the mean height is lower, :Iru_l.;:.d
only the mean height of the 20-30 years ulaiz_q i
similar to the values of other Andean populations,
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Table 1. Sample ste (N}, means and standard deviations (SD) in the total sample and in the four ageclasses.
Pearson's correlation cocfficients ir) with age and their significance levels (p) are reporied for the tonal Quechua
sample from Huaneavelica (3680 m).
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Figure 2 Mean values of height and sitting height
in selected Andean populations.

In the Huancavelica sample, there are significant
megative correlations with age of height and sitting
height (table 1). These comelations could be
explained either by the anmomical effects of ageing
of by secular trend processes. Gonzales 20 al, (33)
have reported a sceular increase in stiure in
populations of the Peruvian Central Andes between
1937 and 1980, mainly displayed by o relative
mcrease in lower limb length, This differential
increase of body segment lengths should imply the

diminution of the corrnic index with time and 2
positive correlation between cormnic index and age
in a transversal sample. However neither feature is
present in the Huancavelicans cxamined (r = 0,06,
p= 0L.618), which suggesis the absence of sccular
trend in Huancavelica during the last few decades.
Thus the negative corrclation between age and
height (r-0.30) could be a resull of ageing
processes. The negative comelmion between age
and  sitting  height  (r=-0.30) sirengthens  this
hypothesis since this variable is affected by two
typical aging phenomena:  the  reduction  of
intervericbral spaces and the curvature of the
vertchral column. The general worsening of socio-
cconomic conditions in this arca of Pery in recent
decades i3 in accordance with the hypothesised
abscnce of secular trend. The non-significance of
the decrease in mean height with age reporied in

table 1 {p=0.10) is probably due o the small
sample sizc.

Chest dimensions and FVC values of the Quechua
population from Huancavelica are similar
reported for other Andean pative populations
(figure 3 and 4). However, comparisons should be
performed with caution and tuking into account
piossible '.t'li:m due 1o age composition, cthnicity and
sumple size. As concerns the Age composilion, ou
data can be compared with results obinined by
Muller et al. (15} in Aymarn populations from
Rorhern Chile (fig. 51, FVC for each age class is

1o those
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higher in the Quechua sample from Huancavelica if

compared with Avmara populations from Costa,
Sierra (2500-3500 m) and Altiplano (40004500 m)
(figure 3). The differences between the Peruvian
Quechuas and the Chilean Aymaras are probably
due to the high level of Caucasian sdmixture in the
Aymars samples, rather than w the different
altitude. In Fact, in the Aluplano about 30% of the
subjects are non Aymara (15) and the percentage of
non Aymara individuals increases with decreasing
altitude. As recently suggested by Grelsa (22), a
portion of variance of FVC wvalees in Andean
populations is due to a genetic component. This
interpretation s consistent  with  the  slight
differences in lung volumes between Quechuas and
Aymaras obtained by Greksa. (34)..

i i i

Figure 3 Mean values of chest depth and chest
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Figure 4 Forced vital capacity (FVC) in selected
Andean populations,

The hematological response to high alinude in the
Huamcavelica sample was measured by Iemoglobin
concentration, ‘The mean values are close o the
vahues reported for rurl Andean populitions of
comparahle altitude (35-39) (Figure 6), There s no

correlation between hemoglobin concentration and
age, in agreement with resulis obiained in odher
rural high altinude populations (37,38,40).

Figure 6 illustrates the results of stepwise multiple
linear regression of FVC on the other variables
considered in this research, The maximum and
minimum chest circumferences and age are the
most important explanatory parameters of the lung
function variability, as measured by FVC. The high
values of the regression cocfficient beta associaned
with maximum and minimum chest circumierences
are expected (0,990 i 0.416, p=0.021 and -0.719 |
0,347, p=0.043 respectively). However, not all the
chest dimensions are involved in the deterrnination
of FVC: normal chest circumference and chest
diameters show a low comelation with lung
functionality (figure 3). This suggests that, in an
adult sample, the parameters of respiratory
mechanics, and not  chest  dimensions,  are
associated with the forced vital eapacity. Frisancho
{3) and Mueller et al. {15) have observed that,
during growth, chest dimensions and age show the
highest correlations with lung [lunctionality, as
measured by lung volumes, This relationship has
been interpreted as am adaptive mechanism
determined by both genetic and developmental
componcnts. However, our data suggest that this
relationship is not present during adulthood, when
the variability of FVC is strongly associated with
the ageing process and respiratory mechanics. but
ned with chest dimensions,

It is interesting 1o observe that hemoglobin
concentration is negotively correlated with FYC.
Beall nnd Goldstein (41) and Pettener et al. {19, 30)
have found a similar relationship in Central Asian
populaiions. Since hemoglobin concentration is
neither negatively nor positively correlated with
age in our sample, it is possible that the negative
association with FYC is independent of the are in;
process. Multivariate analysis applied o our data
cormoborates this.

In conclusion, the Quechua sample [rom
Huancavelica is  characlerised by  values  for
somatometric and physiometric variables that are
comparable 1o those previously reported _Eur
Andean high altitude poputations. The inleractions
of physiometric responses implicated in  the
adaptation 1o the hypoxic eavirommenl have been
investigated. A clear negative association between
EVC and age has been found, while there was no
correlation between hemaglobin conceniration and
age. Finally, the negative commelation between FVC
and hemoglobin concemiration, which should be
confirmed by further onalyses, seems 1o be
independent of age.
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Figure § Forced vital capacity (FVC) by age
classes in the Quechua sample from Huancavelica
and in Aymara populations from Morthern Chile.

Figure & Hemoglobin concentration in selected
rurad Andean populations.

Figure 7 Stepwise multiple lincar rcgression of
F¥YC on the other ecxam—ined variables:
standardised regression coefficients (beta) with
standard errors in the Quechua population from
Huancavelica,
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RESUMERN: La respuesia lisiodsgica do las mujeres a la alvara ha sido poco estedinda hast hace un teepo. Inleresa sabor £ migenes ¥
varones difienen en o reapucsia fissoldgica o la aliusa ¥ 8i las diferencias so deben o hosmonas ovdsicas o gonadales circulanses, Pam takes
esbailios, e impananie pecosdar que la determinscidin sexual implica una considormble compléfidad evolutiva, peadtics v de desamolio, Los
esbedios de respuesta oguda ¥ ordndca a la hipoxia Brndan informazsdn il para cxaminar los mecaniimos genernles ¥y el sigmificada
evolutive del sean y de las hormonas sexuales. meeduhtwmiﬂnjmtﬂﬂmw;mww&rnlﬂjﬂqu
cunkjuser olro periodo de la vida. En la aliurm, la fertilidad se mantiere en niveles de nivel del mar o p.uem:imﬁ:l:iwjddnw,ptmﬂ
pese al macer dismisuys un promedio de 100 gramos por cada 1000 ny de altited, principaimente coma resultade de netanka del erecimiznto,
Tambsén hay una mayor frecuencta de complicaciones maternas duranie o embaram, que pueden comribuir 3 mener peso al nacer. La
gesmeiiin, como resuhade de pectonss combinadas de hormenas oviineas y asa metabdlica incremeniada, estismln varios composentes del
iEnspoete matemo de axigeno de mado que iscrementa la wentilacion ¥ la oxigenacidn arterial, La magaitud del incremento en la
\Eﬁbﬁmﬂnrqhﬂpﬂihuﬁdﬂpﬂhﬂ%ﬁiﬂhnmﬂmﬂmﬁtEl{h}numhﬂﬁlnnﬂfhmﬂ.‘iﬂtﬂhk‘-ﬂ
jpareco eslar reducidio on B altura, pafticularmenic en mujeres gue desarmollan pre-eclampsia. El incnemento en la venlilaciin malema y en
el Mipo sanguinco decroplaconiana duranie o ensbaraes en pargicular ¥ s infliencias de las hormonas owirieas sobre los proccsos de
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RESUME: La réponse physiologiqee des femmes 3 Falfiiode a
el o dvod it juscu’a una pogue réoente, O, il 23t intéressang
da savolr sl leur eeponse physiologsque b Valtivede diffine de
celle dos homanes e 5 les dilfivonces iont ducs aux hormones
comrennes ou goradatropes ciculanics. Posr mesr & blen eoa
fludes il ne ot pas perdre de vue gue la délenminanion sexecdl
snpligue une gramde comnplexild dvobmive, péndlips o &
diveloppenent, Les Gludes de réponse sigué @ chapadgue 4
rh}rpﬂh'ﬂt loumassent des mlommiions uiiles pour examiner les
mecanivmet pindraun o la sigmlicason dvalulive de I'inlluvence
du sgxe of dex hormanes sexuelles. Plus que toube auire période
de b wie, led périodes de pestalion ef de diveloppemend Fovial
soni soumises b de grasds dsgues de mortalisé. En alsibede, In
femilied 52 malmticnl & des niveosux comparsbles - e mime
supdricurs - ﬁl.‘:-ultdunimud-nhrmr.mlilhpnh;h ila
nzbsince dimmine: do 100 g tous Jes 1000 m. priscipalement en
raison du el de eroiisance. On cbwerve dgalement sne ples
grande (nfgmence de complicaions chez o méne pendsn) In
prosseste, poonvand comirboer ou moindree poids & o pakssanoe.
La  prossesse, npisudlal  d'acthons  combindes o hormoses
ovarennes o d'un taux méabolique en sspmentation, simmake
pledeurs compossnls du  sysieme  maiemel e Eanspos
d'oxygine, de sone qu'il ¥ & pocroissemend de la ventilation
reipimioire ef de I"oxypénaiion andrielle, Om ohaerve um rappo
sl aniee l':lw#i de cef acoroissement ef le poids b L
missance. Le Mun samguin usdro-placentaine sembile S
dpalesnent en dimdnution du faif de |'shiitede, pankcelienement
chee les femmes prétentand une pré-dclampsie. 1.’ sugmeniaison
de b veatilalion respiratoire matemelle e g Nux ssnpuin usén.
Placentaire pendant la grossesse en paniculier ¢f ks influences
der hormones  ovarennes  sur ks PITCERRUE de  imnspor
Woxypine plus pénéralement, onl probablensent popu 1influx de
:‘f sthoction maturclle pour parvenir & I'odapiaion dvolstive &

Mlois-chés ¢ Oevirndiol, Progesidres:, Testosidrone, Teranspon
d'oxygbne, Hyponic Cardiovasculsie, nespiration, Retard de
croissancs inbra-ubbin, Martalid infantle, Pré-delampsie.

SUMMARY: The physiclogical sesponse of women 1o |_1]|i-|u-|k
has received comparstively Hle study wntil recently. OF interest
it wholher women amd men differ in their physiological
rexponse 1o high aliitude and if s0, whesher differonces are due
1o circulsting ovarian or gonadal hormones or 1o gender
differences unrelaied Bo leveli of circulanng honmones. Tt s
importand i recall thal (B detcrminstion of gender invelves
considerable  evolstionary, penctie  ond  developmental
complexity. Studics of acute and cheonic response w0 high
shitude provide are wielel for examining the gencral
mechanisims and evalutionary significance of the influences of
pender and scx hoemanes on processes of 0Xygen Eanipodt The
peviod of pregnancy and fetal development |5 subjoct 10 greaker
morfality risk than any other period dustng the life acle. A1
high altisude, lemiliiy is maintained 2 or sbove sc3 evel valucs
Thut imfam Bl weapht docreaes an anange al 100 g per 1OEHR
m allifugke puin, principally as a nesult @l felal grewih
netankation, An imcreased fnepency of mm:jrr.ml“diumr-:ilunlnp
wof prepnuncy alse has Been repariod al high she ey, in
mﬁqmmim o ife birh weight decline. Pregrancy
siimisluios several components of maternal O fransport, maisng
veslilatian amd srerial oaygenaiin & ihe result of Ih:
coumbaned actions of ovaran homsanes and increased mtetabolic
gaie. The magmitude af the nse 0 nmtl.?l'ﬂﬂ vemlilstion and
grierial oaypgenation relates bo imfam hirh weight & high
phicude, Uieroplacentsl blood e alio appears uhe;mw%ux
high altiude, paniculardy among wmwwﬁ
preeclanspsia. Thus the mabernal yentilatary and '-'H"-';

adjustimenis by whkich fctal-placenial Oy and ather muinent
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delivery is mainiaissd may be crucial im dlkimng suocessful
mlnprarion s high shinide,

INTRODUCTION

To date there has been litle sysiematic stsdy of
woimen's physiological pesponse 19 acule or chronic
hypoxia. Despite the carly, inclusive  siudics
conducied on residents of high altitude by Mahbel
Purefoy Fiegerald (1), most of the exiensive
literalure on newcomers of long-terme residents of
high altitsde has not incleded Temale subjecis.
Such an omission is consisient with much of the
cardiovascular, respiratory and exercise physiology
literature. One suspects that i s due, i part, 1 6
concern that cyclic variation in female hormones
may contribute an addivenal source of varation.
[ronically, this very possibility s actively being
investigated in comtempirary studies of women at
altilude.

As deseribed in the preceding papers (2-6), gender
comparisons are currenily undersay on tee cllects
of high alilude on exercise performance amld
symploms of acute mountain sickness, Also being
studied are the influences of menstrual cycle phase
on ventilatory, cardiovascular, hematological, misd
nuritionsl scclimatization o high altiwde, Progress
is being made toward understanding of the Tactors
causing the incidence of the high-altimde disorder
of chromic moumain sickness (CMS) w0 differ
between the sexes.

The purpose of this article is o consider e general
mechmisms and significance of the inMNuences of
gender and sex hormones on hypoxic responses.
An evolutionary and integrative approach is wsed in
order o address the importance of gender and sex
hormonal infleences on human adaptation w high
altide. This approsch is developed by considening
17 ihe evolutionary determinanis and influences of
gendher, 2} the effecis of hyposia on reproductive
success, and 33 the influences of reproduciive
harmones and pregnancy on processes of oxvgen
iransport omd  thewr implications  for fetal  and
maternal well-being.

EVOLUTIONARY PERSPECTIVE ON SEX
AND GENDER

While =sex  and  pender  are oflen  wzed
synonymously, bere we use “sex” io refer o the
hiological stiribules of being male or female and
“gender® 1o those atributes gencrally ascribed 1o
members of o given sex. As such, pender includes
socially as well as biologically acquired or assigned
aytributes and  includes the possibiliny that the
atiributes ascribed 10 one gender may vary and at
times, include those trails xssigned 1o the other.

KEY WORDS: Esirmlial, Peogesterune, Teslosieimne, Lisypon
Transpoit, Hyposin, Capdsvuscolar, Respiraion Propnancy.
Ingraniterin grovwil rotandation, Infasl snurtilsny, Prooclempsan

For humans and other mammals, sex is determined
by having recerved from one's parents either [wo X
chromosomes (females) or one X and one Y
chromuosane {minles ), Thi=  ehromosonmal
determination ol sex is nol universal. Among hirds,
miales are XX omd  females e XY, Sex
delermination in most insects is lhe same as
mammals but in two orders. the lepadoptera (moths
and bunier(lics) and trichoptera (caddisilics), is like
that of birds (XX males and XY females) (7). In
humans, the presence of wo X's va one X and one
¥ chromosome is usually bul not always associated
with the presence of female vs, male genitalia and
wher sccondary  sexual  characteristics,  The
regulation of secondary sexunl characleristics is a
function of a gene or genes on the Y chromosome
that, together with a bricl period of clevation in
androgen levels dunng embryonic life. prompl the
formation of testes. IF this goned{sy om ihe Y
chromosome i lacking, an XY individunl will
develop into o female: likewise a prenatal surge in
androgens can cause a genclic female o develop
testes. Since, in the absence of a stimulus 1o
become male. a female will result, fomale features
appear W be the underlying, primary acribuge of
mammalian life,

Darwin recognized that sex is subject 1o natural
sebection and termed this “sexual selection”. For
reasons thal remain unclear, males o wiern are
subject 1o higher mortality than females. Hence the
majority of spontaneous aborions are male. Even
s, Lhere 15 an exeess of males relatve o lemales al
birth; the average sex rato at barth is 106 males for
every 100 fomates. By adulthood in minst sociclics
the sex ratio has evencd, again indicating greaer
male than female monality. Female  morality
remains generally. lower than male mortality ol
every age excepl during childbearing vears, As a
resull, lile expectancy is longer for females than
meales ol nearly every age in most sociclies. These
dilfferences in monality between males and females
indicale  that  sex  andlor  gender  influcnees
Darwinian {(evolutionary ) litness,

One of the mechanisms by which sex and gemder
influence cvolutionary finess is the presence of
sex-specific genetic muterial. Among  mammals,
both mother and [ather contribute an equal, haploid
number of chromosomes o fomn the rygote, In
addition. the mother contributes her mitochendrial
DNA o the fertilived cag, This muochendrial DNA
reproduces itsell with each ensuing cell division, In
a somewhat analogous fashion, Ychromosomal
DMA is transmitted only by the fmher. However ai
impartant dilfercnee is that Y-chromosomal DNA
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15 acguired only by males whereas both females
and males  possess  the  maternally-derived
mitochondrial DNA. Thus the developing organism
is subject o nuclear genetic influences from both
parcnis bul to mitochondral  genctic  influences
from i3 mother only.

Imprinting or the disproportionate influence of
maternal or paternal genetic mmerial is another
mechanism by which maternally and psternally-
derived genes influence the developing organism,
Recent studies hove revealed that, for example,
patcrmal  genes exert a grealer  influcnce  on
placentation whereas maternal genes appear 1o
predominate in fetal development (8),

EFFECTS OF HYPOXIA 0N
REPRODUCTIVE SUCCESS

From an evolutionary perspective, the period of
pregnancy and Tetal development s subject o
greater montality risk than any period during the
life cycle. In this section, we consider whether
chrenic  hypokia  serves [0 increase  selective
pressure during this critical period,

Severe, acute hypoxia impairs  reproductive
function (%) but the efMects of more sustined or
modernte hypoxim are less clear, Earlior siedies
suggzesicd a reduction in fenility in South American
high- compared with low-altilude populations, as
Judged by completed family size and an increase in
completed fertility in persons who migrated from
high 1o low alitedes, bwt this his no been
supported more recently (10}, While menarche i=
lnter amed mienopause earlier, o 1990 survey in Peru
demonsirated higher completed fentility in the high
than low alitede-departments (11). The high-
altituce residents achieved higher fenility by
shortening the intervals between menarche and the
birth of the first child and between the binhs of
subsequent children and conceiving more olten
during [actation in comparison with low-altitude
residents.

There are a number of factors which might be
expecied 1o influence fertelity levels in the Andean
region. In the setting of high infam monality
{Figure 1), fertility may be elevated, perhaps in an
Mlempd 1o assure surviving offspring. Aliematively,
the reporiing of births may he reduced in Peru and
Bolivia where most births occur outside of
Rogpitals (12). Culiural considerations pertaining 1o
the contribution and costs of children also imlluence
childbeasing patterns. In  traditional  arcas  of
highland Peru, high completed fertility s desirahie
1 that children from pges 6 - 18 yr gencrale more
Pesources than they consume (13),
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8

-
T

]

ImlantE modslby rais,
daathsil G Bvekidhs
-
=

T T

M MEe e ThE MR ARED

aliilisie, mEiem

Figure 1: Infant mortality increases with altitude in
Peru and Bolivia (12},

An important but unanswered question periains to
the influences of shor-term hypoxia in women
who are already pregnant, Large numbers of
persons iravel W Colorado and sther mountainoss
regions  (14). Medical advice is  inconsisient
regarding the safety of iravel w0 high alkitude For
pregnant  women and  their babics. The only
published data, 1o our knowledge, is a brief report
concerning 13 newcomer residents of La Pag,
Bolivia (Table 1) (15. While the numbers ane
extremely small, it s noteworthy that the women
who arrived at high alutude in their first trimester
appeared  to develop  maternal oo [elal
complications more [frequently than those who
conceived at high altitude. Needed is an expanded,
systematic comparison of maternal and neonatal
complications and birh oulcome In newoomers
cxposcd o high aliitede before  vs.  during
pregnancy. In order o control for the effects of
migration independent of aliiiude, such a siudy
should incliede an assessment of pregnancy and
birth outcomes in women who move from one low
altitude o another.

Chronic hypoxia hos long been associated with a
reduction in infunt birth weight, averyging a 100
gm decling per 1000 m altitude gain (9, 16). There
ix & comesponding  increase in the percentage of
low-birth-weight babies {< 2500 g) (17). The
reduction in birth weight is likely due 1w high
altitude rather than maternal body size or some
ather population-specific factor since a generally
similar reduction in birth weight s scen in most
{but mead all) human populations and can be
abserved when comparing birth weights of infants
borm (o the ssime woimnan a1 low vs. high altitude
{181, The reduction in binth weight at high altitude
has historical significance; the lirst recognition thal
fetal growth and engih of gestation were separable
inMuences on birth weight was made at high

altituce (19
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Table 1. Pregnancy outcome in 13 La Paz newcomers (adapted from 15)
Arrival Mo. Complication{s) Birth
weight. Gm I mose 2900
Before conception 2 none 2604
3 none 3000
4 none 3000
3 none 3000
6 none 3100
T C-section 2900
mean £ sem
2920+ 70
121 trimester & eclampsia, preterm, C-section 2100
9 preterm 20N
10 preterm 1800
LI threatened abortion, C-scction 2RO
IMican = JCim
2175 = 320
2ndd irimester 12 none 3300
13 preterm, C-section 25410

The primary cause of the reduction in birth weight
at high altitude appears 1o be intraulerine growth
refardation (TUGR)} (Figure 2} In Colorade, the
reduction oceurs principally in the third irimester as
demonsirated by a progressive decline in fetal
weight after 32 weeks al high compared with low
altitudes (20 - 213 (Figure 2). Recent data incleded
in Figure 2 from Peru appear consistent with the
North American results when the higher altitudes
of Peru are taken into account (22 - 23}, Growth
curves from Perg and Bolivia across the full range
of gestational ages ot low vs high altiludes are
necded bul will be difTicult 1o construct given that
birih records sre pot available for most of these
countries’ population (12). Average gestational
ages at high vs. low allitude are similer in Nonk
America (16, 19 - 211 but modest redections, which
are gencrally not sufficient 1o explain the birth
weight reduction eheerved (24), hove been reporied
in some South American studies {22 - 23}, Such
altilwde-associated reductions in gestational age
may be due o differences i medical imerventions

Fotsl welght, gm

for preventing preterm births or the extent 1o which
complele samples have been obiained.
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Figure 2: Fetal prowth is retarded at high altitude
beginning afier 32 wecks gestational age
{comparison of curves, p <0.05) (2] - 23),
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The magniude of retardation of fetal growih o
high altiisde appears to vary among populations in
relation to their duration of high-altitude cxposure,
Populations have resided at high altitude For the
shoriest perod in the Rocky Mountains, an
intermediate length of time in the Andes, and the
lomgest in the Himalayas (23). Companing well-
maiched studies by the same investigator across a
0-3500 m gradient, Zamudio and co-workers found
that the reduction in birth weight was greatest in
Moph  Americans  (-352  grams,  p<00M),
intermediate in South Americans (270 grams in
Peru, -282 grams in Bolivia, p<001) and least in
Tibetans (-T2 grams, p=NS) (24} O note was (hat
the Tibetans, residing a1 an altitude equivalem to
that present in the South American studies, did not
appear o have altitude-pssociated [UGR (24, 25),
This suggesis that the Tibetans have sdapied 1o
high altitude in a fashion that permits normal fetal

growwih,

Twenty years ago, infant and neonatal mortality
rates were above nationwide levels in Colorado and
the other USA mountain stales (19} Currently,
infant moriality is the same as national valees and
does nod increase with altitude within Colorado
(21 The morality decline in Colosado was
pssoceated with o medest increase in birth weight
amd a fall in the pereent peetcrm births (203 b
much of the decline remains unexplained. Being
smill {reduced binh weight) docs not reduce infant
moctality ot high altiude (36} since low birth
weight infants o an increased mortality risk
every altitude (2 _mproved

medical technol gy ond  greater  utilization ol
tertiary medical facilivies by women from the
lighest compared with the lowest-aliitude areas in
Colorado are likely to have contributed to the
moriality decline.

Bolivia and Peru currently have the highest infam
mortality in South America, The excess morality
compared 10 other countries has not changed
appreciably over the past 20 or more years {12),
Within both countries, infant mortality is greatest in
the highest altitude regions when all infanis or only
urban infanis are compared (Figure 1). Howewver,
the infant mortality data ase of poor quality.
Payment ks required 1o register a birth or death and
only about one-third of the deaths are centified by a
physiclan (12). Such problems are particularly
acute in rural regions and other settings where
infant mortality is likely to be highest.

The IUGR and preater frequency of preterm
deliveries in some siudics may be the result of an
ncreased frequency of pregnancy  complications,
best documented of which is an increased incidence

of placental abruptions and precclampsia. A review
of all deliveries in La Orova, Peru (3750 m) over a
15-year period indicated that placental abruptions
were three-fold more common than at sen level and
demonstrated an age- and  parity-associated
reluionship, occurring in 0.8% of women over 40
yr and in 3.4% with parity greaier than 4 (27,
Precclampsia is the leading cause of maternal and
fetal mortality in the industrialized world (28).
Precclampsia 15 defined as an elevation in blood
pressure (= 14090 mmHg, o systolic rise > 30 mm
Hg, or a diastolic rise > 15 mmHg) sccompanied
by proteinuria andfor upper extremity edema in a
woman who s normolensive when nonpregnant. -
Abnormalities of liver function, coagulation, and
the central nervous system are sometimes observed
as well, The incidence of preeclompsia increases
about three-fold from low 1o high altitudes in
Colorado {29 - 3 but data from South America
are equivocal as to whether the incidence of
precclampsia is increased (22, 31).

An increased occurrence of maternal complications
during pregnancy is likely 1o contribule to an
elevation in maternal os well as infant morality.
Muaternal mortality in Peru and Bolivia s more than
twice the South American average (12}, rising [rom
13.2 maternal deaths per 10,000 live births on the
coast, o 21,5 in the 2-3000 m region and 10 43,1 at
clevations ahove MK m in Peru (32).

Impaired placentation and ueroplacental ischemia
may be a common pathway wherchy pregnancy
complications are increased and intrauterine growth
retarded o high altitede. Uteroplacental ischemia
has been associated with precclampsia al low
altiiede (33). An attractive hypothesis is that the
uleroplocental ischemia, in twrn, is due o impaired
rophoblast invasion and remodeling of maternal
spiral and other wierine arterics (34).

Historic as well ss more recent observations
indicate that behavioral adjustments, in addition Lo
alierations in maternal O ransport, are imparant
responses 1o high altitude. Oul-migralion scrves as
a mechanism for avolding the challenges of high
altitude. As Antonio de la Calancha observed in
1632 when the Spaniards entered what is now
Bolivia, pregnani women of Spanish origin would
descend to give binth at lower aliitudes and not
return until the child was more than a year old _{35]-.
A similar practice occurs among Han women twinlg
on the Tibetan Platean who often return to their
home districts at lower altitude during pregnancy.
After birth, their infants customarily stay with
extended family until approximaiely two years of
age, ol which time they are brought to high altitude
(36).
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MATERNAL OXYGEN TRANSPORT
RESPONSES TO PREGNANCY AND THEIR
IMPLICATIONS FOR MATERNAL AND
FETAL WELL-BEING

Becauwse not all women a1 high altitude deliver
growth-retarded babies, we have comducied o series
of studics 0 test the hypothesis thot alutude-
pssociated TUGR is due o insufficient maternal O,
transport 0 meet Felal-placenal demands, The
aliernme possibilities arc that placental diffusing
capacily is impaired in such a way as o limit O, or
other nutrient tramsfer or thot other, fetal-specilic
factors limit growth, Early reports indicaled tha
the placenta at high altitude was similar in absolute
size and larger in relation to fetal size than ot low
altiude  (37). Recent studies indicate that the
placenta at high altitude is more vascularized and
has a greater diffusing capacity than at fow altitude
(38, 39) Thos, impaired placenial ©, wansfer is
unlikely to  be the primary couse of
altiudesssocioted ILIGE,

In normal  pregnancy,  elevaied  levels  of
progesterone and estrogen in combination with
increased metabolic rate mise peripheral (carotid
badyd and central chemosensory seasitivity and
resting  ventilation (40 - 42) Investigation of
gender differences in ventilation is ofien framed in
terms of the effects of ovarian hormones. 1 is
imporiant, however, (o recognize that other factors
also contribuie 1o gender differences. Gender may
infMuence ventilation in ways that pre uorelaied o
circulating levels of sex hommones due fo. for
example, prior hormonal exposure o o other,
gender-linked  factors. When  normaliced  Tor
dillferences in body size, noutercd os well as iniact
females have higher alveolar ventilation and HVYR
than their intact or neulered male counterparts (43,
44y The male hormone testosterone also alfects
venlilation (45), The rise in resting ventilation afier
EXoIenous eslosierone adminisiration is due 1w a0
increase  in metabolic e bur  fesiosterone
irealment olso rmises hypoxic and hypercapnic
ventilation  responsivencss.  Inlerestingly,  the
increase in HVYR appeared dug fo g diminution in
descending  central inhibitory  inlluences on the
carodid boy (45),

Al fow altiiude, the increase i vendilinion duning
pregnancy does nol appreciably rase areral O,
saluration, since il is already nearly maximal. AL
high altitede, anerial O, saluration riscs  with
pregoncy, Dur studies in Peru and Colordo have
demonsirated thal the muagniude of the nse
maternal sienlilatic, Inypessi ventilatory
sensitivity, and arlerial O, saturation  during
pregnancy relwed positively to the hinh weight of
their infans (18, 46, 475, While suggesting that the

Factors  serving o ralse  maternal - ancreal
asygenation help 1o preserve fetal growih al high
altitude, a pueding aspect of these observidions i
that arierial O, content s similar @ high and low
altitude a5 the result of the pregnancyassociated
rise in arterial O, saturation and higher hemoglobin
concentration charnctenstie of the high-altitude
residents (15}, Because utcroplacental blossd fow
increases some S0folkd during pregnancy, it is &
major influcnce on uieroplacenial O, delivery (e
the product of utcroplacental blood flow  and
arterial O, content). We therefore asked whether
uterine blood Mow was altered by residence at high
altinwde.

Several Factors combing to ncremse weroplacental
blood Mow during pregnancy. OF major mmportance
is the remodeling of the wigraplacental circulation.
The uterine and radial aneries {the vessels
branching from the utering arery and.entering the
uterine wall) at least dowble in diameter. The
downstream, hasilar and spiral anerics also enlarge
as a result of the frophoblost imvasion from the
developing placenta. In preeclamplic pregnancies,
however, the increase in vessel dismeler occurs
only in the decidual portion and nol in the
myometrial region of the werne vascular wall,
resulting in o narrow segment with retained pressor
sensitivity  that  likely raises  uterine  vascular
resistance and diminishes hlood Mow

Changes also occur outside the  wieroplacental
circulation  which coniribute 10 the  increascd
uieroplacental blood Mow duning pregnancy, Blood
volume increases  approsimately  400%.  cardiac
oulpul rises similarly, and the distribution of blood
how 15 aliered 1o inercase the proporum of low
dirccted  w the  wieroplwcental  circulation  oas
opposed 1o the lower extremitics (48), Blood
pressure [alls, implying o decrease in syslemic
viscular resistance, which may in wrn be due 1o
altered response 10 vasoconsirictor, vasodiluor, of
myogenic stimuli, The increased blood  valume
implics that venous capacitance is increased, since
the mapor portion of Moosd volume resides in the
wenoes circulation.

Mear term, approximately | Fmin or 15% of the
total  cardine  output s directed  oward e
utcroplacemial circwit, In =wdics conducted m low
alausde (16080 mk we demanstrated that the rise in
picroplacenial bood flow @8 accomplished
approximately equal part by a doubling of uterine
artery  diameter, thal  was complete By mid-
gestation, ansd @ rise in werime arlery Tow velocoity
that continued wntil wom. The overall increase in
uteroplocental blood Now during human pregnancy
i similar o that ohserved in other mammals when
nosmalized per kg of fetal weaghi (48). In studics at
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Reduction in Birth wakght [%)

high altitude (3100 m), we found similar extermal
and common iliac anery diameters but smaller
wierine artery diameters, resulting in 1/3 lower
unilateral ulerine anery blood flows in ihe high-
altitude women (493, Pelvic blood Now disiribuiion
was also altered near ieem: T4% of common iliog
flow was dirccted toward the wierdne anery in
normal pregnant women at low allitude whereas
only 47% was directed 1o the ulerine artery at high
aliiude. Women who developed procclampsia at
high altitude had less redistribution of common
iliae flow 1o favor the wiering anery and no increase
im uterine arery flow near term. These dilferences
were present prior 10 the onset of hypertension,
suggesting that lower utering blood Mow may be a
cause rather than an effect of precclampsin (300,
Compilation of data Trom human and experimental
animal studics indicates that reductions in wicrine
or wiereplacental blood Mow relate exponentially to
declines in birth weight (higure 3), suggesting that
an alutude associmed decline in weroplacenial
blood Mow may be a major contributor (o the birth
weight reduction observed,

8

i

AR AT R
ReducBon in bigod Now (%)
Figure 3: Beduction in birth weight and uierine
blood Mfow in women ai high altinede (closed
cincles) 1s consistent with thot observed in models

of IUGR in experimental animals (open circles)
{adapted from 51).

SUMMARY AND CONCLUSIONS

The infleences of pender and sex hormones on
physiological responses 1o acule and  chronic
hypoxia are complex. This complexity is duc o the
many [actors determining or, conversely, being
determined by sex or gender. While operative
under low- as well as high-altiude circumstances,
the inluences of gender and sex hormones at high
aliitude may be particularly important given the
probuble  increase  in selective  pressurc
demonsirated by the more frequent sccurrence of
maternal, fetal and neonatal complications,

In general, stimulatery effects of ovarian hormones
appear 1o help defend maternal arerial O,
saturation and birth weight m high altitede. This
has been demonstrated in a serics of studies in
which we and others have shown that ovarian
hormones raise ventilation and are likely involved
in the vascular alierations of pregnancy that serve
i increase blood flow 1w the wieroplacental
circulation. A lesser rise in uterine artery blood
Now, particularly among preeclamptic women, may
underlie the reduction in birth weight observed at
high altitude and may, in wm, be duz 1o an
impaired growth response andfor alterations in
responsiveness o vasoconsirictor, vasodilator or
myaEenic stimuli.

REFERENCES

1. Fizgerald MP. The changes in the breathing
and the blood at various high alutades. PO
Trans Royal Soc Lond 3er B Biol Sci
203:351-371, 1913,

2. Wesierierp K.R., Eobach P, Woulers 5L,
Richaler JLP. Water balance and acuie
mouninin sickness before and ofter arrival at
high altitude: 4350 m, Acta Anding, 1997,
W2 )44-500

3. Rock P.B., Muza 5.R., Fuleo C.5,, Beidleman
B.A., Cymerman A., Braun B.. Zamudio 5.,
Mawson J.T., Dominick S.B.. Reeves LT,
Butterficld G.E. Moore L.G. Effect of
menstrual  ¢yele on  incidence of acuie
mountain  sickness in women:  preliminary
results for twe siodies. Acta Andina, 1997,
VI2:174-177.

4, Brutspert T. Unplublish
Zamudio 5. Unplublish

Ledn-Velarde F., Rivera-Ch, M., qu.!'m R.,

Monge C, C. Efecto de la menopausia cn la

relacidn cnire las presioncs alveolares de o ¥

ca, ¥ ¢l mal de montafia cronice. Acti Amadina,

1997; VI{2):167-173,

7. Hoy MA. Insect molecular renelics:  on
introduction to principles and  applications,
NY: Academic Press, 1994,

8. Haig D. Genetic conflicts in human pregnancy.
Q Rev Biol 1993:68(4):495-532.

9. Moore LG, Regensieiner JG. Adapation 1o

high altitude. Ann Rev Anthre 1983 12:2835-

a4,

0. Goldstein MC. Tsarong P, Beall CM. High
aliitude  hypoxia, culure  and  human

=



240

Acta Andina, VI(2); 1,997

13,

14,

I3.

16

17.

18.

19,

2l

ZL

fecundity/fertility: a  comparative  siudy.
American Anthropologist 1983; 85:28-49,

. Gonzales GF. Determinantes biomédicos de la

fertilidad humana en la altura. Reproduccion
Humana en la Altura (GF Gonzales, ed). Lima,
Peru: Consejo  MNacional de  Ciencia ¥
Tecnologica, 1993; pp 73-87.

Pan American Heallh Organization. Heaith
Conditions  in  the Americas.  Scientific
publication Mo, 549, Washington DC: WHO,
19494,

Thomas RB. Energy Now at high altitude. In
Man in the Andes: a multidisciplinury siedy of
Bill-alitiede Qweelin. FPoul T, Baker and
Michasl A. Litle, eds.  Stroudsburg,
Pennsylvania: Dowden, Hutchinson and Ross,
Inc., 1976, pp. 379 404,

Moore LG, Alulude-pggravated illness;
cxamples from pregnancy and prematal life.
Ann Emerg Med Seprember,  16:965-973,
1987,

Falk, LJ. Intermediate sojourners in  high
altitwde: selection and clinical abzervations. In:
Adjusimreni to High Altinede, NIH Publication
E3-2494, 1983, ppl3-19.

Jensen GM, Moore LG. The effect of high
altitede and other risk factors on birthweigh:
independent or interactive elfects? Am J Public
Health, in press,

Yip R. Altitede and birth weight .J Pediar
19871116 Pt 1):869-T6.

Moore LG, Jahnigen [, Rounds 55, Recves
IT, Grover RF. Maternal hyperventilmion
helps preserve anerial oxygenation during
high-altitude pregnancy. J Appl Physiol 1982
S2(3 ) 6%0-4.

Lichty 1L.. R. Ting, P.D. Bruns, E. Dyar.
Studies of babies bom al high alide.
Relationship of altitude 1o birth weight, Am
Jemier Dix Child 1957 93: 666-669,

- McCullough RE, Reeves JT, Liljegren RL.

Fetal growth retardation and increased infam
mortality ol high altimede, Arch Emv Health
1977:32(T):596-8,

Unger C, Weiser JK, McCullough RE, Keefer
3, Moore LG. Aliwde, low birth weight, and
infant  mortality in Colorado.  JAMA
[988, 25923 3427-32.

Gonzales GF, Guerra-Garcia R, Carncteristicas
hurmnr!ult.s ¥ antropometricas del embarazo y
del recien nacido en la alura. Reproduccion

21

28,

28,

30,

il

32.

33,

. Carrnen  Torres

Humana en la Altura (GF Gonzales, c_d].. l__.irnn.
Pery: Consejo  MNacional de Ciencia ¥
Tecnologica, 1993; pp 19:5-141

D, Gonzales GF. Edad
gestacional al parto a diferentes altitudes de
Peru. Reproduccion Humana en la Altura (GF
Gonzales, ed). Lima, Peru: Consejo Nacional
de Ciencia v Tecnologica, 1993; pp 143-1351.

. Hiermeyer, 5, Zamudio 5, Moore LG The

People, In: High Altitede Medicine (Eds: RB
Bchoene~ T Hombein), New York: Marcel
Dekker, (in press).

. ZLamudio 8, Droma T, Yonzon K, Aharya G,

Zamucdio JA, Niermeyver SN, Moore LG
Protection from intrautering growth retardation
in Tibetans at high alitude, Am Jour Physical
Anthro 91:215-224, 1993,

. Moore LG. Maternal O, rransport and fetal

growth in Colorado, Peru and Tibet high-
altitede.  residems, Am. S Humae  Biol
1990 2:627-637.

Beall CM. Optimal birth weight in Peruvian
populations at high and low altitedes. Am Sply
Antlropal 1981; 56:209-2 16,

Quintanin D, Bricene G, Axel B Evaluagion
del desprendimento premature de placenta en
lr alwra, First World Congress of High-
Altimude Medicine and Physiofogy. La Paz,
Bolivie: 1994; 57,

Lehmann D, Mabie W, Miller J, Pernoll M.
The epidemiology and pathology of maternal
mortality: charity hospital of Louisiana in New
Orleans. Obsrer Gyneced 1987;69:833.840.

Moare LG, Hershey DW, Juhnigen D, Bowes
W Ir. The incidence of pregnancy induced
hyperiension s increased among Colorado
residents ot high altivede, Am f Obsrer Gynecol
1982: 1444 ):423.9,

Zamudio 5., S.K. Palmer, 1.G. Regensiciner,
L.G. Moore. High alitude and hypertension
during pregnancy, Am JHuman Biel, 1995 7:
|82 1093,

Lapez-Taramillo P, v de Félix M. Uso de caleio
en la prevencidn inducida por el embarazo.Bal
af Sanit Pavarn 1991 110{2).

Gonzales GF, Patologica reroductiva en al
alturea, Reproduccion Humara en lo Alrea
(GF Gongales, ed). Lima, Peru: Consejn
Nacional de Ciencia ¥ Tecnologica, 1993; PP
177184,



Development ar high altitude: intrauterine and extrauterine

241

3.,

1.

38,

39,

41.

It

. Lunell NO, Nylund LE, Lewander B, Sarby B,

Uteroplacental blood fAow in pre eclanpsia:
measurements  with  indium- [13m and o
computer-linked gamma camera COlin Exp
Hypertens [b] 1982 1(1): 10517,

Roberison W, Brosens |, DeWaoll F, Sheppard
B, Bonnar ). Khong T. The placental bed
hiopsy: review [rom three European centers,
Am. L. Qbsrer, Gyneeol, 1986;1 35:400-412,

Monge CM. Acclimarization in the Andes.
Baltimore: Johns Hopkins Press, 1948, pp 36-
37.

Miermeyer 5, Yang P, Shanmina, Drolkar,
Zhusng J, and Moore LG, Arteriadl O,
saturation in Tibeian and Han infaniz bom in
Lhosa, Tiber New Engl Jowref Med 1995
33312481252,

Sobrevilla L.A., M.T. Cassinelli, A. Carcelen,
IM. Malaga. Human fetal and  maternal
oxygen tension and acid-base s dusring
delivery o high alvinde, Aue J Obsrer Gvreca,
19T 1hh: 10NN -E.

Mayhew TM, Jackson MR, Haas JD. Oxygpen
diffusive conductances of human placentac
from term pregnancies al low and  high
nltttudies. Placesta 199051 [{G)E93-303.

. Reshetnikowva 08, Buron G, Milovanoy AP

Effects of hypobaric  hypoxin  on  the
letoplacenial unit: the morphomeiric diffusing
copacity of the wvillous membrane ot high
alviude, Anmr J Oiret Cyviecol 1994, 1THG):
I 560-5.

Moore LG, McCullough RE. Weil V.
Increased HVR in pregnoncy: relationship o
hormonal and metabolic changes J Appl
Plipsiod 1987620115863,

. Hamnhart B, Picken CK, Weil JV. Moore LG,

Influence of pregnancy on ventilatory and
caralid body neural outpul responsiveness o
hypoxia in eats. J Appl Physiol 1989, 67:797-
BOA.

Hannhart B, Pickett CK, Moore LG, Effects of
estmogen and progesterone on carotid  body
meural oulput responsivencss 10 hypoxie. J
Appl Phiysiol 1990:68: 19081916,

44.

45.

46.

47,

45,

49,

51.

5.

Tasumi K, Hannhan B, Picken CK, Weil IV,
Moore LG. lafluences of gender and sex
hormones on hypoxic ventilatory response in
cats. S Appl Plysiol 71:1746 1750, 1991,

Tatsumi K. Picken CK, Jacoby CR, Weil IV,
Moore LG. Role of endogenous femabe
hermones in hypoxic chemosensitivity. JAppl
Physiol, in press.

Tatsumi K, Hannhart B, Pickeit C, Weil J,
Moore LG. Effects of testosterone on hypoxic
venlilatory and carotid neural responsiveness.
Am J Respir Crit Care Med 149(5): 12481253,
1994,

Moore LG, Rounds 55, Jahnigen D, Grover
RE, Reeves IT. Infant binh weight is related 10
maternal artensl oxygenation at high' altitude.
4 Appl Physiol 1982:52(3):695-9.

Moore LG, Brodeur P, Chumbe O, D¥Brot J,
Hofmeister 5, Monge C. Maternal hypoxic
venlilatory response, ventlation, amd infant
hirth weight a1 4300 m. J Appl Physiol
19866004 ) 1401-6.

Palmer SK, Zamudio 5, Coilin C, Pawrker S,
Stamm E, Moore LG, Quantilative éstimalion
of human uiering ariery blopd flow and pelvic
blood Mow redistibution in pregnancy, Chbsrer
Gvnecel 1992:80(6); 1000-6

. Zamudio 5, Palmer SK. Droma T, Stamm E,

Coffin C, Moore LG. Effect of altitude on
uterine ariery blood flow during nornmal
pregnancy, J Appl Physial 1995; 79(1).7-14.

Zamudio S, Palmer SK, Dahms TE, Berman J,
Droma T, McCullough RG, McCullough RE,
Moere LG, Alierations in ulereplacental blood
Mow precede hyperiension in preeclampsia al
high aliitude, J Appl Physiol 1995; 791k 13-
22

Zamudio 8, Palmer SK, Stamm E, Coffin C,
Moare LG. Uterine blood Mow at high altitude.
In: Hypoxia amd the Brain (Eds: Sution IR,
Houston C5, Coates G). Burlington Vi.: Queen
City Printers, pp 112- 124, 1995.




