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NEW CONCEPTS ON CHRONIC MOUNTAIN SICKNESS
ZUBIETA-CASTILLO, G. AND ZUBIETA-CALLEJA, G.

High Altinde Pathology Tustinue (IPPA). La Paz, Bolivia

ABSTRACT

The adapeation capacity of Beman beings in stmnspheric pressure
changes is remarkable. In high aMtinde adepasan (HAA ) we should
consider: that of normal man and hatof the diseased. Theacute HAA
can be more dmeabc and problesune tan chronic HAL. The
diseaze: are the same as those at sea level and have Bypoxic
physiognonues, The term Cheomoc Mountain Sickness (Ch5), has
created confusion, hecaase it includes pulmorary diseases thal cause
Excessive Enthrocymsis (EEL EE, is 2 mechanism of adaptatsan
thatncrenses the o1y gen carrying capacity of the hlood by increasiag
the ramber of red bHood cells. The term “dysadapiation o high
altitude”, forCMS patients that present with EE, saems mapproprizte
and does nod provide a pathogenesis. Abhove 3000 m, in the Bolnian
Andes, respimoory disexse with EE affects thowsand of persons. With
the availabQiry of palmenary finctom 1ees and blood pas iechmiques,
A & mdrcasiagly ovidem thar EE if due 10 soms verslasary of
Tespirsry aliermisen, Pasents wity BE shivw abermacemns of cne ar
mare of the following: FVC; FEV.LIFVC.FEF 25-75%. Alveolar
weifilation: PaCOr: pulmomary shunls; uneven vensflaten; TLC;
CCTLE; CVIYC; blood presware; of ches x-ny. All of our paticniz
had 2 PaCOe bolow 56 mmdlg. In paticnts wich EEchere s aiendency
for the hematocnt 1o increase with age (r = 0205} wich 2 plateau
ataround & years of age. We found an inverse relatsmship berween
F¥EC (r = (45} and RVITLC {r = 0L10) wiik dve hemaiocri In
copchosion, EE {appeanng ax CME) iv an sdaptation o kyporis
camsed by disease at high altimde. (Acta Anding 1596, §:1=H)

RESUMEN

La capacidsd de adapmethn de  los sercs Bumines & los
cambaosde [a presitn atmosférica «s nomble . Enls adapmcidn
a la zlera (HAA) debemoz considerar: la del sane v la del
eedermo. La sdaptacidn aguds puede zer mas drmmibiica vy
peligrosu qus la sdapacinorinica. Lasenfermedades son las
mismas giee las del mivel del mar pero con une fiscanmia
hipizica. El terming Ml de Monefs Crdnico (CME) ha
crepdo copfusien. debido a gue Gncleye enfermedades
palmonanes que ocasionan la eritrocitosis excesiva { EEL Esm
dhiima &5 up Eecankamo de adaplacin que incrementa la
capacidad de transporie deoxigenode la sangre, mxremenaedo
leek erspocizad. Bl efmind “desadaptacidna la alnam®, para log
pacientes con CME que rienen EE, parece inadecuadn y no
explica |z patagenetia. Enlos Andes Bolivianos porencimade
loes 300 m,, miles e pacientss son pordarss de enlemedades
tespiratorias ¢om EE. Con el acceso a ifcnicas de estudio de
la funciin pulmanar ¥ de bos gases on sangne més eficienies,
te hace mas evidemie que fa EE 32 deba o alguna alemcsn
wendilabaria o respiratoria. Los paciectes con EE muesinan
alieraciones en una o veris de los sigwenses: FYC: FEY.LS
FWC; FEF 25-T5%, vemidlacidn alveolar; Pal0E: shumis
pulmanarcs. venllacin no aneforme: TLC; CCITLE; OV
Vi, presidn amerind & radiografis de tdrax. Todos moestros
pacienes koiin us PaCO por debajo de 55 mmEHg. Enostos
pacienies hay wna tzedencia & que el b2malccrio aumente con
la edid {f =0.35) citabilizdadoio alrededor de bos &0 afos de
eded, Tambidn se encancrd uns relazidn myesm entie gl FVC
{¢ = 000} ¢com el hematesrig. Em conclusidn, el mal de
mamafiy crofen e uny adapenciom a la Biposas, Sebhide §
enfermedad en B alium, (Acte Andina 1996, 5:3-8)

When the first French medical books translated
into Spanish, arrived in America, physicians studied
medicine at high altitudes and compared the signs
and symptoms of permanent residents with similar
sea level illnesses. Treatments followed sea level
guidelines. Clinicians making careful observations
noted that at high altitwde the normal inhabitants
and their pathology had differences worthy of
clarification. In 1928, Monge described an ilingss
that he called high altitude erythremia, defined by
markedly increased red blood cell levels (REC).
Initially he linkensd it 1o Vaguez-Osler's disease
[10). He later modified this concept, attributing
the disease to a loss of adaptation to high altitude,
suffered by some subjects, who surprisingly
returned RBC levels to normal upon descent to
normal sea level [9,8], This impertant discovery
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of illness at high altitude, is comparable to the
observation of physiologic polycythemia in
normals at high altioude by Viault [12]. Further
reports, improved by quantity and quality gave
more details of the characteristics of the disease,
given the name of chronic mountain sickness
{CMS), Monge's disease and more recently,
excessive erythroeyiosis (EE) [11,6]. At sea
level, patients with cor pulmonale and chronic
tissue hypoxia, also have been found to have
erythrocytosis.

With time, patienis at variable altitudes were
studied, and it was concluded that adaptation is
more difficult with higher altitudes and faster
asceniz [4,13.5]. It follows that one must
consider the adaptation of normal man and that
of the diseased man, since acute adaptation is
much more dramatic and dangerous than
chronic adaptation.

Inthe Bolivian Andes, where large populations
live above 2000 m, pulmonary disease with EE
is present in thousands of patients. With the
arrival of improved pulmonary function and
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blood gas equipment and with improved clinical
experience, it seems (o the authors more evident
that EE results from some respiratory or ventilatory
alterations. Our report substantiates this theory.

Materials and Methods

Patients with EE who consulted us for treatment of
cardio-pulmonary disease or because EE itself
turned them cyanotic . were studied from 308 cases
diagnosed as having secondary EE, 10were chosen
randomly and cardio-respiratory function studies
were performed (Table 1) at High Altitude
Pathology Institute (IPPA) in the city of La Paz, at
3600 m(PB x = 495 mmHg). The 10 patients were
all male, born in and residents of this area. Control
studies of patients'EE, age and pulmonary function
studies for larger groups are also described.

Hematocrits were determined using the
microhematecrit technique, Forced vital capacity
(FVC), forced expiratory volume in 1 second
(FEV.1) and forced expiratory flow (FEF) were
obtained with the use of a Purittan Bennett Remac
adapted through an analog-digital conversed 1o a
PC. previously calibrated with a 3 liter syringe.
Expired ventilation (VE) was obtained in a Tissor
during 5 minutes and expired samples were analyzed
along with blood gases in a Radiometer model
MEK2Phm Acid-Base analyzer.

Fubieta-Castillo and Zubieta-Calleja

Carbon dioxide production (VCOs) and oxygen
consumption (VO:) were calculated using
standard equations described elsewhere [2).
Alveolar ventilation was calculated from VOO
and alveolar CC; tension (PACO:), that was
sampled by the end-tidal method and analyzed
in the same blood gas machine. Hyperoxic
testing using the same method was performed
where arterial oxygen tension (Paln) was
measured from a blood sample taken from the
radial artery at rest. Inability to achieve a Pa0):
‘above 200 mmHg was considered as an intra-
pulmonary shumt. Nitrogen washout curves
using the same Remac, were analyzed for
uneven ventilation, where the slope of the
alveolar plateau greater than 0. 2 was considered
abnormal. Blood pressure taken at rest in the
supine position was also recorded in order to
associate possible reno-vascular disorders, The
chest x-ray was siudied in each case.

Results

In table 1, shadowed results identify
abnormals in 10 patients with pulmonary
volumes below 90% of predicted. Alveolar
ventilation below 3000 ml/min/'m? and arterial
oxygen tension (PaO:) below 56 mmHg were
considered abnormal for this altiude.

NM|Ht | FVC| FEV.1] FEF| VA | FaOZ | FaCDZ| SHUNT |UNV| BF. | X-Ray
g | % PR} % PR | % PR| mimin/m2| mmHg| mmHg | Pa02 wiO2| Slope| mmHp ;

FC|71| 132]| 120 0 | 109/80 :

FG | 67 0.1 | 120/90

ET |72 0 101 3535 0.1

CV | 78 20 a3 2.1 [ 110/80

DB| 77 101 26 0.1

RL|69| 97| 103| 118 0.07 | 120/50

1C [72] 100] 10a| 96 3 200 | 0.1 [139/84

LP | 83 210 120/90

I | 61 230

HR|65| 93 95 3252 250 | 0.1

Table 1. Excessive Erythracytosis in 10 randomly chosen from 308 cases reveal pulmenary or blood pressare anomaly (shaded
arcash. MM = Name. Hi = hematocril, FYC = forced vital copacity, FEV.1 = farnced expired volume in | second, FEF 25-
T5% = focced expirnfory Flow, VA = alveolar vensilation, Pai? = amerial cxypen leasion, Pa002 = anerial carbon dioaide
tersion, SHUNT = PaOR reached during breathing 100 % oxygen, UNV = uneven ventilation skipe from nitrogen washou
curve, B.P. = Blood Pressure, X-ray = chest x-ray, % Pr = % of Predicied

The existence of confluent nodules, scars,
opacities, interstitial fibrosis, and patchy shadows
on chest x-ray were considered abnormal. Age

distribution in a large group of miners with EE
compared to0 normals are shown in fig. 1.
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e layaare
Fig. |. Percentage distribution of ages for 129 miners
with ervihrocyiosis types A & B, 393 miners with
erythrocytosis type C and 1739 miners with no
erythrocytosis at 3600 m. (From Zubietaet. al. Revista
de la Acadernia Macional de Ciencizs de Bolivia 1985)
i15).
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Fig. 2. Correlation between hematocrit and age in 35
pateents with EE.
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Fig. 3. Percentage of sbnormals in pukmonary funciion
testing in |7 patients with EE

The tendency to increase EE with age in 35
patients with EE is shown in fig. 2. In fig. 3
abnormal pulmonary function tests are shown in
17 patiems. FVC and RV/TLC in relation to
hematocritin 17 and 15 patients respectively are
depicted infig. 4 and 5. The correlation between
Pa0: breathing ambient air during hyperoxic
tests in EE patients with pulmonary shunt is
shown in fig 6.
0T
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Fig. 4. Relation between hematocrit and FVC in 17
patients with EE.
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Fig. 5. Relation between the radio RV/TLC
obtained from the nitrogen washowl curve with the
hematocrit in 15 pasients with EE.
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Fig. 6. Relation between the pulmonary shum
determined by breathing 100 % oxygen at 3600 PR
= 403mmHg. and the P202 breathing ambient
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Discussion

Previous studies (15,16, 14] in 2263 patients
with silico-tuberculoss, with eviden: pulmonary
lesions, whose diagnosis was based solely on
the physical exam, chest radiology and increase
of RBCs; showed 5.7% with severe
erythrocytosis (types "A” & "B"): > 7.5x 108
GR and 17.45% with moderate erythrocytosis
(type "C") > 6.5 x 10%and < 7.5 x 10°GR.

They all had the same characteristics typical
of "chronic mountain sickness ", that is, over 40
years old and overweight (fig. 1) [14,15].

With respect 1o the relation between
hematocrit and age in 35 patients with EE there
s a tendency for the hematocrit to increase with
age(r = 0.35) witha plateau at around 60 years
of age (fig. 2), showing the adaptarion to
disease without reaching extremely high levels
of the hematocrit. Multiple observations were
made by ather authors [7].

In another group of 17 subjects with 2 mean
hematocric of 70 + 6.43%, the resulis of
pulmonary functiontesis below 90 % of predicted
are shown in fig. 3. The greater percentage of
abnormals corresponds to the relation closing
volume/vital capacity (81%), which merits
further observations and analysis,

Fig. 4, confirms the observations of other
authors of lower FVCs and larger hematocrits
[6.7]. A further observation is that there is an
inverse relation berween RV/TLC and
hematoerit in patients with EE (fig.5).

A direct relation (r = 0.45) was obtained
between pulmonary shunt determined by
fiyperoxic tests, expressed as the Pa0: reached
while breathing 100% oxygen and the PaC
while breathing room air (fig.6).

From all this data it canbe appreciated that the
EE is due to some form of pulmenary funciion
abnormality. Adequate technology and
experience in chest x-ray interpretation is
required. All 10 subjects have a low Pa0:, with
or without COq retention.

It is evident that pulmonary lesions of any
OTIgin, give rise toanaccentuated erythrocytosis,
depending on the severity of the lesions, the
altitude, and time of residence at altitude, with
an awareness that some subjects are more
susceptible than athers to this accentuation. On
the other hand, obvious lesions although not
exiensive on the chest x-ray, may create
pulmonary shunts evidend during pulmonary
function wsting, and cause & severe I, anributed

1o ventilanon-perfusion mismatch in lobes or
segmenis of the lungs. Analogously, lesions
that preserve pulmoenary vessels, create shunts
that are more erythrogenic than the ol
destruction of the bronco-alveolar and vascular
structure. This leads us to propose the theory
that a lobectomy of a compromised lobe, may
eliminate the hypoxic stimulus to the kidney
and therefore overcome secondary
erythrocytosis.

Chronic diseases at high altitude, are the
same as those at sed level but with hypoxic
physiognomies. When the term “chronic
mountain sickness” was originally coned. it
created confusion because it included diverse
pulmonary diseases that have an increased
hematocrit, which is amechanismol adaptation,
that increases the oxygen transportation Capacity
of hlood. In the patiems suffering from
"chronic mountain sickness™ with EE. seems
inappropriate and does not explain the
pathogenesis of this chronic disease. In our
experience, it is always due to some form of
pulmonary, cardiac or renal disease, improperly
diagnosed at high alitude. Accordingly. the
terms secondary erythrocytosis.excessive
erythrocytosis and increased polycythemi [1]
have been created for diseases whose eticlogies
areclearly identified, The Cudkowicz s¢ientafic
mission o La Pazin 1971, which we witnessed,
studied 20 patients with CMS. In our opinion.
all of them had pulmenary disease [3].

Therefore, it is important not 1 loosy
perspective, that adaptation of the human
arganism to changes in armospheric pressure

and hypoxia are remarkable, both for normal
subjects as well as for the diseased

We helieve diseased persons have a slower
and more progressive adaptation than residents
of high altitude, and we shoutd not consider
this a “loss of adaptation™. On the contrry
they are well adapted o withstand even advanced
degress of their disease and its hmitations
the hypoxic enviromment of high altinede

Acknisw ledgensent
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HORMONAL CHANGES IN HIGH ALTITUDE RESIDENTS
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ABSTRACT

The fiponsc al fenin and aldosterone is smemmicd under
acuts and chranic expoaure o high altiude (HAS; the rebexse of
abmal nsrivrete pepide (ANF} in sea bevel (SL) ratives i alzo
modilied. Modats sre available m A cosidents inwhom ingrcased
1ntal blood vobame and the palmosary aneris] hypenesssn may
influgeee the hosmanal release. Twenty four men rexding ai 3600
+ Z(im, La Paz, were included either in a normoecythenic group
"HAN"® {hematocnt, Hi <3T%. n=|3] or in & polycvihesnic
group “HAP® (Hi>57% . a=11). Acontrol groupol S1L revidents
was ghadmd in nodmoxEa “SLNT and el 4.350m “ELH". Plasma
sctive renin, abdnsterome, ANP, potassiem and serepinophring

Cisfigennmtions were meassned o resd znd afier s masimal exenciag
Pulmonary smery pressuse was assessed by Deppler af rest,

In SLH, renin and sllosicrone wene blunied, and ANP was
isnchanged.

In heghlanders, the fensn response was nommal in HAN bug
decreased in HAP, The exercie-mduced merease in aldosicrone
wan lower im HA natives than im0 S5, nabves. The cosrclagion
Bitweni reminamd aldosierose abiderved in 51N and HAN was noi
found in the gromp HAP. A proleciive mechsniim apasnst waler
and salt retention i polycytbemic subjects may be evoked . ANF
m highlanders was lower than n SL natives. Lower ANP in HA
resndents in spite of hagher pulmaonary peciisfe could be am
sdapeation o chronic distepsion of smal sreich pecepinn. (Acta
Analenm 19946, £:0-11)

Keywonds: renin. aldesicrone, siral nsriusens poptide, cacroive,
pilmonany anenal pressire.

RESUMEN

La mespuesma de renina v aklomioroma oSt afesmada en B
exposicidnagisda v crinics & las granies aliutas; L liberacidn del
pEpco amial masiusdies (FAN) on nafivos de mivel del mar
mmbide u ercuedrs modificada. No existen datos disponibles
feSpecia a oifas hofmonas en mativos ¥ resdentes de grandes
alniras, em guicnes determiina eritrociiosis, saomenko de la masm
wanguinga ¢ hipertensidn amerisl pulmosar, son faciores que
poltncialmenio pucden modificar la s Hbercihn hormonal . S=
esnmdiaron 24 residentes de La Paz, Bolivia, discribuidas en 2
grapos sepin el hemamorio (Hi:“"HAN® normeocnémsicos
Hi<57%, ¥ “HAP® policisdmicos Hi>57%.Un grape de
residentes del nivel del mar coemisuyd of grapo comrol esnudisdo
en porrmaxis “S1NT, v en hipoxia a 4,350 m "SLH". Fucroa
medidas en plasma la renima, akloswerons, pepiido atrial
nalfmreido, nofadrenaling, dopamina v elecirodsos, en
sondicknes de repasn y despies del epercicio. La presidnarterial
jpulmsesar fud medida par Ecocardiografia - Doppler. En lnz
grupas HAN y HAF huba die la ronima ¥ aldosierona ¥
el ANE po se modificd. En los sujetos de alsors, b respissaa de
renima fud normal enel grape HAN pero disminuyd ened grupo,
Bl incremento de sldosieroaa inducida por ejercicio fiue menar
en os nativos de alosm gee en bos de nivel ded mar. La comrelacidn
enire renina y aldosierena chservada en los grepos SLN y HAN
nix g2 encostrdn en &l grups HAP. Pusde cvocarse n mecant me
projeciorcosom 2 resencifinde @iy ¥ rgusen sjeios palicnénsions.
La AN en majetas de alnsra fae meaor que en nstivas de nivel
diel mar, (Acts Andina 15596, 5; 5-13),

Palabras claves: remina, aldostenana, popedo afrial natrivndtico,
ejercicin, kipertenisdn anerial pulmonar.

High altimude hypoxia blunts the renin and
aldosierone response during acuie and chronic
exposure in sea level subjects exposed (o high
altitude (5,7.9,10,12). Acute mountain sickness
is associated 1o fluid retention with increased
antidiuretic hormone (16), aldosterone (2) and
atrial natriuretic peptide concemtration (3),
particularly inpulmonary oedema (1 1). Nostudy
is available in healthy natives residing above
3,000m.Chronic hypoxia might interfere with
these hormones since tissular hypoxia, greater
volume load secondary to polycythemia, and
pulmonary arterial pressure are factors that may
modify the hormonal release {10). In moderate
altinude natives, 2, 200m, the aldosterone response
has been shown o be decreased when subjects
were exposed to a more severe simulated hypoxia
(9,13).

The purpose of this work was to study two
hypotheses: (a) residents at 3,600 m show a

Adidress for corepandends:
135, And Marm Anlozana

AEP.E T4 rue Marcel Cachin 93002 BOBIGN Y CEDEX FRANCE

Phone: 33 || Fax: 33 | 42307777

persistent blunting of the renin aldosterone
system, and this could be an adaptive response
to chronichypoxia, or (b) the renin aldosterone
system is over-stimulated and impairs water
and sodium excretion, suggesiing a fack of

adaplation.

Methods

The normocythemic group "HAN"
(n=13,33 + Tyr), had an hematocrit <57%,
and the polycythemic group "HAP® (n=11,35 &
1oyry had an hematocrit > 57%. Subjects were
borm between 3,200m and 4,000m, and were
residing at La Paz most of the time (3,600m,
Pa=500mmHg). Polycythemic subjects were
not receiving any treatment. Arterial blood
pases, ventilatory mechanics and spirometric
measurements were performed in HAN and
HAP groups before inclusion to eliminate a
respiratory disease at the LB.B.A. A conirol
group included 8 subjects from sea level (35 +6
yr, 66+ 3kg studied in normoxia *SLN*, and
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after 4 days at 4,350m "SLH", at the Vallot's
Observatory, France(4,350m, Pe=450mmHg).

Blood samples were obtained at rest and at
the end of exercise. The samples were
centrifuged and stored in liguid nitrogen for
ulterior examination in France, Plasma active
renin was measured as active remin
immunologically recognized by specific
monoclonal antibodies according to the IRMA
technigue (14); sensitivity was 10 pg/l and the
intra-and interassay coefficients of variability
wered and 6%, respectively. Plasma aldosterone
conceniration was measured with a
radioimmunoassay (Aldosterone 11 RIA kit,
Abbot Laboratories). Aniline-8-naphtalene-1-
sulfate was used for extraction. Hecovery was
106.5%. Sensitivity was 61 pmol/l and the
intra-and interassay coefficients of variability
were 3.7 and 4.4 %, respectively. Plasma
immunoreactive-atrial natriuretic peptide was
measured by a direct radicimmunological
technique (7); sensitivity was 3.6 pg/ml with
rabbit antiserum, and the intra-and interassay
coefficients of variability were 6 and 9%,
respectively. Catecholamines were measured
by a high-pressure liguid chromatography
method (135).

Maximal exercise, performed in a
eycloergometer was limited by exhaustion,
Oxygen comsumption (v(:} was measured at
the end of each stage through collection of
expired gas in a Douglas bag. Expired volume
was measured by a Tissot Spirometer, and
expired O: and CO: concentrations were
measured by Servomex 570 A and Capnograph
Gould, respectively. Heart rate, systolic and
diastolic arterial blood pressure and oxygen
saturation were continuously monitored. Mean
arterial pressure was obtained as 2/3xDBP+ 1/
IxSBP.

Pulmonary artery pressure was assessed at
rest by means of a 2.5 mHz probe (4),
Statistical analysis was performed by analysis
of variance and covariance. Data are prescnted
as means + S0,

Resulls

Festing heart rate and maximal heart rate
were nof different between highlanders and
SLHM (Table 1). In SLH resting heart rate was
significantly higher than in S5LN whercas
maximal heart rate was lower. Blood pressure
did not show significant differences berween
the HA groups and SLN innormoxia; MBP was
lower inhighlanders at rest and during exercise.

Maximal oxygen consumpiion (VO:) was In:w:r
in highlanders: 3246 and 31£5 ml.kg-1.min-|
for HAN and HAP respectively, than in
lowlanders, 44 +4 ml kg-1.min-1 in MOTMOXLE,

Table 1. Hematological characteristics,
heart rate and blood pressure.

SLN SLH HAMN HAFP
Saln v aT=l AR 52 M i4
%) e %] o472 v Gl g4 = Oad =
Calr  rlB8+00 IE421.0 2.E:10 24.7%123
. el 5
Hif%) r 4413 4443
Hbfg.d1}r 145408 1503

L 5 ot v E o b
16,74 1.0% 196+ | 5%

HE r Ghe7 CIES R 5741 a7
fbpmi & I8Z2A  I6dE10**  IBEEI2 173+ 12
MEF ¢ 95t6 ] L E S Gi+R

(mmHg} ¢ 1398 12T&15 124 £12 122414

Yalues are mean + 500 : * p<=0.0%, ** p< 0,001 dilferesn from
ELN,

repesl, e=exercise. SLMN: sea level natives in normaoxia. SLH:
sea level natives in by poxia . HAM: higheliitude normocyibemic
natives, HAF: high aliffude polycyihemic natives.

Hh: bemoghabin concentration: 1t: hematocrit, 5002 axygen
sxluraiton: arterial oxygen comtent; HR: heart rate; MBP:

enean gysiemic bleod pressure,

Plasma norepinephrine concentration increased
during exercise in all groups (Table 2).
Highlanders showed higher levels of
norepinepring than SLN. but lower than
SLip<0.01).

Plasma active renin (PAR) decreased in SLH at
rest and after exercise. Resting PAR was higher
imhighlanders than in SLM; the exercise-induced
increase in PAR was lower in HAP (-43%) than
in the other groups (Table 2); the response of
aldosterone Lo renin was reduced in HAP as it is
shown in Fig. 1. where no correlation was found,
conversely to the three other groups. .

Tahble 2, Hormonal concentrations at resi and after
maximal exercise. maximal exercise,

—

8L SLH HAN HAP
PR ¢ W7 i B ® Ni%
ga! 0 BiW Mgl E3Ed - F 1]
B ¢+ XBiE1E Wt Mmimt ITEme
pE! 0 EEN ENEIE T B4 ML
Wy EtS Mim Wi7* Ml
T U R T T aptse 15
RE Pt M7 THEEM™ B2t QT
mer! o BEATR MTME1SBAT  MSSEEDS"  DBBAENC
BL +  EES Wi EAEE) EIES ]|
B Hild  HTiT MIETE"  TEERd

Valees are means + 5D = il B =ELsITicE,

s DU, **p < 0,00 different from SL, +p<0.05 HAP different
Fronm HAMN.

PAR:plasma acive senen. PAC: plasma aldasterone concenmiion.
ANP:plasma atmail satriret peplide concemration. NE. DA:
plagma norepinephrise and dapamens concenlrations.
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Resting and exercise plasma potassium
concentration was not different between groups
(SLN- 4.1, SLH:3.8, HAN: 4.4, andd HAP: 4.6
mmal.1-'). ANPwas lower in highlanders than in
SL matives: it was higher in HAP than in HAN.
In HA natives low ANP concentrations were
associated with higher pulmonary pressure, when
compared to SL natives (Fig. 2). Systolic
pulmonary arterial pressure al rest in SLN was
21+5mmHg, in HAN 26+3 and in HAP 30 £5
mmHg. There was a loose correlation between
ANP and pulmonary pressure in HAP (r=0.664).

g B & &

Frasma sidnatarons [pemol i)
E

Figure 1.-Correlation berween active renin and
aldosterone. The aldosterone response to renin is
significantly attenuated in the polycythemic group.

Msans & SEM

U | 0wl
v ; | & wal

KNP cencanintion (gl )

Figure 2.-Relationship between plasma atrial

natriuretic peptide (ANP) and systolic pulmonary

arterial pressure. Low values of ANP are observed in

HA residents despite higher pulmonary pressure,
Discussion

The purpose of the present study was o
determine the response of the renin-aldosterone
system and the natriuretic peptide under chronic
hypoxia. An attenuated response would account
for an adaptive phenomenon; an excessive release
of these hormones would account for a lack of

adaptation as occurs in acute mountain disease.
Comparisons of our results should be interpreted
with caution, since groups were exposed to a
different hypoxic stimulus: 4,350m for SL
natives vs 3,600m for bolivians.

Higher resting renin concentrations were
observed in four normocythemic subjects, and
in ane polycythemic subject; aldosterone levels
in these subjects were normal. Higher renin
secretion may occur when remal perfusion
pressure decreases, but mean blood pressure
was not lower in these subjects. Also
hypohydration and low sodium intake may be
responsible for increased renin and aldosterone
secretion (13.16) but this was unlikely in our
groups. A higher norepinephrine secretion may
explain a higher resting renin in those subjects.
Thehigher norepinephrine levels in highlanders
were within normal physiological ranges. A
blunting in the renin-aldosterone system was
observed in the 5L subjects exposed 1o 4,350
m; this agrees with previous studies (16,17). A
downregulation of peripheral beta-
adrenoceptors, renal beta-recepiors, secondary
to the sympathetic hyperactivity has been evoked
to explain this feature. Those residents from
group HAN who showed high levels of NE did
not show any attenuation of the renin system;
the correlation between NE and PAR was only
slightly decreased in HAN,

A positive relationship between renin and
aldosterone was observed in SL groups and in
HAN, but not in HAP. Higher resting renin
concentrations were observed in four
normocythemic subjects, and in one
polycythemic subject; aldosterone levels in
these subjects were normal. Higher renin
secretion may occur when renal perfusion
pressure decreases, but mean blood pressure
was not lower in these subjects. Also
hypohydration and low sodium intake may be
responsible for increased renin and aldosterone
secretion (13, 16) but this was unlikely in our
groups. A higher norepinephrine secretion may
explain a higher resting renin in those subjects.
Thehigher norepinephrine levels in highlanders
were within normal physiological ranges,
suggesting a blumed response of aldosterone
to the renin stimulation in this polycythemic
group. Besides a lower exercise induced increase
of aldosterone was observed in HAP. Faclors
which may inhibit the aldosterone secretion are
hypokalemia, simultaneous and great ANP
release, increase dopamine release and low
tissular PO: in the adrenal cortex (9,16). None
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of these factors could explain the aldosterone
attenuationin HAP, Nevertheless, alower synihesis
secondary to a lower tissue PO: in the adrenal
cortex particular during exercise could happen,
since an inhibition of 18-hydroxylase under hypoxia
has been described (16).

Resting plasma ANP concentration was lower
in highlanders than in SL natives. ANP release is
stimulated by atrial distension, increased central
blood volume, increased heart rate, hypoxia and
cold (19). Heart work, assessed by the double
product HR x BP, and work load were equivalent
in both SL and HA groups, so the intensity of the
exercise was the same. A rise in pulmonary artenal
pressure triggers ANP release during exercise
{1,3,11}; fertechnical reasons pulmonary pressure
was assessed only at rest. Moderate polycythemia
could also account for an increased blood volume
and for a greater ANP release in HAP when
compared to HAN.

In conclusion, renin was not blunted in HA
natives, The higher concentration of active rénin
could result from a higher sympathetic tone in
some subjects. A lesser exercise induced increase
in aldosterone observed particularly in
polycythemic subjects, could be interpreted as a
protective adaptive mechanism from water and salt
retention and central overload; nevertheless, a
decper adrenal hypoxia is not excluded. These
results are in agreement with those observed in
moderate-altitude residents (6), in which water
and salt retention are probably alse avoided by an
aldosterone blunting. The low values of ANP in
the HA groups in spite of higher pulmonary
arterial pressures could be due to an adaptive
phenomenon of overstimulated “arterial stretch
receptors. A progressive distension of these
receptors ab later stages could be associated to
higher ANP concentrations, desensitization of
peripheral receptors 1o ANP, and development of
pulmonary hypertension, with no more pulmonary
vasodilationand with impairement of renal function.
Studies including renal function, hemodynarmics
and biological markers are needed to better
understand the processus of decompensation in
some high altitude residents.
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TRIPLE HYPOXIA SYNDROME
ZUBIETA - CASTILLO, G. AND ZUBIETA - CALLEJA, G.

High Aliitude Pathology Institute (TPPA). La Paz, Bolivia.

ABSTRACT

Mlany puticres with excesdve eryilurocytosts (EE), with bematecrit
prester than 355, bal lower then 7%, apparently are nomal

They woek, play socesf, develop  imeflecual  activigies @nd
frequemly perfonm bemier than sedeniery onmal peopie (3300
mj. They requesi medicsl anentios, anly when they present
sy s semilar o those of acule mousdain sk ket (AMS),
such a3;  headacke, dyspnen nassea, lisirode and indigesion.

Without going higher they have been said o capenencs “sorm o
JAME) 1 bed”. They shew extreme hypoxia with a0 oxygen
aneral tension (P00 Bear Mimestg, withor withouthypescapna
aml a neamal of acidone pH. We have previously numed this
complication of EE, as the triple hypoxia sysdrome (TELS).
M 5 doe oo: 1] Wormal Bigh altide adapotion to hypoxia, [2]
EE byvpoxm (CMS) and [3] acune byposia ot can be reversed
by oaygen. The THS & simikar 1o "surviving™ on te summis of
Sl Everess. 1§ may Be cansed by virad tilechong ( iy ) &r
same cther aculy mespsralory didcass, wth malsise thel bass
several days without treaiment and typicalfy 15 revensd by 24
howrs af oaygen o Pad? baselsne valwes of  thesr chronic
candtion with EE. The diagnosia i imponan. sinds e THS
1% an wcwoie cansiiony oondition, that whes nol recognizod and
treated with oxygen can possibly lead 1o candiae, pulmomary or
cerehral compleations. (Acta Andina 1996, 5:15-18)

RESUMEN

Muchos paciemezcon ericrecimsis excelva (EE), coa hemstocnins
maynresa $5%, pero menoresde TOR apatcnicmeiie se denmolls
nomalmente. Trabxjes, juegan fdibol, v desamollsn soividades
inizleciales inclunn ¢ mejiics comdicioncs qus a8 perwoms
noneales sedenmrias de la masma  abtora (3500m), Elbas solscknn
mencidn médicy, salimenie cuando preseTiisn simomas similares
a bos del sopnjehi o mal de abuira, ks comno: cefaless, disea,
nxused, kswed o mdgestiin. Sin astender a b allura s dice que
sufren “sorogehi cn cama”™, Sus gases on SANErT MUCHan Calreina
hipanefms con iemiones parciales de oxigens {Pade], alcanmando
Ing W menHg, con o sin hiporcapeia, ¥ pH normal o acidosis,
Hemos denomarado previanends a esta complicacsin de |a BE,
caim sindreme de triple hiposia (THS), e cual se debe ala sama
de ks tfes sipaienies hipoxias: [1] hipoxia normal de slwra, [2]
hapaxia do la EE  [3] hipoxia aguda reversible despies de la
administraciis demporad de oxigeso . Ly THE se asemeja o
“snbrevivir” por encinm de la cima del monie Everest. Puede
deberse @ infecciomes virles (gripe) o slgues oira forma de
enfermedad respirmr aguds, cos malesiar que dura varios dias
sin casmienio ¥ Epicanenis 5 reviens san 24 hors de oxigens
awn Pall;  basal de s EE. Su diagndaticn s impomante, yva que
o THS e unrassarnn gpudo, que §i B of eeonecido ¥ nlsdo
Lo ﬁ|-|£-ﬂ# pisade levar o cosmplaacione s canbnces, pulmosaics
o eerebraled. (Acia Andina 1996, 5:15-18)

Mcrr-: than 10% of the adult population in the
Bolivian Andes, above 3000m, have increased
numbers of red blood cells (RBC), commaonly
described as increased polycythemia, secondary
ervthrocytosis or recently Excessive
Erythrocytosis (EE). This pathological entity
is secondary to pulmonary disease of various
etiopathogenesis associated with a low inspired
partial pressure of oxygen in hypoxic
environments [4, 13,14, 15]. It is well known as
chronic mountain sickness (CMS) or Monge's
disease [7,8,9,10] characteristically present in
patients of 40 vears or older, overweight, with
hypovertilation, low arerial oxygen ension,
low oxyhemoglobin saturation and cyvanosis
withor without COs retention. There are different
grades of this dizease, in relation (o the extent
of the pulmonary lesions and the individual
susceptibilivy. It affects natives and all races.
They work, play soccer, develop intellectual
activities and frequently perform better than
sedentary normal people.

Peripdically, these patients have aggravations
of their bothersome symptoms, which force
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them to consult a physician. The symptoms
include intense headaches, loss of appetite, nausea
and sometimes bleading from gastro-intestinal
ulcers or the nose. They look more cyanotic and
have to imerrupt their daily activities. In these
circumstances many physicians perform
phiebotomies, as the only therapeutic altemative.
Although controversial, it seems that the
phlebotomy temporarily alleviates the symptoms,
without an adequate explanation.

Previously, we have described the first case
and named it Triple hipoxia Syndrome (THS) a
complication of EE [2,12,13]. Here, we present
further observations in three cases at 3600m,
with an average barometric pressure (PB) of 495
mirnHg.

Cuse 1

Patient NPC, male 49 years old, born and living
in La Paz, (3600 m), weight 88.6 Kg, height 162
cms who three days before consultation caught a
cold, with malaise and headaches that interrupted
his work as a truck driver. Five years ago he had
similar symptoms but not as intense. Two
years previously, polycythemia was found in a
routine check-up, and phlebatomy was performed,
with no further examination or treatment.
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On physical examination, he was shghily
overweight, cyanosis of the hands, face, mucous
membranes and palpebral conjunctives was
present and he was able to walk around without
severe impairment. The face was swallen, the
skin dropsy and he was oliguric. His blood
pressure was 1607100 mmHg. The hematocrit
was T8 %, hemoglobin 25.4 gm% the RBC count
8.736.000 per cubic mm. The white blood cell
count was 5500 with 69% neutrophils, 29%
lymphocytes, 1% ecosinophiles and 1%
monocytes. The erythrocyte sedimentation rate
was [ mm, the first hour, Uric acid wasd mg%.
Serum protein electrophoresis
with albumin, beta and gamma fractions within

normal limits, but alpha 1 and alpha 2 were
slightly diminished. The urine analysis was
normal.

The electrocardiogram showed a small
increase in P-wave amplitude and a left posterior
hemiblock, typical of chronic cor pulmonale.
The chest x-ray revealed a discrete increased
hearth volume {+), pulmonary arch slightly
prominent and an increase of the bromeo-
vascular shadows. Vital capacity in BTPS was
5024 ml {normal expected), FEV.1/FVC was
81%. The ventilatory and blood gas values are
given in Table 1. PaOz before treatment was 20
munHeg.

|P|uz Wb |VE(BTPS)| AF | W1 | Pa0z| Pac0z] pH | Gaod |
= m % | mmin |fmin| mi |mmHg mmHg| art | wel®
A |HORMAL 54 | 160 8577 | 17 | 486 | S7 28 | 7.40 | 2087
B 'l"rh:llﬂﬁlﬂ 94 | 2.0 Boia | 17 | ary 45 31 | 7.34 | 2928
C Caso 1 G4 | 254 Bsos | 19 | a4T7 a0 gl raz | 1129
D |Case1w/D2 | 430 | 254 9733 | 5 | 1547 54 k| 7.0 | 036
E |Case2 94 | 25.0 BOS6 | 23 | 439 | 19 as | r.a | 1007
F |Cose2 w/O2 | 430 | 250 13535 | 29 | 483 CF] 26 | 747 | 3336
G |Case 3 84 | 254 6838 | 24| 288 | 47| 28| 7.40 | 2A05
(Case 3wz | 430 | 254 | 7e12 | 16| av5 | 188 | 27 | 7.37 | 3498

Tahble | A)Mean values found in normal sabjeces, B hroaic mounizin sickpes CE & G ases wilth THS in the agute phaso.
DnF & H Cases during the adminisiration of 100% oxygen while the shunt test is perfistmed: PIO2? = Farial inspired v gen
sension; VE = ventilstion per mimaie; BF = respiratery frequency: 202 = Pamal arterial axygen wasion; PaC02 = Partial
arteraal carbon disxilde iension: pH wafiermal pH; Cal2 = anerial ORYECA conbent, PR = 405 mmHg ar 3600 m,

Ventilation was 'measured during 15 minutes
collecting expired samples in a Tissot along with
radial blood samples for their analysis in a
PHmk? Radiometer acid-base analyzer. Prior
calibration followed  manufacture's
recommendations. Ventilation was repeated
having the subjects inspiring 100% oxygen from
a Douglas bag, during 5 minutes, Twenty four
hours following oxygen treatment through nasal
prongs at 2 liters/minute, the Pa0: breathing
ambient air returned o baseling values of 44
mmHg. Chest x-rays did not show any changes
after the oxygen treatment.

Case 2
Patiemt CGG, male, 63 years old, born and
living in La Paz, weight 924 Kg, height 168cm
was diagnosed as having increased polyeythemia
several years earlier. On consuliation he had
fever, vomiting, dorsalgia and pain in both
legs. One year before, he had a simila problem, and
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Fig I_. Triple Hypoxia Syndrome (THS), Pat)?
showing the three levels of hypoxia, Twenty four

hours of oxygen by mask reverse the THS 1o level
2

had o be hospitalized. On two occasions .
had had phlebotomies, the lasi ome s
hefore comsuliation. Four vears Delone e bod
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had an episode of gastro-duodenal bleeding. He
had never smoked. On physical examination,
his tongue was white and he had tachycardia
and cyanosis. His blood pressure was 174/103
mimHg. His hematocrit was 75 % with 8,400,000
RBC s and hemoglobin 25 pgm% . white blood
cell count was 9800, with 83% neutrophils,
15% lymphocytes., | Fbhands eosinophils. Urine
analysis showed shown in Table 1. protein 500
mg/dl. His Vital Capacity in BTPS was 4330ml,
normal expected, with a FEV. /FVC of 97%.
His blood gases are shown in table [ along with
ventilation stedies. He had Pa0:z of 19 mmHg,
PaCOz of 35 mmHg, pH of 7.31 and 2
saturation of 29%. His ventilaion siudies
following the same 1echnique described in case
one breathing ambient air and with [100%
oxygen are shown in Table 1. The
electrocardiogram with 125 beats/min showed
elevared P-waves, negatve T waves and left
posterior hemiblock. He received oxygen al 3
litersimin, The next day his Pad2 without
oxvgen was 35 mmHg and the day after 41
mmHg, when he was discharged Nao
phlebotomy was performed, and his chest x-
Favs remained unchanged.

Cuase 3

Patient GAC), was a male, 37 vears old, 51
Kgs weight and 157 cm wll. He felt dyspneic,
and had headaches. He had been diagnosed as
having pulmonary tuberculosis |6 years before,
and received adegquare treatment, Onconsuliation
he was dyspneic and cyanotic. His ongue was
wlite and his blood pressure was 105/80 mm
Hgo. His chest x-ray had many nodular
callificcations and remained unchanged after
treaiment,

His hematocrit was 81 % with 9.072.000
red blood cells per mm. amd 27 gm%
hemoglobin, His white blood cell count was
5250 with 64% neutrophils, 2% band, 1%
eosinophils, 32% lymphocytes and 1%
monocytes. Urine analysis showed protein 350
mg/dl. The electrocardiogram showed an
elevated P-wave, with leflt ventricular
hypertrophy. His vital capacity was 3709 ml
fnormal expected) with a FEV. I/FVC of
74% His blood gases were: pll=7.35, PaCO:
= 32 mmHyg and Pa0: = 47 mmHg with a
colculated O Satwration (530 of B2%
Following 24 hr oot ygren therapy, his pH refurned
(0 738 and Pa: increased to 52 mmHg ( SaO:

AT 5% ), at room air. Ventilation resulis are

Discussion

These patients have symptoms similar 1o
those present in acute mouniain sickness {AMS),
which are headaches, loss of appetite, nausea
and malaise [5.6] with the absence of
respiratory alkalosis instead hypoventilation
and a tendency towards acidosis. The
syndrome resembles the ascent of a normal
subject to altitudes above the summit of
Mount Everest, where the PaO: is near 28
mmHg[11]. Hence the name "sorojchi (AMS)
in bed”. The low levels of Pad: near 20
mmkg reached by some, can only be explained
by the increase of oxygen content in the blood
of these patients with hematoerits above 80% .,
Al sea level, such intense hypoxemia would be
classified as acwte respiratory failure [1] and
would be treated in an intensive care unit [3].
Acute respiratory failure is not evident in these
umbulatory patients athigh altitude. The normal
pH of 7.4 in one of these cases shows the
remarkable capacity (o compensate acid-base
equilibrium in chronic hypoxia. Although the
iriple hypoxia syndrome (THS) was initially
described as having a hematocrit of 80% or
meore, normal pH, PaCO: of around 30 mmHg
and a PaCh of 20 to 30 mmHg [12], further
observations show that different patterns exist.
The acute lowering of the PaD: appears to be
the most significant finding. In some cases, the
pH has been observed o be below 7.34 and the
PaCOy above 32 mmHg, as in case 3.

The symptoms seem 1o disappear fallowing
the administration of 24 hours of 2 liters/min
of oxygen by mask. The PaO: returns to
baseline valees of their chromic condinon with
EE.

Further study is required o analyze about
the possibility that the hematocrit increases
acutely during THS, which may be probably
atributed 10 hemoconcentrztion. It later
decreases by approximately 4%, following 24
hours of oxygen therapy,

We believe that this acute transitory
condition, ocurring with scasonal or
climatological changes, coincides with influenza
epidemics, or some other acule respiratory
ilinesses usually of viral origin, evident in all
three cases. The Triple Hypoxia Syndrome is
due to the addition of the 3 hypoxias: (1)
Normal high altiude chronic hypoxia, (2) EE



18

Zubieta- Castillo and Zubieta-Calleja

hypoxia ({CMS) and (3) acute discase hypoxia
{Fig. 1). The third hypoxia is an essential cause
of complaint in patients with EE and reversible at
the same altitude after 24 hour oxygen
administration, avoiding unnecessary
phlebotomics frequently used.
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PHYSIOLOGICAL CHANGES RELATED TO RAPID ALTITUDE

SHIFTS IN LA PAZ, BOLIVIA
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ABSTRACT

[ o i bowl shaped mpography of La Faz, Bolivaa the
residents of the city are cosstandly changing aiinde from 3106
EnElers, N B cHnmem residenial area s 4100 m w1 El Alms, an
wppet indugirial coly and asrpsar arca. 1n endes 8o accois candio-
respiraory alteratoss occusring witl rapid alliude chanpes, 15
splddiers |average age = 19 years. Weight = 53907 Kg.. Height

= (5 om), residents of El Alto (3000 mi, wers exzmined in a
sl umil equipped with a cosnpoienzed candin-venilamey
apparatis. Following calibmtion of the venilaiory apparunss,
il after |5 minstes of rest, over the pextf howrs, mbgects wene
connedtid via mouthpiece 1o a one way flow wvalve for 15
minutes. Expired pas was collecied in Dowsglis bags. The
chctresarndiogram was monimred wich 3 saralapd cheat leads

Finger oximeiry was recorded. Blood wes drawn for amerisl
pazesamabyies, These were amlyzed b 36008 wath & Radsometcr
Hioa] Gas MEE pH. The same procedure was repeated the noad
dlay v desent to the foress of Arasgeez (31HHF m), Sauration
s from 8T K + 2 83% w9147 + |.40% dp2 .01} Hear
rge changed fram 72,3 4+ 10, 2w 68,3 4 7. %ip< 5] beats par
mimsie. Alveolsr ventiflanos (BTPS) dimsaished feom 7,007 £
B2EE mil eo 6,197 + 544 ml {p< 05). Oxygcn conmimmiion
preaily increased from 172 £ 5o I00 & 43 pilnms (p< 0015,
Carbon dioxide productios did not change ssgnificantly 266 £
41 2% po 243 4 33 enlimin. The eospiratosy Qooticnt diminished
frans 1.5 oo (L8 Ameral panial oxypon seeaion (Pa0j mcreased
from 54 & 2 T 64 & 6,33 memlig dp=< 0003 PaCOuchanged
from 33 & 2.2 10 34 4 1.57 |p= .05} The pH decreazed from
T3 & D036 wn TIM] 20335 (p< OLL. This rescareh
demnansirates thal whon patienis are anaiyzed in o candio-
palmeonary kaborasory after they descend or ascend m i, the
change inaltinsds nmest be considersd e meipretstion of msults,
Rapid altiude shafes in La Paz, force resilents s constanily
wdapr, prosducing respis ey 3¢ iasis en descom within the ciry
Choia Andina 1996, 5:19-22)

RESUMEN

Dichidio a & ogegrafia msantaiosa de la ciodad de La Paz, Bodivia,
was fedidenlos estin constantements cambaandi de ablwra
trasladindose enire foa 3100 m de la zana residencial a ks 4100 m
encl Alto y el aeropueno. Fars valoris las alicraciones candio-
rexpiratorias que ccuiren debido a estos cambing, 15 soldados
{edad promedio = 1*};.&:.!_1:.:_141 = 5007 Kg., Talls = 165 cm),
rexidenns de El Allo (4000 m], se examinaron en wna ueidad mivil
cguipada con spaming comsputarizados. Despuds de |3 calfhracidn
del equips mignratono, los sujetos previo epasn de 15 minuos
fugfon comeciados medlinse una wilvsla bucal usadirecciomal
durssie |5 sinuing, cada eno. El gag espirado fue recolectado en
bolsas de Douglas y el efeciocand iog rama fus mondiorizado con 3
dervaciones precondiales smndard. registrada la oximerniade
dedo ¥ s meEmeon mescuras de gases en sangre amegial, o
Tumronaral zads em pse s kb iodio 2 2600 m con un Radiomeier
Blood ME2Z pll. El mismo pmcedimienms foe repetide 3l dia
sigusnin inmediaizmene despics & descenso al bosque  de
Aranper (I500 m). La mimracida de oaigens se clevd de K78 4
LEXaD] 4T £ 1. 40(p=< 001), La frecuencia cardizca cambid de
T & M2 abd)d + 79 (p< 04). La venlilacion abveslar
(BTPE) dismdennd de 7,117 4 1,232 nd a 6,197 4 S48 mi (p<
b B consuma de oxigenn s incrementd significativamanse do
172 £30 & 300 & 42 ml'min fp< 001). La penduccidn de
afihid sl carbdnico nocambid significativamenic de 266 4 43.23
& 245 + 32 paliwain, El cocnbe respimiomso dismiseged de 1.5 8
LB, La presstn parcial amemal de oxigeno (Pa07] aumenid de 54
270264 & 6,33 mm Hg (p< 000) La PaCOr casnbid &e 33
£ 1.2a M £ 1.3V ip< AE). El pH disminuyd de 7434 + 0026
& TA30 £ 0335 dp=< MM ). Bz investigeesdn demiicilia duc
suando los packnms son analizedos cn un hbanonn canfk-
pulitotar desples de descender o ascemdsr & la misima alium, o
cambio de alurmn debe wenprse en cwsnta en la inlempretacin de los
masultados. Los cambiog de alnimm brascos v eomitanios en bs ciudad
de La paz, obdigs a wus reshlentes a adaptarse constanseenenie,
produciendn scidesis pespleainda al descondeor, (Acta Andina
199, 5:19.22)

There are relared 1o acute exposure to hypoxia
of high altitude many study published in the
literature [6,5.2]. Studies at fixed points of
altitude of permanent high altitude residents
have also been performed [3,4]. However, high
altitude shifis of normal highland residents
have not been smdied. Nearly 1o 1 million
mnhabitants of high altitude in the city of La Paz
(3600 m), have adapted to the altitude and
varying topography constructing their residences
and places of work & altitudes varying from 3100
to 4100 m. Scme live in the residential areas in the
lower part of the city and work in the higher part of
the city then, they experience up 1o 1000m of
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altitude shifts daily and sometimes four times a
day since the habit of going home for lunch
persists. In order to observe the physiological
changes that constant altitude shifis at high
altitude impose on healthy humans, cardio-
respiartory studies were performed at both
altitudes.

Methods and Materials

A mobil camper-truck was equipped with
computerized cardio-respiratory equipment. A
Puritan-Bennett model REMAC adapted through
an analog digital converter to a PC was used to
measure ventilation during 15 minutes, through
a mouthpiece one-way flow valve constructed in
our laboratory with a noseclip. Afier 1/2 hour
warm-up, calibration was made with a 3 liter
syringe. Barometric pressure was taken from the
military airport located at the First Brigade of the
Bolivian Air Force in the Alto at 4005 m. with a
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barometric pressure {PB) of 478 mmHg. Filteen
soldiers with age (19 years + 1.55 5.0, height
of 165 cm + 6.46 and weight 59.07 Kg. 4 7.42,
were observed following 15 minutes of rest.
Expired gas was collected during 15 minutes of
ventilation in Douglas bags and later after being
appropriately mixed by flushing a disposable 60
ct plastic syringe, a sample was collected in this
syringe. We had previously checked that these
syringes were able 1o adequately store expired
samples for days. Simultaneously; ECG
monitoring was completed with 3 standard chest
leads hooked-up to the same computer. Earlohe
oximetry was performed with a portable NONIN
oximeter Model B500. Arterial blood samples
were taken from either the radial or humeral
artery while the subjects were lying down. The
observations were done during a 6 hour span.
Blood gases and expired gases were analyzed in
our laboratory at 3500 m in the PhmK2 Acid-
Base analyzer of Radiometer, properly calibrated
according to manufacturer’ s recommendations.

The following day the same procedure was
repeated in the same group of soldiers an
descent to the bosque of Aranjuez (3100 m),
Statistical analyses was performed caleulating
averages and standard deviations in a PC with
the software statpro and probability was
calculated using paired and non-paired studen's

fest. -
Resulis

Table 1 shows the average and standard
deviation of heart rate, blood pressure and
ventilation valees at both altitudes.

Alveolar ventilation (VA) was calculated from
Va = VOO/PACO: = (0.863, where VOO:
Carbon dioxide production. Tidal Wolume (Vi)
from VE/RR where VE = Expired ventilation/min
and RR = respiratory rate. Dead space volume
(VDS)was derived from Bohr's equation, Fifieen
goldiers were observed and any observation with
systematicerrors were left out and hence the
number of chservations (n) varies.

HAR_|BF Syst  |BFDiast] RR | VE VA i VD |

- - fmin mmHg | mmHg | /min| mUmin_| ml/min mil mi

-1 EL ALTO = 15 15 15 15 15 14 1% 14
4005 m X=| # 1050 Bh.4 189 | 129448 | 71176 GED.G 3098
Fb = 471 mmHpg =| 1018 13.55 G564 | 373 | 260708 | 132553 | 970G 58T

ARANITUEY nm 15 15 15 15 15 11 11 11
40 m X=| 6833 1035 66.8 17.2 | 130317 | 61928 THe 4168
Pb = 324 mmH SD=| 790 287 6B7T | 349 ] 211672 | 8B333 | 110.12 56.17

P <05 NS NS | <05 NS <.] < {1 NS

Table 1. Heart rate, blood pressure and ventilation changes in both altitudes. HR = heart rate, BP Sys1 = systolic
blood pressure, BP Diast = diastolic blood pressure, RE =Respiratory rate, VE=Expired ventilation (BTPS},
W Aom Alveolar ventilation (BTPS), Vi=Tidal volume, YIS =Deadspace.

STPD
[ SAT | pH | PaCOl] PaO2| PEOZ] PECOZ | VOZ | VOOZ | RQ |
% mmH | mmHg] mmHg | mUmin | mimin [

[EL ALTO 0= 15 14 14 14 1 ] 14 14 18
4005 m Xem | 878 |74M) 225 | 4 | T 179 1725 | 262 | 156
Pb=4TImmHg) SD=] 283 |oo2s| 220 | 279 [ 225 | 195 3059 | 4323 | 016
ARANJUEZ | n= 15 1 1 1 | 14 14 1 11 1l
3140 m X=| 915 |72 242 | 64 | ™ 164 | 3007 | 2454 | o0g2
Pb = 524 SDm| 141 |0034] 157 | 633 | 294 | 176 | ©272 | 3252 | oo

p | <001 | <001] <05 | <001| NS NS <00l | NS <001

Table 2. Ventilatory and blood gases changes in both altitudes, SAT= Oxygen saturation, PaC02 = Arterial carbon
dioxide panial pressure, PaO2  Arterial oxygen partial pressure, PEO2 = Expired pas oxygen partial pressure,
PECOZ = Expired gas carbon dioxide partial pressure, VO2 = Oxygen consumption, VCO? = Carbon dioxide

praduction, RO =respirstory quoticn.




Physiological changes related to rapid altitude shifts

Table 2 shows the average and standard deviation
of the respiratory parameters and blood gases.
Carbon dioxide production (VCO:) was
calculated from VE * FECO:, where FECO; =
Fractional expired carbon dioxide. Oxygen
consumtion on (VO:) was derived from the
classic oxygenconsumplion equation.

[Macussion

Previous studies of normal values of residents
in La Paz, have been made considering the city
of LaPaz as one point and relating its values o
g level or mountain regions near La Paz [1].
To our knowledge, no studies have been made
in normal residents within the same city acutely
exposed to altitude shifts. La Paz residents are
constantly adapting and shifting to a relative
environment of hyperoxia or hypoxia. The
city's paved roads permit the ascent of close to
1000 m in 1/2 hour. The airport is located at the
higher part of the city at 4050 m.

We found that the heart rate change from 72
to 68 was significant at the 05 level. VE,VA
and VDS did not change, however changes in
Vi and RR were significant at the .01 and .05
level, respectively. Arterial oxygen tension
{Pa(:) and carbon dioxide tension (PaC0:z) and
Oxygen saturation (%SAT) increased
significantly, as expected. The decrease in
ventilation upon going lower was confirmed.
However the most important observation in our
stuchy dealt with VOn. It s striking to observe a low

Air Force base (4005 m) altitude for these
soldiers, and correspondingly the respiratory
quotient was quite high {1.56). It seems that at
this permanent altitude people consume less
oxygen, Their physical capabilities, were not
measured in this report, but are known to be
excellent because as a military group they are
constantly involved in conditioning exercise,
On descent, their VO: increased significantly
p< .001) o 300 ml/min, although their VA
diminished, and they maintained a similar
VOO: and therefore lowered the RQ 1o 0.52.
Finally the pH diminished significantly from

21

7.434 10 7.382 {p< .001). This is the opposite
reaction forman on rapid ascent, where respiratory
alkalesis develops because respiratory
adaptationis inmediate but metabolic adaptation
iakes several days.

The same phenomenon is observed in this
study, although inverse i.e. respiratory acidosis
i produced by going down 1000 meters. This
implies that the inhabitants of La Paz are
permanently changing from respiratory alkalosis
to respiratory acidosis, and wviceversa. It is
surprising to many visitors, that such a large
population could have settled at this altitude.
This observation should be taken into
consideration when we draw blood for gas analysis
in patients if they happen to come from the higher
or lower pans of the city. Although they should
adapt to the POz of the altitude of the lab, the pH
value may tend towards a respiratory acidosis or
alkalosis.

References

1.-Cudkeowicz L., Spielvogel H. and Zubieta G.
(1972) Respiratory studies in women at high altitude
{3,600 m or 12,200 ft and 5,200 m or 17,200 ft).
Respiration; 19: 393-426.

2.-Kayser B.(1994) Factors Limiting Exercise
Performance in man at high alitede, Ph. D. Thesis.
University de Geneve Press.

J.-Leon-Velarde F. ¥ Arregui A.(1993)
Hipoxia:Invessigaciones Basicas y Clinicas. IFEA-
UPCH, Lima, Peru.

4. -Medicina de la Altura.  Actas  del  quini
congresa nacional de medicina de la altura. (1992).
Consejo Nacional de Ciencia v Tecnologia, Lima,
Peru.

5-Ward, M.P., Milledge J.5. and West
J.B.(1989) High Altitude Medicine and Physiology.
University of Pennsylvania Press.

6.=West J.B.( 1984} High living: lessons from extremes
altitude. Am.Rev. Respir. Dis; 130: 917-923.



Mu-mdi?:::tm: 23-30
Copyright '©) 1996 by The Instioso de Investigaones de 1 Akurs - U P.CH.

Val. 5. N1
Printed  in Peni

THE LIMITS OF PERFORMANCE AT HIGH ALTITUDE
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ABSTRACT

The wmensicy of masimum exeroiss involving a large masce
mass that an scclhimalized bowflaslder can sewakn ol alessds i
reduced compured woosea level. In foci, exerciee is sinpped
befone the appearance of biochemical siges of peripheral fasipoe
Do possible hypaihesis explai the redwction of ¢lasical
hischemicyl siges of fabges s the muscle wiier echauitive
exsrciee ot high abtinide coukd be that ceniral fatigue, induced
by a maximally itressed  respimmiory system, would  possstdy
limit  soch exercise with brge muscle groups belose dheir full
potenisd s eliciied. lappears thal 0 cosdralled  laberwiory
conditions at 5050m the musculsr apparsius by isell remain
in good condition asd is principle capable for wark . This scems
i bie the case only when o small muicle mass |5 seoaied.
Exhaustion tme of dynaniis fors amm work mde denocal abicloin
{mavimsn) load (s the same af sea leveland altifude. and similar
signs of peripheral meascle fakipue develap befoge exhauston
& reached. By costrast. (or skmilar exhsustion time, the shsoluis
maximam cycling load mainmined ai 3050 s " 20% |lower than
al sea lowel. Furthermose, while exhsamion during leg excmie
st sca level is accompanded both by biochemacal asd
electromyographical signs of peripheral fatigue, thas s net e
case af high altitude. Thus, at aliinsde, cenimal ruther than
peripheral  fuigus limis exbowstive exercise carried out wilhi
large muscle groups, Such mechaniss could . &l kas pamially,
caplain the decreaied sccummslstion of lactc acid im blood s
scclumatized subjecis during exhaustive  exercise athigh alenede
i~ *lactase parndox’ jand may repreient & possible serategy for
preserving vigal resparasory fanctions feom failuncat alinde.
Indeed af Migh aloude, the diaphragmatic comributios
verslamon during exerciss af the sams relative lpad decreases
with me. This secms 0 be doe wduphngmie faigie,
which hypotherically may contribute b exercise lmittion a
high aMiesde, although other mechsnisms, like decreasimg
vaygen availability af the lovel of tse cemiral nervous sysicm,
may slso play a role o Hmiting e daration of exhaustive
gxercise in condisom of chronic hypohane hypoan. (Ada
Andina 1996, 5:13-30}

Keywords: exercive, lcticachd, muscle, fasgue, altimde,
duaphiragm

RESUMEN

La imserpidud del ejercicio miximo, comprometiendo una mas
mmscular grands, que mn sujein pusde wosener oo b slnnm el
reducida. En realidsd, el gjercicio s= imerrampe anies gue apare:-
can bos signos bioquimicos de fafiga periférica. Una posible
hipdteii pars cxplicsr b reduceabnade ks ckisk: os signos becgalmicos
de [aciga en el mebscaln despues del gyercicio exhaustivo £n |a alnem
podria scr qac ba fatiga contral, indsida parun sisems respindons
puiximamene estresado, podia posiblemende limitar tal epercicie
con largnd gnepos ovesculares, anles que se cvidencie s plena
potencial . Parece s que bajo condicianes de labarsorio costro-
ladas a 20%0m ¢l spamio muscular en &, permanece en bosnas
comdicsanss ¥ en principio apto para tabagar. Esie parece scr &
case solo cmndo uma prpecda mam musctdsr es activada. El
themp e agetasnicnia de rabajo dindmicn del antebren 2 idéntca
catga absoluin {mdxima) e el mismo a aivel del imaf qee on la
sl y los signos de fatiga mascular periférica se presenmn anies
e s llepue ol agonimienio. En comrasie, par tiempos simidares
iz s poizmiznie, b cargy mitima abenlut en la biciclels efgamerrica
mantenida o $050m ¢4 "10% mas baja qee o nivel del mar. Mis
atdn, misnira ¢l agoamisnio damnie el cjercicio de piomas a nivel
dﬂmﬂumﬂqﬂ.ﬂupﬂrl‘mbﬁqﬂ[ﬂ.ﬁlrmmiﬂlﬁkﬂ
de faiiga perifierica, o3¢ no of ¢l caso en la Alum. Por ko tmo,
¢n Ea altora, ol agomamiznto cemiral en vez de penf@nco Emiss o
gjercicio exbausrivo llevado a cabo en grandes g rupas musculares.
Tal mecanisma podria, por lo mesos parcisimente, explicar |a
drminlds scurmeslicidn de doido Licton en la sangie de Jos sujgmos
sclimatizados dursnie el ejercicio exhaustive en la alours (heite
parsdaz’) ¥ perds fepreicntas |a posible estrategia pam evitar ka
falls de las funciones respirviosias vigales en la alnra. Bn la sloars
ba contritescidm diafragnitica & la ventidacsin dursnte el ejercicio
a |la misma cargpa relatva disminuye con el bempo. Exo pareces 367
debido o farigs diafragendtica. que hipodéticaments puside contri-
ir o 1a limstacidn del epcecicio en 1 aleara, a pesar de que otros.
mecanismos, conss of disminukr la disponibilidad de oxigens &
nivel nerveash conmral, puede jugar un rod en Bmitar la darcin
del mjeresci cxhsmnive en condiciones de hipozu hipotarncs
crtineca, (Acia Anding 1996, 5:23-309
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T he aim of this article is to briefly discuss the
so-called “lactate paradox”, i.e. the drastic
reduction of the maximum accumulation of lactate
in blood { [La] max ) during intense exercise
observed in acclimatized lowlanders at altitude
when compared to sea level.
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Lactate at altitude : the early observations

The first observations on blood lactate
{[La]) during exercise at altitude were made by
Dill et al. (1931). Ataltitude at a given work load
[La] initially rose higher than at sea level, but
after acclimatization reached sea level values
again. In subjects acutely exposed to altitude
Edwards (1936) also reported higher [La] levels
at sub-maximum power outputs but similar
[Lajmax. After acclimatization [La] levels at
sub-maximum power outputs had returned close
1o sea level values whereas [Lajmax had
decreased. Edwards thought that the decrease in
{La]max during acclimatization to altitede might
be explained by the reduced alkali reserve, by an
altered enzyme activity or by diaphragmatic
fatigue (Edwards, 1936). Cerretelli (1967) showed
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that the decreased alkali reserve at altitude indeed
shifts the slope of the line relating [H+]to [La]
in blood after exercise and he argued that a lower
intracellular pH for a given [La] could possibly
impair the activity of glycolytic enzymes like
phospho-fructo-kinase.

“The paradox

In 1986 West measured a PaCO: on Everest
of 7.5 Torr and calculated a resting PaO:0f 28 Torr
implying an even lower value during exercise.
Despite this extreme hypoxemia no [Laj
accumulation would take place when extrapolating
West's graph (adapted from Cerretelli, 1980} (Fi-
gure 1): “If this extrapelarion held good, a well
acclimatized climber who reached the summit of
Mount Everest withowt suplementary oxygen would
have ne blood lactate. This is a paradox indeed,
because such a climber is apparently more hypoxic
during maximal exercise than in any other known
situation’ (West, 1986). In confrast with this
prediction, during Operation Everest 1l (OE-II, a
simulated climb of Mi. Everest) it was observed that
exhausting exercise at a pressure equivalent 1o the
summit of Mt. Everest resulted in a small but
significant increase in blood [La] (Sutton et al.,
1988; Young et al., 1992),
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Figure 1:Maximal blood lactate (Lab) as a funetion of
altitude. Most of the data are redrawn from Cerretelli
al {1982}, The filled circles and triangles show data for
acclimatized Caucasians (C); the opencircle and triangles
are for high-altinede natives (M), Thedwa for $300m are
from acclimatized lowlanders. Extrapolation of the
linefine fo the horizontal axis suggeststhat aclimber
wha reaches the summit of Mount Everest without
supplementary oxygen will have no blood lactale
(from West, 1996).
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The term “lactate paradox” was
introduced by Hochachka{1989). He defined
it a5 "during incremental serobic exercize fost
to fatigue under hypoxic conditions they (the
Quechuas, South-American high altitude
natives) form less lactate and aceumulate it to
lTower levels than normoxic lowlanders'
{(Hochachka, 1989). After 6 weeks of
deacclimatization at sea level these subjects
were still unable to accumulate as much [La] as
lowlanders during fatiguing cycling exercise
and he concluded that it was therefore the
expression of a fixed metabolic feamre (" the
perpetual lactare paradox ). Recenily ina review
by Reeves et al. (1992) of data obtained on
lowlanders during OE-Il and in work carried
out on Pike's Peak, the lactate paradox was
defined at the situation ‘in wihich Moad lactare
acchiriulaiion during exercise is increased on
arrival at high altitude but falls wich
acclimarization’

Fecent  ohservations

The buffer capacity hypothesis was tested
at 3050m during exercize at V O:max, with or
without prior oral sodium-bicarbonate ingestion
(Kayser et al., 1993b). Despite normalized
buffer stores after bicarbonate ingestion at altitude
{Lajmax levels did not increase and exercise
was interrumpted with both muscle and blood
pH higher than at sea level. The hypothesis was
therefore rejected.

The muscle resting glycogen level seems
unaffected by chronic hypoxia (Green et al.,,
1989, Young et al., 1982). Upon arrival at
altitude a standardized exercise causes a glycogen
depletion greater than at  sea level. After
acclimatization the depletion is the same again
as at sea level (Green etal,, 1992). This muscle
glycogen sparing effect upon acclimatization
was atributed to a lesser B- adrenergic stimulation
of glycogenolysis (Brooks etal. 1991c)and toa
lesser dependance on intra-muscular glucose
sources (Green et al., 1992: Brooks et al.,
1992). In any case, a lack of muscle glycogen

stores does not seem to be at the basis of the
“lactate paradox”. :

. The activity of several glycolytic enzymes
n the vastus lateralis of climbers after a 6-8
week exposure to 5000-8600m was unchanged
compared to pre-exposure (Howald et al, 1990)
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which confirmed eartier results, including data on
total glycogen phosphorylase (Green et al. 1989;
Young etal. 1984). A slight decrease in phosphio-
fructo-kinase (PFK) activity at 4300m was found,
but that was explained as a consequence of a
changed glycolytic control rather than a cause
(Green et al. 1992). By and large, it seems that the
main regulatory enzymes of the glycolytic pathway
are not affected by chronic pypoxia.
But, since enzyme activity is measured on
hemegenized muscle tissue in vitro it can only
partially describe regulatory metabolic mechanisms
in vivo and the hypothesis that a modulation of
enzymatic metabolic control of glycogenolysis or
glycolysis may be at the basis of the "lactate
paradox” can not be ruled out. Indeed, even if total
muscle glycogen phosphorylase is not aliered at
altirude (Green et al., 1992;Young et al., 1984) it
remain possible that an increased activation of
phosphorylase "b" toits active form a, for example
during the initial phase at altitude when adrenaline
levels are high, may lead 1o increased
glvcogenolysis.

After 18 days acclimatization at 4300m a
decrease in the net lactate release from the exercising
legs was observed (Bender et al. 1989). This
decrease could be to a reduced production or to an
increased removal of lactate. Recently the net
rates of appearance and disappearance of lactate
and glucose at rest and during exercise at sea level
and at 4300m were determined (Brooks et al.,
1991b:; Brooks et al.;1991c; Brooks et al.,1992;
Green et al., 1992: Mazzeo et al., 1994). Infusing
isotope labeled lactate and glucose and sampling
effluent blood from the limbs these authors were
able, among others, to measure the net release and
uptake of lactate and glucose by the limbs. Acute
exposure to hypoxia would increase adrenaline
release, which would stimulate glycogenolysis and
glycolysis, leading to increased lactate release
{Brooks et al., 1992). With acclimatization
adrenergic drive would subside and the stimulation
of glycolysis would decrease. Indeed, B-blockade
decreased the amplitude of the effect of acute
altitude exposure on glycolysis, and blood [La]
during exercise was lower than in the control
condition, although still higher than at sea level.
However, it did not prevent m:pmgr:ssivcdmrtfme
in exercise blood [La] that accompanies
acclimatization to high altitude, although the
amplitude of the decrease was considerably less
{Mazzeo et al. , 1994). Thus, the "lactate ]:I‘l[l'idﬂﬂ-
cannot be fully explained by an alteration of
adrenergic control of glycolysis alone (Mazzea et
al., 1994).

During OE-11 at low barometric pressures

bicycle exercise induced exhaustion with less
biochemical signs of muscle fatigue than at sea
level (Green et al., 1989). On the other hand,
since nerve conduction velocity, muscle end-
plate transmission and muscle excitation-
contraction coupling appear not to be altered
by prolonged altinude exposure, the function of
the nevromuscular system does not seem to be
affected (Garner et al_ ,1991; Kayser et al.,
1993a, Kayser et al., 1993d). Bigland-Ritchie
and Vollestad (1988) hypothesized that at high
altilude central {neural) rather that peripheral
(metabolic) fatigue limits dynamic exhaustive
exercise with large locomotor muscle groups.
A maximally stressed respiratory system would,
via the central nervous system, limit the central
drive to large muscle groups before their full
potential is reached. Indeed, acclimatized
subjects at 5050m could sustain exercise with
a small muscle group at the same absolute load,
for the same time and with similar signs of
peripheral fatigue as at sea level, whereas
exhaustion of maximum whole body exercise,
although performed at a lower absolure load,
was reached after similar time but with no signs
of peripheral fatigue (Kayser et al. 1994). Al
altiude the diaphragm fatigues during cycle
exercise at 73% of V O:max (Cibella et al.,
1992:Kayser et al., 1993b) and could provide
an input to the central nervous system leading
to a decrease in central drive to the active
locomotor muscles. A recent experiment
performed at 5200m does not seem o support
this hypothesis.
Acclimarized subjects performed repeated
maximal isometric voluntary contractions before
and during exhausting bicycle exercise with or
without 4% inspiratory CO:. With added CO:
ventilation was higher, whereas the maximum
voluntary contraction force of the forearm
flexors at exhaustion was unchanged. The
authors concluded that no decrease in central
drive to the respiratory muscles or locomotor
muscles had ocurred (Savard and Saltin, 1991).
Thus, the origin of the signals leading to the
cessation of the central drive at exhaustion from
leg exercise at altitude remains unclear. The
respiratory and/or other higher nervous centers,
with or without contribution of the fatigued
respiratory muscles and/or of decreased arterial
Oh saturation, are possible candidates.
Mevertheless, the proposed mechanism of cen-
tral limitation is compatible with the absence of
signs of peripheral fatigue at the end of
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exhausting maximum exercise with large muscle
groups at altitude and with the lower levels of
[Lajmax.

A working hypothesis:
Acute hypoxin

Lowlanders exposed to acute hypoxia
react 1o this stressful event with increased
circulating adrenaline levels (Young et al.,
1989; Young et al., 199]1; Marzeo etal., 1991;
Mazzeo et al., 1994), This would stimulate,
through muscle B-receptors, the transformation
of phosphorylase "b” to its active form "a”,
thus increasing the rate of splitting of glycogen
o glucose monomers,

Since for a given level of sub-maximal
power output oxidative phosphorylation (i.e.
YWiO) would remain constant, through a mass-
action effect, disproportionate high levels of
pyruvate would result in a spill-over into lactate
formation leading 1o higher muscle and blood
[La] (Brooks et al,, 1991c, Green et al., 1989,
Green et al., 1992). During prolonged sub-

maximal exercise a new steady state would be
attained with stable but higher [La] levels than

in normoxia but the same V O:(Brooks et al.,
1992). Since maximum power outpul is
decreased, the maximum rate of oxidative
phosphorylation (i.e V Ouea) is also diminished
and [La)es is similar to that at sea level,
whereas for any given absolute sub-maximum
work rates, [La] is higher. As a result, glycolysis
appeirs to be slightly uncoupled from oxidative
phosphorylation (Green et al., 1992). (also see
figure 2},

Chronic hypoxia

AL altitude the maximum power cutpui
that can be sustained during whole-body exercise
reduced, possibly by a mechanism of central
fatigue. Since the energy cost of muscular
contraction per s¢ i5 not aliered by hypoxia, the
maximal rate of TCA cycling is decreased in
proportion. Thus, glycolytic flow into the TCA
cycle is also decreased, simply by mass-action
effect; and, if the coupling of glycolysis to
oxidative phosphorylation would remain
constant, [La] accumulation would depend
only on exercise intensity and duration, and on
the blood lactate removal.

It is conceivable that, in analogy 1o what
happens on lymphocyies for Bz-receptors as
well as in the heart for Bi-receptors (Richalet et
al., 1990), chronic hypoxia may induce a down

Bengt Kayser

WORKING HYPOTHESIS

rslEned

whols body

=
= } e
'T' aheryn L
|
jlatimulten cariral ilgue | —

/3

PN

mh:uﬂi

Figure 2.-A disgramatic representation of a hupothetcal
explamation of ke "lectate paradox” in lowlanders going
1o high altitude, The rddie panel shows that maximum
vhole-body cxercise capacity is decreased through a
mechanism ofcentral lamitation of te susiainable maximum
power output of dynamic exercise. The left panel explaims
why through the mereased adrenergic drive in acute
Iy poxia increased glyoolysis may sull lead w high maximum
lactate levels, be it i shown how in the scclimalized sate
acedressed glycolytic actvity i chronic huposi, coupled
o the decreased maxanum power oatpul, wouald lead 1o
near mrmal sub-maxemal, but kewer masimam ood
laciate levels, the latter heing the “laciate paradox”,

regulation of B-receptors also in skeletal muscle,
thereby diminishing the glycogenolyiic effect of
adremaline. Whatever the mechanism, in the
course of acclimatization, [La] values anained ar
sub-maximal exercise intensities decrease as
compared 1o acute hypoxia. Since the maximum
power ouiput that can be sustained and
consequently the maximal rate of oxidative
phosphorylation (VO nac) are decreased, [Lajmas
would also decrease and the "lactate paradox”
would be established. As a result, glycolysis
would appear to be more tightly coupled 1o
oxidative phosphorylation in chronic hypoxia
than in acute hypoxia.

Since, inacclimatized subjects exercising
in acute normoxia, the maximum power output
and the maximum oxygen uptake are increased
as compared to hypoxia, one also would expect
[La] was to increase. Grassi er al.(pers.comm.)
recently observed that [Laje. of acclimatized
lowlanders at 5050m does not attain sea level
values while breathing an oxygen enriched gas

mixture, confirming previous observations
(Cerretelli,

i e
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1980: Edwards, 1936). These results suggest that
the " lactate paradox” is not only dependent on the
rate of oxidative phosphorylation and that other
untknown regulatory mechanisms of metabolism

also play a role.
Lactate sccumulation in altitude natives

Also Sherpas, highaltitude natives of Tibetan
origin living in the Nepalese Himalaya, as well as
high altitude South-American Indians are
characterized by low [Lajss values (about 6 mM)
[Cerretelli, 1980; Cerretelli et al. 1982; Cerretelli
and diPrampero, 1985). Most research corcerning
adaptation 1o highaltiude in altitude native populations
has been conducted by taking scientific equipment
into the field and by studying the experimental
subjects in their habitat. Few observations were
performed on natives brought down to sea level
{Cerretelli, 1980; Cerretelli et al. 1982; Cerretelli
and diPrampero, 1985; Hurtado, 1932; Paz Zamora
et al., 1982). Hochachka and colleagues changed
the research strategy by taking six Quechua Indians,
borm and living essentially all of their lives at
altitudes ranging from 3600 to 4500m, to sed level
{(Hochachka, 1989; Hochachka et al., 1991;
Matheson et al., 1991). Among other results they
reported that the Andean natives also display the
"lactate paradox™ (Hochachka, 1989). In
lowlanders acclimatizing 1o high altitude the onset
of the "lactate paradox” has a half time of about ™5
days (Grassi et al., 1992). Upon retumn to sea level
normal [Lajes values are attained after a few
weeks, also with a half time of 5 days (Grassi et
al.. 1992), By contrast, even after & weeks of
deacclimatization the Quechuas were still unable
to accumulate as much [La] as lowlanders during
exhausting bicycle exercise (Hochachka et al.,
1991). Based on results obtained by M'P-NMR
spectroscopy they tentatively explained their
findings by a tighter coupling of glycolysis to
oxidative phosphorylation in the working muscle
of the Quechuas. Skeletal muscle of these subjecis
would possess characteristics similar to those
found in heart muscle (Katz et al., 1989). Such a
shift towards the "cardiac spectrum” would be
presumably mediated througha different enzymatic
control of aerobic glycolysis (Hochachka, 1992).

Tibetans born at low altitude (1300m,
Kathmandu,Nepal) from parents that came
originally from the Tibetan plateau {3500-3000m})
have the same maximum acrobic power, [Laje.
mechanical efficiency during cycling and t%: VO:-
on a1 “50% of VO: me when compared to a local
lvwland control group, indicating that the metabelic
response (o an exercise SIress, in particular lactate

F1f

accumulation  in blood, are similar in the
investigated groups (Kayseretal., 1994). Thus,
the "lactate paradox” is not present in subjects
that genetically are highlanders but that are
bormand living at low altitude. The presence of
the “lactate paradox” in highlanders born and
living at high altitude must therefore be an
scquired characteristic as it is for acclimatized
Caucasians. The fact that in the Quechuas it
does not disappear within six weeks of
sojourning at sea level is intriguing, but does
not nesessarily imply that it is a permanent
featire. It cannot be excluded that
deacclimatization over a longer period than 6
weeks would, also in Quechuas, increased [Lal
Max.

Conclusions

Since, at altitude, at any given whole-
body exercise intensity, mass oXygen ransport
to the contracting locomotor muscles is not
altered by the process of acclimatization, the
gradual reduction in [La] max in lowlanders
exposed to chronic hypoxia (i.e. the “lactate
paradox”) is not due to changes in oxygen
availability at the tissue level. At present it
appears that the "lactate paradox” is the result
of a least two mechanisms: a) a decrease in
maximum substrate  flux through oxidative
phosphorylation due 1o central limitation of
sustained maximum power output in hypoxia,
and b) alterations in the metabolic control of
glycogenolysis and glycolysis at the cellular
level. With regard to the differences in lactic
anaerobic metabolism  observed  between
lowlanders and highlanders, both groups being
acclimatized or not, these do not seem 1'|1n:1'vl'sli“1|r
to reflect points along the same continuum of
phenotypic adaptation of which the location
depends on the time spent at altitude. In any
case, the exact mechanisms at the base of the
“lactate paradox”, both in lowlanders and
highlanders, are still matter for further
investigation.
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BE DIAGNOSED THROUGH THE TONGUE?
ZUBIETA-CALLEJA, G.R., ZUBIETA-CASTILLO, G AND ZUBIETA-

CALLEJA L.

High Altinede Pathology Institute (TPPA). La Pax

ABSTRACT

High Alliesde Palmerary Exderma (HAPED 15 an acute il
with dramatic masifesations in the bang  thal alss affects all
sysiemi ofihe body. Hence, very carefisl obsenvatensane fequine
i dimepwge all af thes manifestations

i1 i our observariea tai patieits with HAPE frequenily kave
ulicery om B mnpue. The Mague appealt white with ome or maore
reddinh colored uloos that lave fough irregelar bonders. 18 is non
il andd without hiceding. The alteratioss of the emscoan of e
romgpae appear umilad b geographus longee. B s g be pelated]
w the seveniy of e HAIPE, ard deappears mapully sith axygen
prestment of e pudmonary edema

Over the past pwo yeun, we have seen béased of HAFE
al whom 4 presessed with jongue ulcers. The cther fea cased’
mmmhmmmﬂ have Tormed akises had they nog
veceived nxygen Merapy . The oagin of the ulcons o unknown.,
abthough it has been hypathesized b be mamilestation of viral
infection, asodised p peripheral vasoconsbishnn, amdior
dehydration, (Acia Anding 1996, 5:31.34)

RESUMEN

El Edema Apgudo Pulmomr de Adum (HAFE) 5 una
enfermedad con dramiricas manifesiacionss on &l palnstn, que
wmbién afects o corod siasemas. Por lo G@nio, &8 fequisren
phaervacsones cuikadnsas para descabsir cikad s eamienes.
Hemos eheerado que loa paciconies conn HAPE frecueniemsrile
tznenwicerss en la lemgoa. La lengoa sc presenta hlanca con una
o mid ulooras roisdas de borded irrcpulares. No exisie dodor @
sangrado. Esas alienciones de la mmonsa 38 [ lengaa son
semncjanies a b lengua geogrifica. Farccen exiar relacionidos
s by pravedad del HAPE, y desaparecen ripidansenie con s
I:!l.l:l.lm gl pdema pulmopar,

B los lilmas 2 ads, 5= ha chservado & casos ean HAPE,
de loa cuales 4 presentaban ubtoras en la lempua. Los odros 1
cusod, tenisn lengoas blancas y ex posible qua s no hubseran
mecibido ratamicmna, las deeras #e bubleran pusifesndo. E
origen de estas dicems es desconccado, A peval que s ha
hipobeiszado que c8 una enankfemsecldn de infeccidn viral
asnciada & vasoconsrnscidn perifenea yio deshidralacidn
[Acia Amling 1996, 5:31-34)

Hien Anitude Pulmonary Edema (HAPE) is a
well known illness that can occur on rapid ascent
to high altinude [1.3,6,7]. The pulmonary
manifestations are evident during auscultation
with the presence of rhonchi, rales accompanied
by pink sputum and a history of progressive
dyspnea over a period of one to four days after
rapid ascent to 2500-3000 m [l1]). The
hemodynamic characteristics have been amply
studied [11,4] and responses of the autonomic
nervous system in HAPE have been reviewed
(9]

To our knowledge, examination of the longue
in this condition has not been described elsewhere,
We present two cases with photographs to illustrae
this observation,

Cases

In the course of routing treatment of HAPE ina
|2 year old boy who had arrived 1o La Paz,
Bolivia ( 3500 m) the previous day after spending
|5 days of vacation at sea level, we observed the
previously described symptoms of HAPE. The
diagnosis was confirmed by chest x-rays. with

typical opacities

{ntrespmipading: austhiar:

i |||#r o hacta- Uk by IPPA La Chinica del |mdtihe de
Pasalisgia en ls Alum A Saavedra 202 Casills TRE2 La Paz,
Ehdlivia
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of a patchy distribution of edema in both lungs.
On physical examination the tongue appeared
white with two ulcers on the left side. (Fig. 1).
One was about 8 mm in diameter, medially
located with rough borders, a pink base, non
hemorrhagic and non painful to the touch. The
sccond uleer was 3 mm in diameter laterally
located with the same appearance as described
above.

Figure |.-Phowgraph of 1 ml'ue shiwing ren ulcers m a
palici withi HLAPE

The second case was that of a 43 year old man,
native to sea level who came (o the city of La Paz
{35000 m), and presented with radiographically
diagnosed HAPE that was treated with oxygen.
He presented with several ulcers on the tongue
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clinically.

Figure .- Pholograph of the tonpue showing mubiiple
ulcers  in another patien: with HAPE.

Discussion

The symptoms of HAPE include: headache,
nausea, anorexia, insomnia, cough, dyspnea
and production of pink frothy sputum. The
physical findings included diffusely located
rales thal may acquire an asymeirical patbern,
tachycardia, tachypnea, mild fever and cyanosis.
Laboratory analysis finds a mild leukocyiosis
in some cases. Hematocrit and hemoglobin may
be normal or increased. Chest x-rays show
opacities of a patchy disiribution, occasionally
appearing in only one lung [6]. The
electrocardiogram with inverted T waves in the
right precordial leads and a left shift inthe mean
T wave vector representing right ventricular
strain due to acute pulmonary hypertension has
been observed [10]. The inverted T waves have
also been attributed to myocardial ischaemia
secondary 1o hypoxia and were reversible on
descenmt to lower altitudes or by the
administration of oxygen [8].

Hemodynamic studies [2,4,10], show
pulmonary hypertension (PH), increased
pulmonary vascular resistance (FVR), normal
or decreased pulmonary capillary pressure
{PCP); and amarkedly decreased anerial oxygen
saturation (Ox Sat), not initially corrected with
100% oxygen. Pathologically, fibrin deposits
have been found at autopsy within the alveoli
and small capillaries, along with focal interstitial
myocarditis [5]. There also may be focal
inflammatory in the myocardium.

Zubieta -Calleja, et al
as shown in Fig 2. This case was more severe

Since our original description of tongue
ulcers with [12], we have been surprised to
find these ulcers in HAPE frequently.

Treaiment of the pulmonary edema is
accompanied by the disappearance of the
tongue. ulcers in one or two days. These
lesions should be looked for when observing
a patient under suspicion of having HAPE. If
present they may aid in the diagnosis,
particularly for non-medical mountain
climbers.

It has been hypothesized that due to their
clinical similanity to herpes lesions in the
mouth, the origin of these ulcers may be due
(o a viral infection.

As an aside, we have observed that if oxygen
treatment is interrupted while capillary blood
samples are being drawn from the earlobe of
patients with HAPE, the bleeding stops, but
is easily resumed if oxygen treatment is
reinstated. This may be explained by peripheral
vasoconstriction in the earlobe during hypoxia,
however farther investigation is required.

We speculate if vasoconstriction can partially
affect areas of the mucosa of the tongue,
producing the ulcers. The highly vascularized
mucosa of the tongue is also very sensitive o
fever, diet irregularities and dehydration
among other things. Further smudies are
necessary to define the pathogenesis of ulcers
on the ongue associated with HAPE.
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ABSTRACT

Some of the Macwory Ewalved in the conired of aliinkds

polvcythemia wero sudicd (0 en sbjecs (4 women, & menk
enpased for 3 wesks 1o eafeme altinde (8342 m). Blood was
willdfavwn m marmaxia (M), afber ose (K1), two (H2§ aod thres
{H3) weelks 516542 m, for the measssencst af serom enpleopaletin
(EPD, millimdy, bood hemoglobin {Hb, g.l'dl:l. hemasocrit (HL
). mim-eryihrocyte folale (FOL, ugd) asd plama fernin
{FER. up/l) concentrasons. Kenal absolute proxsmal reabsomition
e [APKE) were measured by the lidsem clearancg meghad, N
and H: comditions. Afier an initial sharp increase in EFO {(N: &
+ 2. HE: M2 £+ 282, meam + 5.0.), EPO decreascd at HZ (161
& 151) end M3 (174 4 2123, He and Hb increased fram 8 (43
LA 0T HI(S 26, 1572 2 ed H2{33 £ 7,
I6. 1 # 2.0 amd dhen decresed drom B2 o HI @% £ 7,150 +
2.5 Increase sn EPO mr Hi varied from 3 re §34-fold amoag
individuals, Two woneen showed o large incresse in EPO without
incfease in Hb. FER showed a issirked decreasg gn HI (H.1 £ 4.%)
asd H3 (9.2 =+ 3.K) as comparsd o N (25,0 + 24.5). Hb was
positively related o FER  in hypoag. Iron inmke (0 Sood wis
maskeuly docrcaied durisg the 2 weeks of ascent. before artiving
ar B342 e EPO was inversely refated 1o Callz  and posisively
relaied i APE. Tho incroase in His ar HY may have ressored the
auypen avaslabiliry in the kbdneys and redvced the fnsmation
of EPD. The decrease in Hb frons H2 1 H3, in spire of a high
EPD, may be dus 1o 8 chronicafly reduced sushssraie (ian)
avmibabiliy, as suggesied by the decrease in FER (avoured hy
5 bow mom  an ke, We concluds thar iherne 15 a groal
mieriisdividual varabiity in erythropoicsis roipofse @ EPQ
in hyposia, Factors imvalved b2 modalation of ibis
response inclode nusritboial and sex differesdics, ifon e
and pabulat fenction that determines O3 supply m renal
sensars responsible for EPO secreson. (Acta Andina 1996,
£:15.400

By wards: Bypoxia, eryihiropeiciin, beroglobin, folat_fermgin,
renal hiood Bow, remal mdmllar funcisan

RESUMEN

La higsonia de alnirs estimula 13 eriropoyeshs. Se essodianon
algecs d¢ los factores que inlerviensn en el congrol de la
poliglobulia de alusa ea doex sujessd (4 magjeres y & varomes)
Mi&ﬂmmmm.ﬁnmrwmum

en condicionss de narmaxia (M), deipods de ana (HI),
dos (M2} y eres (H3) semasas a 6,5%3m para desificaciin de
hemagiobing (Hb), hematoerit (HI), stieropoyeting sénica (EPO),
fearitina plasmiiica {Ferl. Somidhs la s de reabsareiln proxinal
ahsoluta [APR) medianie clearants de litio on las condichones W ¥
H2 EPD sumessd initaleswnic ¥ dismisised en H2 ¥ HI; e
incremenio varit de 3 a 134 veces gegin ko individoos, La Hb y
& Hr srenimme de Hrﬂn]lﬂ,rwﬂmdﬂmﬂﬂ
M2 & H3. La Per dsminuyd en Hi ¥ 13, El apone en hizme
dmimeyd suhvmncialmeme duranta |a sepanda wefrana del asocmsn.
En kas measjeres 5o observds el mayor aunsenio de EFOQ, ¥ e menor
iserememo de Hb y Hi Seenconind uma relecidae ieveria catre EPOD
v Collz, asi como ura relacida positiva entre EFD ¥ AFR,. El
paimenns de 18 Hi en H1 proda haber restituido b desponibilidad del
oxfgeno 8 nived remal, dismi la siniesis & EFD, La
dismsinocidm de 1s Hbde H2 2 W3, a pesar de niveles alos de EPD,
jpuede guplicanse por la reduccidn crimica del substrato (hierra),
coma o sugiers la dismswcion de kb fermidina. Exidic uma gran
varisbdlidad iscerindivideal de b respucsia Bemsopaydtica a la
EPD en hipoxim. Los faciores implicados en cita micdulicion
mcluyen diferencas sepin ol sexo, el es@de nuiriciomal ¥ la
resceva e hierro, ask coma la funcidn iubular renal, que delerming
¢l apone de auipeno & nivel de les ofielas remales producions de
EPD, (Actas Amdinn 1998, 5:55.48)

Palwbras claves: hipoais, eviiropyetina, hemoglobina, fodaio.
ferritima, Mugo sangzingo renal, funcidn subular repal.

Th: altitude-induced increase in the number of
erythrocytes isconsidered as the main feature of

human long term acclimatization to high altiude
[12:15:16]. However, the optimal range for
hemoglobin concentration at high altitude has
been questionned, at least in high a]tilch
natives [16:17]. The role of erythropoietin
(EPO) in the polycythemia induced by high
altitude has been studied in humans by various
authors [1,2.5.8,14]. EPO concentration in
serum increases as soon as 90 minutes after
induction of hypoxia [2], rises pmgr_tssmly
during the first 48 hours [1], then declines toa
lower level, but siill above basal normoxic
values [3]. To our knowledge, no aunmpl._nas
yet been made 1o better understand the various
factors involved in the human erythropoietic
response to EPO in high altinde conditions.
:ﬂ;:’rtrm Richalet AR P.E. 74 yue Murcel Cachin 93042
BOBIGRY CEDEX FRAKCE

Fanne ;33 1 48 34 77 57
Fax:331 43387777

Iron or vitamin stores were proved as essential
for a normal response to EPO stimulation in
other pathologic conditions associated with
anagmia, Renal hemodynamics or proximal
twbalar function may also interfere with EPO
secretion [4]. The sympathetic nervous sysiem,
activated by altilude hypoxia, interacts with EPO
production [6]. Most studies have been performed
in male subjects and no data are available on
hematological response of women at high altitude.
The purpose of the present study was to evaluate
the respective role of the above factors (nutrition,
kidney, sex), liable tocontrol EPO secretion and
erythrocyte production in severe altitude hypoxia.
Results were published in details elsewhere [13].

Subjects and Methods

Ten healthy subjects (4 female and 6 male,
aged 35 &+ 6, 27-44 yrs) participated in the
study during a scientific expedition to Mount
Sajama (Bolivia) organized by the "Association
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pour la recherche en physiclogie de
I"'environnement®. Nine subjects were sea-level
natives, one subject (woman) was native from La
Paz (3600 m) and was resident at low altitude
{Paris, France) for 6 years before the expedition.
All subjects were moderately trained and had a
previous experience of high altitude. They were
nonsmoking or occasionally smoking subjects.
Two subjects had vegetarian habits at sea level
(#2 and #3). Subjects were flown from France to
La Paz (3600 m) where they stayed 5 days , then
reached by car the altitude of 4200m within 3
days. From there, they walked and climbed for
10 days to reach the summit at 6542 m, where
they installed the laboratory and stayed for 3
weeks, without intense physical activity (Fig. 1).

Effectiveness of acclimatization was
evaluated daily by a clinical score of acute
mountain sickness (AMS) [13]. Blood was
withdrawn from an antecubital vein after a 30-
min rest in normoxia (M) and after one (HL), two
(H2) and three {(H3) weeks at 6542 m for the
measurement of serum immunoreactive EPO (125
I-EPO COATRIA, BioMérieux, France).
Hematoerit (Ht) and hemoglobin concentration
(Hb) were measured by means of a microcentrifuge
and a microphotometer respectively. Serum
ferritin concentration was measured in HI and
H3conditions, using an immunoradiometric assay
(RIA-gnost Ferritin, Behring, Germany). Food
intake was evaluated by means of a personal diary
where subjects wrote down all their food and
liquid intake during three consecutive days in
four conditions : normaoxia (N}, during the ascent
period between 4200 and 6542 m (HA), during
the first (H1) and the third (H3) week at 6542 m;
detailed results are presented elsewhere [13].
Renal function was explored by means of para-
amino-hippurate, inulin and lithium clearances
measured in N and H2 conditions. Methodology
of clearance measurements is presented elsewhere;
absolute proximal reabsorption rate (APR) is the
difference between glomerular filtration rate and
lithiumi clearance [13]. Arerial O saturation
(5a0:) was evaluated by ear oximetry, allowing
the calculation of arterial O: content {CaOx).
Values are means + 5.D. Statstical differences
between normoxic and hypoxic conditions were
assessed by an analysis of variance with repeated
measures. Linear regressions between increase
in EPC and various parameters were calculated.

A pvalue of less than 0,05 was considered (o be
statistically significant. '

Resulis

AMS was slightly felt by the subjects when
armiving at La Paz and rapidly disappeared with
acclimatization (Fig. 1).

Fig. 1. Ascent profile {Altinede, broken ling) and
mean score of acute mountain sickness (AMS score,
solid ling), N: normoxia, LPA, LPD: La Paz, arrival
and departure; LPBC: La Par to base camp; BC: base
carpp; Cl: camp | (3500m); C2: camp 2, (6000m);
51 1o 521: days at the summit lab (6542m), Ascent
period from 4200 (o0 6542m; HI, H2 and H3 : periods
of experiments at 6542m [Modified from ref, 13].

Maximal scores were observed during the
ascent, above 6000 m, and during the first4 days
at 6342 m. Scores progressively declined during
the stay in the summit. Severe hypoxemia was
evidenced by low values of Sa0: in altitude
conditions. After a sharp increase at H1, EPO
decreased in most subjects from H1 o H2 and
remained stable between H2 and H3, There was
a great variability in individual EPO response
to the hypoxia. In H1, EPO was 3 1o 134-fold
greater than in N condition depending of the
subject. As expected, Ht and Hb increased from
M to HI, then plateaued from H1 to H2 and
unexpectedly decreased in all subjects from H2
to H3. Sex differences were evidenced in the
hematological response to high altitude [13].
When comparing N and H2, women showed a
smaller increase than men in Ht (4 14 % vs 32%)
and Hb { +4% vs 24%). EPO decreased between
H1 and H2 or H3 in male but remained high in
female subjects during the whaole stay at high
altitude. Individual response to EPO s illustrated
in Fig. 2, showing for each subject the increase in
hemoglobin concentration at H1, as the physiologic
response of bone marmow to EPO,
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Hb response to EPO

HbH1 ! HbN
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Fig. 2. Ratio of Hbconcentration in H1 condition
owver Hb in nonmoxia, as a function of the same
ratio for ery petin. The variation from N
o H1, for cach of the 10 subjects, is presented
: fernale subjectsare # 1, 2, Band 9, [Modified
from ref.13].

The slope of each line, illustrating the
sensitivity of the erythropoietic response (o
EPO, iz variable among subjects: subjects #3,
5, 10 and 9 are "brisk responders”, subjects #8,
6, 4 and 7 are "moderate responders™ and
subjects #1 and 2 are "low responders”. The
four female subjects are #1, 2, T and 8. Serum
ferritin concentrations decreased from normaoxia
to HI and H3 by 71% and 67% respectively,
reaching values far lower than normal rangs
(Table 1).

Tabia b Hemadingoal para=etii: ol rolated BEMSAeE 08 LuUbEDRHG

P eBi H1 M Ml
Sady TP b LETFF M WY faa g R FRP g REPRE
o RELTN LR EE B o B paleT  akl g
L EE RN Y g agee g g ayeer B RET
L aa 292 i PP TR AL TN E o L
ks L ITRE T TR ] T i PidE 4 T+
Frievilin BEE o B E [EER T LL ' LER T
] i ok i Pa g d

Saliy: anensl owpgen sateration [}, HE hematsced (%), 1S hemogiakin
dantentimtion (pid). EPD seden eryirogaitin codcendtaSon (oled), NEp
|ppimily: maregifaghine. lewdn (T, plaema peoteis CORCERiTEtEs [gA].
Masn & B0, n=40, H1, HE or HY v soermanls @ =) 5005, ** paoll 5, wEe
pal 201 HE vs B % pel 08 HE we HE 0 g 000N

Ly}

Iron intake in food was markedly decreased
during the ascent period (HA), in parallel to the
overall food intake [13]. There was a significant
relationship between increase in EPO at high
altitude and decrease in Ca0ys; increase in EPO
wis related to the increase in APR (Fig. 3).

Nseussion

The alttude of 6542m was the most severe
hypoxic stress ever sudied in humans, with
respect to serum EPO concentrations. Very high
values of EPO were observed, due o severe
hypoxia evidenced by very low values of Sa0s.
They were higher, in most subjects, than values
obtained in alpinists after 2 to 4 weeks at 6300m
on Mount Everest [8]. As shown by the decline in
EPO during the stay at 6542m, the oxygen sensor
adapis (o the hypoxic stimulus by an unknown
mechanism. Different hypotheses can be evoked
o explain this decline in EPO: 1) a negative
feedback involving an effect of the hormone itself
on its production; 2) the existence of an inhibitory
factor of erythropoiesis [9]; 3) modulation by
factors progressively released in hypoxia
{adenosine, prostaglandins, norepinephrine, cyclic
AMP, free O: radicals). Stimulation of the
adrenergic system seems to enhance hypoxia-
induced EPO production by the kidney [6]. As
expected, norepinephrine concentrations were
elevated in hypoxic conditions, probably enhancing
hypoxia-indeced EPO production [6]. Thus, a
decrease in adrenergic activation cannot be put
forward to explain the decrease in EPO from HI
to H3. A down regulation of adenosine and
adrenergic receptors on the membrane of renal
peritubular
cells could be responsible for a decrease in EPO
production with prolonged hypoxia, as previously
shown in rat heart [7;10]. The inverse relationship
between the increase in serum EPO and CaO: isan
evidence of hypoxemia as a main determinant of
EPO production (Fig. 3).

The improvement in Ca0s due to acclimatization
could account by itself for a lowered hypoxic
signal to the O sensitive cells producing EPO.
High and low responders can be described . Subjects
with the lowest Hb response 1o EPO were two
female (#1 and #2). Altiude-induced modifications
in plasma volume depend on the accomplishment
of acclimatization processes: water relention al
high altinde may interfere with our results and
partly account from low Hb values in subjects
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Fig. 3. Increase in EPO from normoxic value as a
function of increase in arterial oxygen conent (Ca,
lefi: y = 3.40-2.6].x, r =-0.86, p=0.000], n=30]),
absolute proximal reabsorption rate (APR, right: y =
0.051 + 1.05.x, r =0.74, p =0.024, n=9)
{Ca=Ca02 for a simvplified presentation). [Modified
from ref. 13].

suffering from AMS [11]). Dehydration is not
likely to account for hemoconcentration since
plasma protein concentration was not modified
[13]. Decrease in Hb and Ht from H2 o H3 can
be due 10 4 decrease in bone marrow response o
EPQ: this resistance to EPO can be related 0 a
decrease in substrate availability as shown by the
strongly lowered ferritin content. The iron deficit
in a period of high demand is not compensated by
an increased iron intike in food and is parallel to
the well-known decrease in overall food intake in
hypoxia. The question of an optimal value for
hemoglobin concentration is raised. Wheneas
anaemia is considered as a contra-indication 1o a
stay at high altimude, excessive polycythemia (Hb
> 23 g/dl) in high altiade dwellers is detrimental
[16;17]. The optimum Hb at altitudes above 5000
m would be in the region of 18 gidl [16].
However no systemalic siudy is available
whichcorrelates a wide range of Hb values with
AMS or physical performance. In the present
study, the two subjects with the lowest mean Hb
values (#1 and #2) had the highest mean AMS
score (Fig. 4).

In the range from 14 o 18.6 g/dl, no relation
seems to exist between Hb and AMS. It can be
concluded that a minimum value for Hb is
necessary for a good acclimatization { > 14 g/dl)
and that no beneficial or detrimental effect of
Hb increase can be observed when Hb is lower

i, fimit for
e . gesd lolerence

mean AMS score
=

MR
mean Hb (gidl)

Fig. 4. Mean AMS score plotied versis mean value

of hemoglobin concentration in H1, H2 and H3
conditions. [Modified from ref. 13].

than around 19 gfdl. Pre-expedition serum
ferritin levels might be determinant for a
normal erythropoiesis during altitude exposure.
A control of this parameter should be done in
;LI:IJ;IEEIE. especially women, preparing for a
1

altiude expedition and an iron suppletive
treatment proposed if necessary. A minimal
prior serum ferritin value of 50 ug/dl could be
proposed as a safery limit [13). Gender
differences here observed may be related o
lower iron stores, classically observed in
women., None of the four women suffered
from excessive menstrual bleeding before or
during the expedition. Two out of the 6 men
showed low ferritin concentrations before the
expedition (8 ug/1); one of them is a vegetarian.
Whatever the sense of variation of APR with
altitude exposure, this parameter is well related
to EPO production (Fig. 3). This close
relationship is in favour of the presence,
inside or in the neighbourhood of the proximal
tubule, of Ossensitive cells the stimulation of
which determines EPO production [4]. Kidney
function, which has been scarcely studied in
altitude hypoxia, may thus play an important
role inmodulating onie of the major components
of acclimatization of humans w hypoxia.
Extrarenal O: sensitive mechanisms involving
nervous or humoral factors could also accoumt
for the good correlation between Ca0): and
with sub-chronic AMS, EPO would remain
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elevated, as an index of chronic tissue hypoxia,
We propose that persistent high EPO can be
considered as a good marker of unaccomplished
acclimatization to high altitude.
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ABSTRACT

We are led at least teniatively to conclude from
this analysis that O2 sensing and signal transduction
pathways are critically involved.

(iJin the regulation of acute changes in ATP
[UIMOVEr rales in response Lo increasing or decrensing
oxyeenavailability {or to change in work and perfusion
rates),

{iilin the regulation of imermedise term
responses 1o hypoxia (such as EPO biosynthesis, ofos
and cinm activation, of suppression of gluconeogenic
pathway eneynies).

{1i)in the regulation of longer term responses (o
moderate hypoxia (for example, up regulmion of
tissue mitochondrial volume densities, of oxygen
carrying capacitites, or of oxygen elficient metabolic
pathways), and

{iv)in the regulation of long lorm responscs o
extreme hypoxia{for example, down regulation of
tissue mitochondrial volume densities, adjusiments in
pnaerobic/aerobic metabolic capacities, or adjustmems
in oxygen efficiency of metabolic patvways).

Perhaps even more evident than the above 15 the
conclusion that oxygen sensing, signal transduction,
and expression pathways in metabolic adjustmenis o
hivpoxia are still largely unexplored, especially in the
comparative field. Although current models for
coupling 02 sensing to regulation of ATP wrnover arg
still & long way from being complete or confirmed,
they are, in principle, useful and attractive for several
reasons: (ijhey can account for the often observed
relationship between VOQ and perfusion, (iiphey
develop a mechanistic basis for 02 conformity (VO2
varying with [O2] or with O2 delivery) ower hroad
concentrations ranges usually very much higher than
the Km for 02 for mitochondrial metabolism, (iiithey
supply a mechanism for coordinate and near-
instantaneous regulation, upwards, of all components
i ATPase and ATP symibuess pathways with change
in 02 availability, (ivithey supply a mechanisiic
explanation for up or down regulation of ATP wrmover
rabe wath mimmal change in concemdrations of
intermediates in pathways of ATP wilization or af
ATP production, and (vithey display interesting
potential for sirmegic transfer to clinical situations,
because they scem to be generally applicable 1o most
tssues, Whereas furm::hnhvm readons these models
may be useful, it is not yet clear whether or not they
will tuen out to be correct. For this further research is
clearly required.{Acta Andina 1996, 5:41-56)

RESUMEN

Podemos tentativamente concluir a partic de
edle andlisis que Las vias sensoras v las de trans duscidn
de las sefinles de oxigeno estin criticamenis
involucradas cn las sigwientes funciones:

(i} en la regulacion de los cambios agudos cn las
tasas de recambio de ATP en respuesta al aumento
o dismimecion de la disponibilidad de oxigeno (o
cambio ¢n las tasas de trabajo v perfusion).

{i1) en la regulacién de las respuestas intermediarias
ala hipoxia{como ta biosintesis de EPO, laactivacidn
de gfos ¥ ¢fun, 0 lasupresitn de las enzimas de la via
Bluconeogénica)

{iityen la regulacion de Fas respuestas prolongadas
a Ia hipoxia moderada { por egjemplo. el "up
regulation” de las densidades voluméiricas
mitocondriales, ajustes en las capacidades
metabdlicas anserdbico/zerdbicas, o ajustes en la
eficiencia de las vias metabblicas).

DQuazis, aon alpo mis evidente es la conclusidn
gue el sensor de oxigeno, latransduccidn de 1a sefal,
v las vias de cxpresidn en los ajusics metabdlicos a
la hipoxia odavia no han sido explorados a
profundidad, especialmenie c¢n el campe
comparativo. Aungue los modelos cormientes parael
acoplamienio del sensor de oxigeno a la regulacion
del recambio de ATP atn no han sido confirmados,
ellos son, cn prncipio, Otles ¥y atractivos por
diversas razones: (i) pueden dar expheaciones a la
refacion frecuememente observada entre VO2 ¥
perfuseon, (1) peeden ﬂcmnlta:laﬁhaﬁﬂmﬁmm
para la conformacion de 02 (vanacidn de Y02 con
la 02" o con la cntrega del 02) sobre cangos
amplios de concentraciones psealmente mucho mas
altos que el Km para O2 para el metabolismo
ifocandrial, (il ) propoTciomam un mecamEsT pars
la regulackin coordinada v estrecha de todos los
componentes en las vias sintéiicas de la ATPasa v
AT con bos cambiog en la disponibilidad de 02,
{iv) clios proporcionan una explicacion para el
“down " ¥ “up regulation” de la thsa de recaantio de
ATP con cambios minimos en las concentraciones
de los mermediarios en las vias de wtilizacion &
ATP o de la produccidon de ATP, v (v} muestran
inicresanie potencial paralatransferenciaestrabégica
a silvaciones clinichs, porgue parecen ser
generalmente aplicables a muchos wejidos. S1 bien
para (des razenes obvias.csios modebos pueden ser
utiles, afinno esti claro siellos serdn correcios. Para
ellose requigre de ulteriores investigaciones. . (Acta
Andinag 1996, 5:41-56)
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Introduction

A short ime ago, two Canadian adventurers
in Mepal were asked to assist in a rescue
operation; a climbing team caught in a storm
and on its way down from the peak of Mt
Everest was in dire straits and its location was
uncertain. Along with three Sherpas, the
Canadians were assigned the task of trying to
locate the climbing team's position from a small
plane. When the plane reached about 3000 m,
ane of the Canadians (unacclimated 1o alttude)
put on his mask and began breathing
supplementary oxygen. AL about 4000 m, the
second Canadian (who had been at altitude in
Nepal for some weeks and was thus acclimated)
did the same. The plane continued to climb,
then finally began circling the peak of Mt
Everest at altitudes over 9000 m; they circled
at these altitudes for approximately an hour, but
al no point in the reconnaissance did the
Sherpas bother to put on their masks and breath
supplementary oxygen, so well wned were they
tor life under chronic hypobaric hypoxia.

This anecdote, in a nut shell, describes all
three aspects of human hypobaric hypoxia
problem which form the basis of this paper. In
biology, it is almost axiomatic that the response
of organisms to varying [O:] depends upon the
time available for the adaptation. Most studies
in this area concentrate on the way bioenergetic
processes are organized in response o O
availability and, traditionally, the literature
recognizes three categories (Hochachka and
Somero, 1984): (1) short or near-instantaneous
response, (i) intermediate 1erm or acclimation
response, and (iii) long term or adaptational
response. The boundaries between these three
time courses are not rigidly defined and may
vary between cells, tissues, and organisms. For
example, very soon after anacute response toan
hypoxic stress is stabilized (with appropriate
adjustments in On fluxes to aerobic pathways of
metabolism), the cell may activaic or silence
batteries of genes in order 1o begin orchestrating
longer term backup defenses agamst extended Oz
limitation. Although in wive it may take days o
weeks (o reach a new steady state, the entire
process is included in the term acclimation the
important point to bear in mind 5 that in
response (o imermediate time courses of exposure
(acclimation times of hours 1o days o weeks),
cells and tissues are able not only to adjust
overall ATP urnover rates, but they can also
reorganize pathways of ATP demand and supply
{hy selective activation or repression of specific
genes) 5o as o improve funclion (or improve

chances of organismal survival) under hypoxic
conditions, Populations exposed tohypoxia over
phylogenetic ime (generations) have even greater
cell-level adaptation options in terms of
maximizing survival chances under chronic

hypoxia.

Although the empirical effects of short,
intermediate, and long term exposure to hypoxia
are extensively described, innone of this literature
are the roles of O: sensing and Oq signal
transduction in metabolic adaptation and
regulation emphasized; indeed, they usually are
overlooked. In this paper, we shall mainly focus
on recent developments on the roles of these two
processes in acute and acclimatory responses o
hypoxia; however, we will briefly consider their
roles in long term metabalic adaptation as well.

Our recent analyses of short term (essentially
instantaneous) responses to varying availability
of O arose almost by chance in the context of
evaluating metabelic regulation concepts
(Hochachka et al, 1991; Hochachka and
Matheson, 1992; Hochachka , 1994). Our
evaluation led to several conclusions:

(i}For over 30 yvears mewabolic biochemists
have been searching, without success, for
metabolite signals which might aceount for large
scale changes in ATP wrnover rates in tissues.
Muost current metabolic regulation theories are
based on feedback and feedforward control loops
where substrates and products serve to activate
or inhibit key enzymes in pathways of ATPu
tilization or ATP production; ADP and Pi age
often central 1o these models (Balaban, 1990;
Connett, 1988; Connett and Honig, 198%; From
etal, 1990; Funk etal, 1990; Kushmerick et al,
1992, Nioka et al, 1991, Rumsey et al, 1990).

{1i)A major problem, not adequately addressed
by the above regulation models, is that for many
enzymes in pathways of ATP utilization and of
ATP synthesis, there is a notable absence of large
changes in substrate or product concentrations
during up or down regulation of ATP mmover
Fate. We argue that this leaves effective enzyme
concentration as the regulatable parameter. In
this view, the traditional roles of metabolite
copcentrations changes are modified and are
assumed 1o play fine uning regulatory funcrions

ather than major on-off switching functions
{Hochachka and Matheson, 19939,
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Hypometabolism means masking of catalytic
potentials.

{11i)At this time, only one metabalite "signal’
-oxypen delivery - correlates directly with
{upwards or downwards) change in ATP urnover
rate and since its regulatory effects clearly occur
at concentrations well above the apparent Km for
mitochondrial metabolism, it is postulated
{Hochachka, 1994; Thurman et al, 1993) that an
O sensing system must be involved in transduction
of the O: signal and in regulation of ATP
turnover

{iv)0: sensing and transduction mechanistic
details are not known; howewver, two key
conditions (near instantaneous transmission to
all parts of the cell and near simultaneous activation
of multipe enzymes in pathways of ATP umover)
must be satisfied for this kind of control 1o be
waorkable, Finally,

(vpA parsimoniows model satisfying these iwo
critical constraints assumes that O: signal
transduction is coupled (presumably through a
secondary signal or signals such as Ca+ + jons)
to changes in the physical state of the milieu
which changes accessibility of enzymes to their
substrates, in this way unmasking otherwise
"latent’ catalyiic power (Hochachka, 1994). Our
appreciation of these special functions for O
arose from recent siudies intwo different lines of
research - both pointing to the possibility of such
rales for O: and O: sensing systems in regulating
aerabic metabolisim.

Metabolic Repulathon “l_':qu:'n:s [l'_'lx:pgm' ﬂcﬂuing

The first of these two study lines initially was
concerned mainly with hypoxia acclimation (not
acute responses), specifically with hypoxic
stimulation of erythropoietin (EPO) synthesis,
and this work simultaneously may have exposed
auniversal O:sensing sysiem. Earlier studies had
already confirmed the ocurrence of an O: sensor
located primarily in special kidney cells, but also
o some extent in liver cells; the experimental
evidence was consistent with a heme protein as
the Oy sensor, which in its deoxy form triggers an
activationpathway culminating in increased
transoription of the EPO gene. Later smdies

suggested that (i) an Ok sensing system and (i1} an

enhancer sequence regulating gene transcription
are much more widespread than had been
previously believed (Tsuchiva et al, 1993;
Eckardieral, 1993; Maxwell etal, 1993; Wang
and Semenza, 1993). These studies, based on
the development of a molecular reporter system
allowing rapid scanning of many cell types for
enhancer-specific hypoxia sensirivity, showed
frad O sensitive gene expression is nearly
eriversal (Maxwell et al, 1993y, When O: is
hmiing (Figure 1), the signal (reduced O:)
mediates the production of an hypoxia-inducible
factor (HIF-1)which binds toa specific "hypoxia
induction site’ on DNA and accelerates
transcription of hypoxia regulated gencs
{including the EPO gene and possibly genes for
at least some glycolytic enzymes and the GLUT
isoform of the glucose transporter (Bashan et al,
1992)). Even if most studies of this complex O
sensing system are directed mainly towards
hypoxic regulation of EPO production (an
intermediate time-course response), by
serendipidy they may have revealed a universal
molecular pathway for sensing declining O:

avatlability at the cell fevel.
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B[ Efect of Hyporia on ATP Utizaton
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sensing system powerfully influenced subsequent
interpretations inthe second of the above two lines
of research, which was designed to tease out the
roles played by O: availability in control of ATP
turnover during muscle work under normoxia,
moderate hypoxia, and extreme hypoxia. A dog
muscle preparation was used in order to bring the
system as much under the experimenters’ control
as possible (Arthur et al, 1992; Hogan et al, 1992).
These studies confirmed that none of the usual
putative regulatory metabolites (such as ADP or
Pi) can account for the changes in ATP turnover
rates observed-excepr possibly for oxygen itself.
The roles of O: are complex and are best explaimed
by looking at ATP demand (proportional to ATPase)
first, then at the metabolic response.

Under normoxia (Figure 2), increasing stimulation
frequency from 0.5 to 1 Hz leads to increasing
ATPase activity (increasing work), which, of
course, is expected. What is somewhat surprising
is that moderate hypoxia at 0.5 Hz brings about a
regulated decline in ATPase activity. We Know
this is an hypoxia-regulated rate because if the
muscle is stimulated harder {at 1 Hz), its ATPase
activity reaches that characteristic of normoxic
conditions at 0.5 Hz. A similar if more extreme
situation occurs at extreme hypoxia. Im strictly
empirical terms, these data show that the ATP
demand during mechanical work is set by the
ATPases bur regulated at least in part by oxygen
availabifity, and the question arises of how the
ATP supply side of the system responds.

ATP supply mechanisms (Figure 3) respond
to increasing stimulation wiih an 18 fold increase
in O: consumption at 1 Hz under normoxic
conditions. Again, at 0.5 Hz, moderate hypoxia
brings about a regilared decline in ATP synthesis
rate. As before, we know this is a regulated rate
because at double the stimulation frequency the
metabolic rate in hypoxia increases (0 DOMMOXIC
0.5 Hz values. In empirical terms, these results
show that the ATP supply side of the system is alsu
regulated by O: availability. What is more. the
regulation i3 coordinated, for the % of change n
ATP demand is almost perfectly balanced by 5
change in ATP supply; that is why a nearly 20-fold
change in O: consumption rate occurs with buta 2-
3 fold change in free ADP concentrations; although
ADP is often considered as a major regulatory
metabolite, the above discordance is widespread
{Ilochachka and Matheson, 1992). Incontrast, aml
because of this coordination, ATP urnover raie in
dog muscle 15 a linear function of O: delivery In
this preparation. as in many olher svaiens siudied
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ATP avigheiis rales Bemng sel by the ATP demand but being
modisluted by O availabiliny. Daga replotied from Arthuretal {1592)
ared Hogan et &l (1592)

by other workers, the only currently Eknown
‘signal’ which is large enough and which is
directly proportional to the observed change in
ATF turmover is in fact Oy  availabifity.

An important point to emphasize is that in all
these Kinds of systems, Op regulation is not
mediated simply by O; as a substrate for
mitochondrial metabolism, Because of (i) a very
high Ox  affinity of mitochondrial eytchrome
oxidase and (ii) very shallow gradienis between
cytosol and mitochondria (Gayeski and Honig,
1986, Connett and Honig, 1989), cytochrome
oxidase could not possibly act as an O: sensor over
physiclogical Oy tensions. In dog muscle (Figure
4). as in other tissues where similar effects have
been observed (Hochachka and Guppy , 1987,
Thurman et al, [993), O regulation cus in at
exiracellular concentrations that are in the range

of 20-30 torr; under these conditions,
intracellular O is estimated to be about 5 torr
which would be fully saturating for mitochondria
{Gayeski and Honig, 1986). This means that
mitochondrial metabolic pathways (as well as
other enzymes in ATP rnover) are responding
to Oy, but not only o O: as a substrate. Put
another way, Oz is affecting ATP turnover rates
at concentrations well above the Km for
mitochondrial metabolism per se. To accomodate
such striking and often-observed dependence of
ATP wrnover on [Ox], we and others (see
Hochachka, 1994; Thurmanetal, 1993) postulate
an : sensor which displays a much lower
apparent : affinity than typical of
mitochondria and which (directly or
indirectly)modulares both ATP demand and
ATP supply pathways in a simultaneous
coordimated wiy (Figure 4),

Rather than linked to HIF-1 induction, the
0; sensor in this case would have to be linked to
an intracellular, long-range, multitarget
activation pathway. In culling, such a model can
be summarized as follows: ischemia or hypoxia
- = declining Oudelivery to cells -- > increasing
[deoxy form]/[oxy form]) of the sensor == > - >
masking of many catalytic potendials --> down
regulation of ATPases and of ATP producing
pathways. The reverse is postulated for improved
Chdelivery, with increasing oxygenation state of
the putative On sensor and with cnzyme
unmasking causing ATP tumover rates Lo
accelerate.

From our present understanding, there are
two minimal requirements which this kind of
model must satisfy: (i) it needs to account for the
simultaneous activation of both ATP demand
and ATP supply pathways during activation of
cell work and O: delivery, and (ii) it needs to
account for intracellular long range activation;
i,e., for a mechanism to ‘spread’ the signal to

Current Concepis in (2 Sensing and Signalling
Pathways

The process of Oh sensing of course has
already been examined by physiologists and
biochemists, mainly in the context of carotid
body chemoreception. At the 1993 International
Union of Physiological Sciences conference in
Glasgow, for example, three O: sensing models
were reviewed indetail: a high Km mitochondrial
model, a nitric oxide (NO) based model, and an
O:-derived free radical model, Other evidence
has pomnted in the direction of an urdque outwandly
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lnder the condiions deseribed, the difference in ¢oncenmaiion
ot the lipid bilayer i abeun 9.6 fimes the difference. berween the
P agpaecess comparements; (2] o squecis solation at 1.23 1 10-
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s unclear a4 this time; in this diagram the sensor is posiioned in the
meosbirang (where the exteroal to internald gradicnt & maimized) o
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chosen only 1o guaniimiively illssoare the siumion OF sipnal
ransduction & linked 1 regulateon aff B ATP demamd assd ATP
suppldy palbreays o steourd for the ofi-observed relationship hetwern
02 sod ATP mmover rates,

the scope of our analysis here. In the present
comtext, it is sufficient to point out that to this point
research into the possible role of O: sensing in
regulation of ATP wrmover can be categorized
into direct of indirect models. The first assumes an
0: sensing system analogous or homologous to
that involved in EPO regulation. An alternate
framework for Oz sensing in regulation of ATF
turnover considers an indirect pathway which is
based on studies showing that nitric oxide inhibits
bath ATP production, indirectly measured as O
uptake rates, and ATP utilization, measured as
mechanical work (King et al, 1993). Based on
these kinds of observations, an indirect O: *sensing’
pathway might be summarized as follows: ischemia
and for hypoxia--> reduced On delivery-->
increasing intracellular Ca+ +/calmodulin
concentrations --> nitric oxide synthase (NOS)
activation-> increasing NO flux --> several
effects including simultaneous inhibition of
ATPases and ATP synthesis pathways. Increased
NO availability also could act via guanylate cyclase
activation and cGMP to down regulate energy
demand and energy supply pathways, as postulated
for vascular smooth muscle (Knowles and
Moncada, 1993; Toda and Okamura, 1992).

The flipside of this model postulates a reverse
set of processes (o regulate rate transitions during
improved perfusion and oxygenation characterizing
muscle activation. Preliminary evidence favoring
such an indirect O: response pathway comes from
administration of agonists or antagonists designed
o specifically block or enhance NO production;
perfusion, O: consumption and work output are
proportionately up or down regulated (King et al,
1993; Sun and Reis, 1992). There are serious
difficulties with this indirect model of the role of
s inmetabolic regulation {NO has a notably finite
life time and is destroyed on encounter with
hemoglobin); however, it has the distinctly
favorable features of being predictive and testable
Unfortunately, neither of the above two approaches
confronts the issue of a long range intracellular
“signalling’ system to instantaneously 'spread’ the
activation signal to all parts of the cell. A quick
search of popular texits and reviews will indicate
that approaches to intracellular signalling are
currently dominated by target-specific second
messenger concepts. Indeed, we have to keep open
the possibility that some potent second messenger
systems are in fact pivotal in urning on cell ATP
Aurnover processes; Ca+ <+ has clearly been
identifed as playing such a pivotal role in regulation
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of actomyosin function. A fundamental limitation
of all such second messenger frameworks is the
requirement for numerous highly specific

intracellular targets. The complex biological reality

in most {and probably all) tissues is that every

protein in every step in ATP demand and ATP

supply pathways must be almost simultaneously

activated, and it is hard to visualize a second

messenger hitting so many targets so rapidly. In

some cases, the time course for metabolic change

is awesome. For example, there is more than a
2000 fold activation of Na+ K+ ATPase within
less than 300 ms during electric organ discharge

{Blum et al, 1990; 1991); there is a nearly 1000

fold, essentially square wave activation of
mitechondrial metabolism in insect Might muscle

{Sacktor, 1976; Wepener et al, 1991), and a

similar {Dobson and Hochachka, 1987; Dobson

etal , 1988; Hochachka et al, 1991; Moyesetal,

1992; Suarez et al, 1990)) more than 100 fold

activation of ATP wmmover during maximum

work of fast twitch muscles in veriebrawes! The

number of targets, their speed of activation, and

their degree of activation would seem to stretch

second messenger frameworks to the breaking
point. Thus it appears that something is missing
in target specific second messenger views of cell

activation, especially in tissues like muscle where
response lime in evolutionary terms may influence
survivil of the organism. We are considering the
hypothesis that the missing element in current
models of control of ATP turnover may be the

intracellular milieu itself.

Intracellular Fluids Are Not Simple Aqueous
Solutions

The insight that the physical state of the
cytosol may play a role in regulating metabolism
arose when we turned to barnacle muscle cells to
iry gel estimates of true resting concenirations of
metabolites such as ADP (Hochachka, P.W.,
unpubl. observations). The giant barnacle is well
known to have giant muscle cells (1-3 mm in
diameter and 10-30 mm m length! ) and our initial
goal was o obtain small (picoliter or manoliter
guantities) of cytosol from the resting cell. To our
surprise, the cytosol could not be micropipetted,
nor, when the muscle fibers were cut, did it leak
out; instead, the cytosol behaved more like a gel
than a sol. (This has been well known for over 30
vears by neurophysiologists studying the giant
squid axon; they routinely roll out axoplasm gel
toothpaste out of a ube, but the metabolic and
regulatory significance of this unexpecied

physical state of the ground substance

in these cells has been pretty well ignored.)
Many years ago, researchers such as Heilbrunn
{ 1956) knew of this behaviour, but methods for
studying the properties of the cytoplasm were
not advanced enough to evaluate its physical
state in vivo. Today the situation is different.
Using a variety of new and penetrating
approaches, we now know that cytoplasm is
remarkably viscous, in the range of 10-15 cP,
not the 1 ¢P we normally assume which is
typical of water (Dix and Verkman, 1990).

Under in vivo conditions, diffusion rates may
be very different from those expected in simple
solutions. Using a reference phase technique,
waorkers in this area find (i) that many proteins
are diffusive, many are not, and (ii} that even
small solutes (disaccharides are often used as
metabolic models) may show varying diffusion
rates (Mastro et al, 1984). Concentrations of
small molecules and metabolites may be similar
in different regions of the cell or may vary
(Horowitzand Miller, 1984). Even more relevant
1o our analysis is the observation that all of the
above, especially microviscosities in different
regions of the cell, are not static physical states;
instead, they change with the activity or metabolic
status of the cell (Paine, 1984), and the same
situation  is even more exaggerated in the
mitochondrial matrix. The viscosity of the
inner compartment of mitochondria (i} varies
with the metabolic state of the mitochondria
{more viscous in state 3 than instate 41) and (1)
can be up to 40 rimes higher than the viscosity
of dilute buffers (Scaleutar, et al, 1991). These
ohservations raise the possibility that transitions
in the physical state of intracellular fluids could
alier substrate accessibility 1o enzymes (the
catalytic power of enzymes with no access to
substrate is 'latent’; providing substrate
accessibility is potentially a simple but effective
way of "unmasking’ enzyme catalysis) and this
information could be instantansously transmitted
throughout the cytosol o all reaches of the cell
during large scale upwards or downwards shifts
in ATP turnover rates in tissues like muscles.
If this were linked to O: supply (for example,
through Ca + +) it would account for two of the
chief experimental observations that frequently
arise in this field: the direct relationship between
O avallabilicy and the ATP turnover rate and
the mear-instantanecis spread of the aciivation
or deactivation "signal to essentially all protein
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components involved in integrated cell and tissue
furtction ar once.

furthe T B g o (s Ghecbaaton
will be evident that the roles of acute Or sensing
and transduction mechanisms in mediating the
metabolic regulatory effects of this metabolite,
although recognized, are poorly understood and
are barely described. Incontrast, oxygen signalling
pathways over intermediate time courses are betier
worked out.

Intermediate Term (Acclimatory) Responses
to Hypoxia

Based on early studies on hypoxia sensitive
systems, it was at first believed that, when under
O: limiting conditions, cells and tissues would
make up energy deficits by activating anaerobic
pathways. However, in its simplest form, this
strategy is to down regulate ATP urnover rates.
In early acclimation stages, anagrobic metabolic
pathway fluxes may remain unchanged (which by
virtue of the inefficiency of anacrobic glycolysis
leads to a declineg in ATP turnover rales) or may
gradually decline, especially after acclimation
time isextended. Because of sustained O: limitation,
however, a large fraction of overall ATP wrmover
necessarily depends upon anaerobic glycolysis,
which is why in such cells and tissues, the ratio of
anaerobic/aerobic metabolic pathway capacities
may well be regulated upwards (further discussion
of strategies of hypoxia acclimation is available in
Hochachka and Randall, 1978; Hochachka and
Somero, 1984; Hochachka and Guppy. 1987),

Similar but less exaggerated processes appear
tobe found during hypoxia acclimation in mammals.
In rats, acclimation to hypobaric hypoxia increases
capillarity and the glucose transporter capacity of
the brain (Harick et al, 1991); presumably these
adjustments are coordinated with simulianeous up
regulation of overall tissue glycolylic capacities 1o
allow for sustained ATP synthesis rates despite
chronic O: limitation (LaManna et al, 1992;
Harick et al, 1991: 1994). Earlier studies of other
tissues in animals undergoing high altitude
acclimation suggested increases in capillarity and
inoxidative capacities; these results are consistent
with between-species studies of high vs low altitude
animals. However, later studies found decreases
in mitochondrial [enzymes] with little or no change
in capillarity {se¢ Hoppeler and Desplanches,
1992). Part of the gxplanation of the confusion in
this research may be methadological . For example,

exposure 1o hypoxia leads 1o reduced exercise
capacity and often to caloric imbalance and
gradual loss of body (especially muscle) mass.
Hence, changes observed in muscle aerobic
metabolic capacities might be due to changes in
activity (or training) state, to caloric imbalance .
or to hypoxia per se - or all of the above, since
all three factors in theory could influence cell
metabolic organization. Takahashi et al {1993)
recently reexamined the issue trying to correct
for activity; they found that hypoxia acclimation
in rats led 10 a measurable decrease in total
malate dehydrogenase (MDH) activity per g of
muscle, but to no change in hydroxyacy 1CoA
dehydrogenase (HOAD). MDH isa poor marker
of mitochondrial metabolism since most of total
MDH reflects cytosolic activity; thus the lack of
effect on HOAD implies linle or no effect on
muscle mitochondrial axidative capacity. Even
more convincing is a recent study of three
months of 3800 m acclimation on heart enzyvimes
in non-pregnant sheep, in near-term maothers,
and in the sheep fetus. Citrate synthase, as a
marker of mitochondrial oxidative capacity.
increased about 50% in the adults and
nearlycoupled with training programs {Terrados
el al, 1990; Terrados, 19901, However, this
effect is not seen when elite endurance -trained
athletes are acclimated for 2 weeks at modest
altitude (Swedish cross country skiers were
used, known to have one of the highest maximum
aerobic metabolic rates thus far measured in
humans! (Mizuno et al, 19909, In conirasi,
similar exposure of humans (o extreme altitudes
{over 5000 m and up to 88300 m) consistently
leads 10 a down regulation of oxidative capacities
(and to an increase in the ratio of anaerobic

acrobic metabolic capacities) at least of skeletal
muscles (Cerretelli et al, 1990; Hoppeler and
Desplanches. 1992). Unforunately, the basis
for the striking difference between exireme and
moderate hypoxic challenge in humans is not
vet understond

However, even il the phenomenological
description of acclimatory responses of humn
muscles (o hypoxia are incomplete, itseems tair
to conclude that at least during acclimation o
relatively extreme hypoxia, one notable effect
invodves an up regulation of the ratioof anserobr:
acrobic pathway capacities. Similar adjustmenis
of anserobic/aerobic pathways are (o be expected
for other tissues, such as kidney (Halasz et al,
19743 and liver (Lomgmuir, 1992 Tran-Thi e
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al, 1994; Yoshino et al (1991), although it is
beyvond our mandate to review these effects in
detail here. Suffice to emphasize that, at the
cellular level, O:sensing and transduction processes
probably form an integral part of the regulation of
these complex acclimaticion processes to extreme
hypoxia. For illustration, we will discuss their
nature and roles (i) in anoxia acclimatory responses
in turtle hepatoeytes, (1) in the hypoxia acclimatory
response of gluconeogenesis and glycolysis to
hypoxia in rat hepatocytes and (iii) in the ¢fos and
cjun hypoxia acclimation responses in rat cardiac
myocytes. All of these in vitro stedies used extremse
O: limitation and thus would be most comparable
to in vive studies of humans acclimating to extreme
(not moderate) hypoxia.

02 Sensing, Signal Transduction, and Hypoxia
Acclimation

One of the experimentally more useful
outcomes of the EPO studies to the hypoxia field
in general is the development of protocols useful
in identifying the occurrence of O:sensing systems.
Three such protocols are particular widely used
{for literamure in this area, see Land and Hochachka,
1995): (i) the O: sensing response is independent
of the ocurrence of oxidative metabolism (for
example, acyanide block is insufficient signal for
the induction of hypoxia-associated genes), (ii)
nickel and cobalt, by locking heme proteins in
deoxy conformation, should mimic the effects of
anoxia on heme protein based Ch sensing pathways,
(iit) carbon monoxide, by Iocking heme proteins
in the oxy conformation, should reverse anoxia
effects, and (iv) inhibitors of heme protein synthesis
pathways should inhibit or abolish heme protein
based O sensing. We used these probes to identify
the ocurrence of a heme protein based O: sensing
and signal transduction system in wrtle hepatocyies
{Land and Hochachka, 1995, In these cells, the
short term (acclimatory) response [0 anoxia
involves sensing of O: lack by a heme protein
based pathway and the pathway and the
subsequent example, acyanide block is insufficient
signal for the induction of hypoxia-associated
genes), (ii) nickel and cobalt, by locking heme
proteins in deoxy conformation, should mimic the
effects of anoxia on heme protein based Or sensing
pathways, (i) carbon monoxide, by locking heme
prodeins in the oxy conformation, should reverse
anoxia effects, and (iv) inhibitors of heme protein
synthesis pathways should inhibit or abalish heme
protein based O sensing. We used these probes o

identifi the ocurrence of heme protein based O
sensing. We used these probes to identify the
ocurrence of a heme protein based O.sensing
and signal transduction system in turtle
hepatocytes (Land and Hochachka, 1995). In
thesecells, the short term {acclimatory) response
to anoxia involves sensing of O. lack by a heme
protein based pathway and the pathway an the
subsequent preferential pression of genes for
glycolytic enzymes while the expression of
genes for gluconeogenic enzymes is decreased
(Figure &) In turtle hepatocytes (Buck et al,
1993 Land and Hochachka, 1995), these gene-
expression responses to hypoxia are thought to
defense adaptations that are well known
charateristic of this: (i) down regulation of ATP
utilization pathways (e.g. Na+ K+ATPase,
protein mmover, gluconeogenesis, ureagenesis,
etc.) coordinately with the down regulation of
Oudependent ATP synthesis pathway, (ii) the
decreased conductivity of cell membranes
(referred toas 'channel arrest’ inthe literature),
and (i) the maintenance of conditions which
protect the cells against recovery and reperfusion
damage (this latter hypoxia defense strategy 1s
largely assumed o be self-evident since these
species clearly survive any ppossible
‘reperfusion’ damage after extreme hypoxia
andischemia; itis, however, a poorly undersiood
and largely unexplored area in research on
hypoxia tolerant species (for metabolic aspects
of this problem, see Schulte et al, 1992). In
other cells, hypoxia-mediated induction of
detoxification pathways such as catalyzed by
heme oxigenases (Murphy et al, 1991) are
thought to protect cells and tissues from free
radical damage during recovery. However, itis
not known if similar intracellular messenger
system whose primary defense strategies are
utilized in hypoxia tolerant species.

Similar, acclimatory (or inermediae fime
course) responses to low Oh tensions in rat
cardiac myocytes have beenexplored by Webster
and his colleagues (1994). Their observations
also indicate the ocurrence of an O: sensing and
signal rransduction system that is involved in
regulating the expression of two oncogenes,
gfocand ciun. Inthiscase, the signal transduction
pathway seems to involve protein kinase C and
the phosphorylation of target proteins which
rcgula:lt the Eﬁprﬂﬂiﬂn of cfos and I'-:jiﬂl'"; ithe
products of the two latter genes are separately
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Figure 5, A dizgrssnmatic summary of the postalated role in an
hiposia méerant cafl {gurile hepacye) of § Beme protein based
02 semsing sywtem ihat through a curresdly wnknown siprul
iransduclion patdway lesdd i the acoelermed expression af
veversl penes (anme of which, on g basis of comparable sodhes
with otier cells, may be ghycocyiic engvmes ) with the simuliseeous
SUppredsion of seversd odwer genes. At this #age. the repulsed
prodesen are only eitified scoordimg 1o siee. Summary b bassy
o Lo amed Mlochsckis § 19953

Ctr Regusatory Rlofe in Liver Gluooneogenes’s | Gilyeotysis

| O
p—— T
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plucagon jand insulin?) regalation of genes ipecifying emeymes in
Blucoas: homeostase. Bemmary is based on sosdics of ral liver
hepaineyts caliures by Keltesann of al 11992 1993

inactive, but self-assemble into heterodimers thai
serve asa Kindof 'tertiary’ function is to regulate
the expression (through the AP1 site) of several
additional genes (Figure 7). Although the
physiological functions of the latter gene products
are not fully worked out, it is probable that thed
oo are involved in orchestrating the hypoxia
defense adaptations that these cells undergo during
hours-todays exposure o reduced atmospheric
oxygen: overall reduction in ATP turnover
(suppressed ATP utilization pathways with
simultaneous adjusiments in the membrane
structure-function adjustments mentioned above
although not direcily demonstrated in hypoxia

acclimated rat heart myocytes, may be orchesiraied
by efos and ciwn regulated proteins.

Metabolic Adaptations to Long Term
Exposure to Hypoxia

Just as phenomenological short term responses
o O availabiliy are well described, so oo an
long term adapiational responses. Thus, if o
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comparcs a given homologous tissue among the
vertebrates, say skeletal muscle, one observes
about a M) fold range over which the oxidative
capacities vary among species, Withcitrate synthase
{C5) as a mitochondrial marker enzyme, muscle
catalytic capacities range from less than | in white
muscles of some Amazon fishes (see Hochachka
and Randall, 1978) 1o nearly 300 umol per g per
min in hummingbird Might muscles (Suarez et al,
19541}~ a capacity range presumably arising af least
in part as a function of the chronic availability of
molecular Os at the cellular level, In mammals, the
effect of hypoxia on cell oxidative capacities seens
tor vary with the intengity of the stress. In moderae
hypeixia, issues seemenadapt by increasing capiltanty Ok
carrying capacity in myoglobin contaiming lissues, and
concentrations of enzymes in asrobic pathways ol
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metabolism (Hochachka, 1985). In more extreme
hypoxia exposure, in humans under hypobaric
hypoxia for generations, the oxidative capacities at
least of skeletal muscles seem o be dovwn regulated
(fayser et al, 1991 Hochachka etal, 1992). Even
factate dehydrogenase { LOH) capacity, ofienused
onan interspecies basis as an approximate indication
of absolute anasrobic glycolyiic capacity, ison the
Iower end of the spectrum for humeans { Hochachka

et al, 1992), However, the ratio of anaerobic/
acrobic metabolic pathway capacity is up
regulated in muscle of altitude natives such as
Sherpas from the Himalayas or Quechuas from
the Andes; for example, the ratio of muscle
LDH/CS differs by a factor of 2-3 compared (o
lowland athletes. [tis possible that the difference
in response direction in moderate vs extreme
chronic hypoxia isdue to the inordinate hypoxia
sensitivity of protein biosynthesis (Buc-Calderon
et al, 1993: Land and Hochachka, 1993; Land
and Hochachka, 19957), although this concept

remains o be more firmly established.
In addition to the above metabolic adjustments

1o chronic hypoxia, the regulation of fuel
selection may be adjusted to maximize the
amount of ATP conserved per Cs utilized, an
adaptation which would be particularly

advantageous under chronic hypoxia.
This stoichiometric efficiency adjustment

{achieved by preferential carbohydrate rather
than free fatty acid - FFA - utilization and thus
by avoidance of the "FFA oxygen wasting
effect'} 15 evident in amimals and in humans
exposed 10 extreme chronic hypoxia over
generational time {Hochachka, 1993). A
consequence of this metabolic orgamzation is
that the glycolytic path influences the
concentrations of the adenylates (the ADP-
dependent pyruvate and phosphoglyeerate)
kinases of the glycolytic at are high activity.
high Km{ADP) enzymes. As a result, the
creatine phosphokinase near-equilibrium
reaction shifis o lower phosphocreating
concentrations {Figure 8). These adjusiments
are clearly visible in whole body 4T magnetic
resonance spectroscopy of the Sherpa heart as
lower than expected PCr/ATP ratios - clling
signatures of a heart biochemically organized
for preferential aerobic carbohydraie
metabolism (see Hochachka et al, 1995, for
further literature amd discussion in thes arca)
Although these kinds of empirical observations
on adaptation to chrosic hypoxia are widespread
in the literature, the mechanism sunderlving
them are not well understood. Diagranvman.
summaries of the kinds of processes that may be
operative under long enm exposure o severs
hypoxia are given in Figures 8). These Kinds of
summaries are based upon current concepisal
mitochondrial biogenesis (Cuczva cf al, 1993,
Magley, 19911 and vpon phenomenaslogial
abgervations enphylogenetic adapianions o
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phylogenetic adaptations to relatively severe chronic
hypoxia; to our knowledge, there is no information
whatever on what the O; sensing mechanismsand
signal transduction pathways here may actually be.
The rough sketches given in Figures 9 are thus to
be considered speculative and are prompted by
studies of On signalling systems in intermediate
time courses of exposure. This clearly is an area in
dire need of much more research.
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ABSTRACT

Immigrants (nclulis) and aborgens {adulis, mew-borns,
children) of several Tien-Shan-Pamir 2ones have heen
shadied. Swemaocyies amd degenerative forns ane mcoesed
2-5-fokd in immigranis of the Internal Tien-5han zone, wilh
a simultaneouws perexide Sumulanon o erythrocyte
membranes (Acta Andina 1996, S:57-60)

Key wards: Pamie-5Shan mouniains. immigranes, erythrocyts
memhranes, sdapiation,

RESUMEN

Furron examinados los imigrames {adolos) y los
aborigenes {adulios, nifios v reclén nacidos) en unas
zonas de la regidn de Tian-Shan y Pamir, Foe regisirado
un crecimicmo considerable  en 2-3 veoes) de los
gslamalackos v de las formas depensrativas en [as odlulas
e los mmigranes que viven en a regidn de Tan-5han
Inderno, con la estimalacion paralela de los procesos de
perdxido en las membranas de los entrocHos. (Acta

Andina 199, 5:57-60)
Palabras claves: Pamir-Shan, inmigrantes, membeans
erimciana, sdapiaciin,

Introduction

Th:n: is litthe knowledge of the cellular membrane
mechanisms of adaptation in alpine zones.
Erythrocyies suitable object for this research.
The complex geographical-ecological ranking
meade previously (Khodjhamberdiev eral., 1994)
15 used in this work

Material and Methods

Aborigen-mountaineers (adulis. mewborns,
children) and immigrants (adulis) of several
Tien-Shan-Pamir zones have been studied, One
group of anacmic child-mountanineers has been
added. Erythrocytes have been examined: 1) for
shape - by scanning electron microscopy, SEM,
(glutaraldehyde-fixed and dehydrated with
“catical pomnt” apparatus) at 20 kv in JEOL
{Dewar, 1982) and sometimes by phase-
contrastwet drop microscopy, 2) for membrane
characteristic by transmission electron
microscopy (glutaraldehyde-Os04-fixation, epon-
araldyt for hardening, ultramicortomy) in JEM-
100, 3} for membrane elasticity - by the
I'llil..'I!'I.'I'L'il]'.IJ||E.l'!.' technique (parallel using 3uk and
Tuk), 4) for lipid structure of membrang by
thrinlayer chromatography of lipid fraction,
previcusly purified membranes 5) for lipoperoxide
processes by luminoldependent  hemiluminescence,
by malonyldialdehyde estimation. , 6) for antiperoxide
lgor B m&.r;:lit".-; M

Anxharmmsiry Bepanmen, Tuberculngis Hescarch Insimsie and

tentmal Reseurch Lahoratvry . Malieal Insnne. PO Bos 1451
Meshhek, THMNMEO Kyrpyr Bepsahili

antiperoxide (antiradical) processes membranes
by superoxvdismutase activity (adrenochrome
method), 7) for peroxide substrate by free fatty
acids estimation (with Rhodamine 6G), 8) for
energetic of erythrocyte by ATP content in
erythrocyte cytoplasm (Bachringer Chemicals,
with HADVHAD H}).

Resulis

We calewlmed percent of different forms per 1
thounsand cells (by Bessis classificationfin SEM
pictures. In samples from immigrams there were
many spherocytes and planocytes (photo 1),




We found some "lumbar™ forms aof cells, in
immigrants and in children-mountanineers with
iron deficient anaemia, especially. There are
wider fluctuations of microcyles-macrocyles
variation in newborn mowntaineers. Sometimes
we found cyvioplasmic ponticuli among
erythrocytes  forming adhesion groups in
immigrants and newborn, child mountaineers.
Membrane loosening and ex foliation were present
in immigrants.

The prevailing tendency in the erythrocyte
peroxide systemof mountaineers and immigrants
isofhigher levels (inboth peroxid and antiradical
systems in membranes). But if altitude factors
are complicated with iron deficient anaemia in
children, peroxide levels rise moderately,

The most visible damaging effect on the
erythrocyte shape and chemistry was observed
(table 1)in samples from the hazard climate part
of Tien-Shan-

Erythrocyte Shapes and Peroxidation during High Altitude

Pamir (if geographical region are compared),
and in immigrants in the initial stage of adaptation
{if human groups are compared).

Discussion

We suppose that there are two stages in the
imigrants high altitude adaptation, First stage,
“energency”, with two variants, with a
physiological one percent of abnormal
erytrhocytes and filterability sharply increases,
due to membrane peroxide rise. With a
pathological one - hemaolysis oocurs. The second
stage, stabilization, (after the first stage by the
physiological variant) is characterized by
maderate increase of echinocyte levels and partly
reversed filterability due to inert membrane lipid
concentration rise ("hiomechanic balance system”
awtoromic mechanism (khodzhamberdiev, 1994),

Table 1. Erythrocyte shapes and chemistry in aduli persons afier the first week of altitude adapration

Physico Middle Country of middle-asian
geographic asian mountains
region desert
plain Province of Mountain - Mountain
couniry Morth and province  province
Central of Ten- of Pamir
Tien-Shan  Shan sirs
5iris
Ecology rank l I v IV
Observation point, 740 2,200 3,100 3,300 -
m. above sea level
Echinocytes 1, % 9.1 9.4 10.0 12.6*
Echinocytes 11, % 3.3 2.3 13.9 B.1=
Stomatocytes and
degenerated forms, % P67 3.1* 7.18* 637
ATP, nmol/ml G4l G628 467 434"
FFA, nmolimg protein 6.2 25.3% 31.0* 461
Cholesterol/phospholipid 0.86 (.96 0.62% 0.72*
MDA, nmolfg Hb 26.8 22.0 31.2% 33.1*

|
FFA: Free fatty acids; MDA - malonildialdehyde; (*): a statisctically significant difference from a

contral plain group.
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Our results suggest the use of the
morphological criteria as the most constant and
adequate indicator for diagnosis of adaptation-
cost, specially if it is complicated by geochemical

AN
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EL PROGRAMA DE REPRODUCCION HUMANA DEL INSTITUTO DE INVESTIGACIONES DE LA ALTURA DE
LA UMIVERSIDAD PERUANA CAYETANO HEREDIA, CENTRO COLABORADOR DEL PROGRAMA DE
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Gustave F. Gonzales

Instituto de Investigaciones de la Altura. Universidad Peruana Cayetanc Heredia

Apartado 1843, Lima, Perd
HISTORIA

El Instituto de Investigaciones de la Altura
inicia el Programa de Reproduccibn Humana alia
por &l afo 1965 cuando del 26 al 25 do abml se
desarrolla un Symposium sobre Problemas de
Poblacion y Altibud, gue se plasma en la publicacidn
del libra POBLACION ¥ ALTITUD, editado por los
Dres Luis A Sobrevilla, José Donayre, Federico
Moncloa y Roger Guerra-Garcia. En este simposio
participan 17 experios tanto an poblacidn como en
allura entre los que destacan los Dres Carlos
Monge Medrano, Alberto Hurtado, Javier Afias-
Stella, Leonel Alvarer, Luss Barnus Castafieda entre
ofros. El Dr Lecpolds Chiappo desamalla los comin-
tarios finales del symposium concluyendo gue 5e
observan como caracteristicas especales del
problema da poblacian los sigulentes:

a) Problama de migracidn intérna, obra del
proceso del excesivo desplazamiento rural-urbang

b} Problema de composicidn poblacional
maniflasto an al alte indice de desempléo y subam-
pheo, con al consigulenta desperdicio de aprovacha-
migndo i récursos humanos polencialmente utiliza-
bles dado el alto porceniaje de poblacién en edad

da trabajar,

c) Problama dé elevacitn a incréemenio de
las lazas de roproduccidn y crecimicento demogrl.
=

Tomando como base las conclusiones de
aste symposium, el Instihfdo de Investigacionas de
la Altura desarrolla una inbensa activided de investi-
gacidn que se desarrolla principalmente en al
Laboratorio de Endocrinologia

El Labaratorio da Endocrinclogia en sus
prmencs vese &hos, con la suceswa dreccitn de
Faderico Moncloa y Roger Guarra-Garclaha realiza-
do numerosas e importanbes investigaciones en los
nativos de Cerro de Pasco (4340 m)

José Donayre y Marco Garcla-Hjarles han
demostrado que el ospermalograma y la Boquimica
seminal son notmales.

La fisiologia y la bioquimica de ta gestaciin
¥ del recién nacido fueron estudiados a nicios de
los T0s, ¥ los resullados han sido publicados en wun
wolumen de la revista peruana GINECOLOGIA ¥

DBRSTETRICIA, editado por Rioger Guerra-Garsia,

La fecundidad de la poblacidn de Cerro de
Pasco esld incrementada; asi lo demuesiran dos
encuesias realizadas en un grupo reprasentativo de
esa poblacién, gue fuaren publicados por el Instituto
de Investigaciones de la Altura a inicios de los 70s.
Entra ellos s& destaca el Bbro “Cambios de la
Fecundidad en Cerro de Pasco™ publicado por
Delma del Vals v Luis A Sobrewilla,

En Ios B0s, Gustave F. Gonzales demues-
tra que &l efecto inhibitorio sobre la fedilidad mascu-
lina de la exposicidn aguda a la allura s mediada
por la serolonina, ¥y que el ratamientd preévio con
antiseroloninérgicos & animales de laboraiono
praviene este cfeclo de la alura,

Es de destacar que en Sus primeros 25
afios do vida enire 1981 y 18086 el Instivio de
Investigaciones de la Alhwa ha mantenido wna
continuidad &n sus actividades, con paricipacion
imporiante de profesionales jwvenss, ko que ha
parmitido la necesania rencvackin con el tiempo.

En la primera década (15951-1870) desta-
can en el campo de la reproduccion las figuras de
Roger Guemra-Garcia, Fedefico Monclos, Luis

Sobrevilla y José Dhonanyre,

En la segunda década (1971-1860) desta-
can las incorporaciones impotiantes de Luis A
Llgrena, Juan Coyaiupa y Marco Garcia-Hjarles. .

Ern k& tercera década (15981-1990) s
incorparan Gustave F. Gonzales, y Carlos Carrilio

En el Gltimo quinguenio (1881-1985) ocurre
una participacidn masiva de profesionales de distan-
{as dizciplinas interesados én reproducciin humana.

EL CENTRO COLABORADOR DEL PRO-
GRAMA DE REPRODUCCION HUMANA
DE LA ORGANIZACION MUNDIAL DE LA
SALUD.

En 1588, ol Insiiluio de Invesligacionas de
Ia Alura fue invitado a participar de una competen-
cia para elegir centros de Aménca Latina con
capacidades da desarmalla @n el campo de la Repro-
duccitn Humana, cuyd Ermino en el fuluro se
cambit @ Salud Reproduciiva
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El Instiuto de Investigaciones de la Allura
incorpord @ la propuesia al reciente formado
Ingtitutp de Estudios de Poblacion y  al
Departamenta de Ginecologia y Obstetricza,

A partic del 1 de dicembre de 1986, la
Universidad Peruana Cayelang Heredia recibio la
aprobackn de un apoyo pof CiNeS anNos con revision
anual. El Insttule principal era ef Institulo . de
Investigaciones de la Allura y s5u Investigador
Frincipal. el Dr Roger Guerre-Garcla Intervenian
como coordinadores de cada unidad, ¢l Dr Gustavo
F. Gonzales, Jefe del Laboratorio de Endocrinologia
del Inshitule de Investigaciones de @ Alluea, e Dr
Luis Sobrewlla, Direclor del Insiitule de Esludios de
Poblacion, v el Or Manuel Gonzalez del Riego, Jefe
del Departaments de Ginecologia y Obsietricia

El Programa permitia enire airas:

1.- el entrenamiento de profesionales de
las diferanies unidades con o finalided de
desarrodlar una masa critica importante para el
desarrolo del PROGRAMA DE REFRODUCCION
HLUNMAMA,

2.- al equipamienlo de los laborsonios del
Instilie de Investigaciones de fa Allweia, v en b
pertinente de las ciras unidades parficipanies.

- ¢ apoyo para el desamrolloc de
inveshigacones enmarcadas en el PROGRAMA DE
REPRODUCCION HUMAMA,

4.- la asislencia de consuliores expernos en
reproduccion humana de diferentes cenfros en el
mumndo.

5.- el apoyo para programas de docencia y
enlrenamiento en invesigacion,

EL PROGRAMA DE REPRODUCCION HUMAMNA,

El Instiwio de Investigaciones de la Allura
desarolia el Programa de Reproduccrdn Humana
como Centro Codaborador del Programa Especial de
Invesimacen, Desarrgllo y  Enfréenamiento  en
Invesigaciin en Reproduccian Humana de la
Organizacion Mundial de la Salud, desde Diciembre
di 1886. Este Programa incluye la participaciin da
miembros del Deparamento de Ginecologia vy
Crbstetricia v del Inslduio de Estudios de Peblacion.

Las aclvidades de Invesisgacion e
desarrollan en base a la delerminacion de
pricridades de investigacidn en Salud Reproductiva
elaborado con k consuliona de experios de la
Crganizacin Mundial de la Salud, el Dr Gregorio
Pérez-Palacios de México, el Dr Ramire Malina de
Chile, & Dr Juan Diaz, de Brasil v el Dr Luis
Bahamondes, de Brasd

El analisss de los problemas en Salud
Regroductive  identificadss  por la  Universidad
Perugna Cayelano Heredia se @nmancan en los

siguientes programasg;

- Salud Reproductiva de los Adolescenies.
- Andralogia

- Infeccionas dal traclo regroductivg

- Plandicacssn Familiar

- Reproduccian en las grandes alluras

B L N

El desarrollo de esios programas de
imvasligacsdn apasntan a identificar las causas que
determinan una alta tasa de morbifidad y mortalidad
asociados a los fendmencs reproductivos, v a
planieqr esiraleqgias para disminuy dichas tasas.

RECURSOS HUMANDS

Para el cumphrmiento de los objetivos
planteados en @ enlificacion de pnoridades en
investigacain én Salud Reproductiva, e 104 ha
conformado una importante masa critica de caracier
multkiisciplinario, quienes en su mayaria han
recibido  adiestramiento  en & exiranjero,
principalmenie con & apayo fnanciero de fa
Organizacitn Mundisl de la Salud, PLACIRH, ¥ la
Fundacstn Rockeleller

Les  invesligadores del  Inslifuto  de
Investigaciones de la Albwa gque ascluabments
parbipan comoinestigadores actvos del Programa
de Reproduccadn Humana perterecen a  las
suientes Unadades del Institulo:

i.- Unidad de Reproduccidn

Dr Guslavo F. Gonzales, Coordinador del Programa
Cr Carlos Carrile, jefe de ta Unidad
O Juan Coyolupa

O Arnturg Wlena

Or Francisco Escudera

Dra Carmen Gofesz

M&e Jorge Francg

Mz Dsana Garayar

Biol Mary Takara

Biol Leyda Caboera

Enl. Dorig de la Cruz

Obst. Cwina Tomes

Oost. Hosa fela

Oest. Laura Delgadisa

2.« Unidad de MeurcCiencias
MEC da Alarcon, jefe de la Umidad
Psic. Cliga Salaverry
Faic. Nancy Sdvesine
1.- Unidad de Morfologia y Genatica,

Or Maximo Salazar, pfe de la Unidad
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INFRAESTRUCTURA

El Instituto de Investigaciones de la Altura
cuenia con un edificio an Lima adiunio al Hospital
Cayetans Heredia, y otro én la ciudad de Cerrg de
Fasco a 4340 m de altura adjunto al Hospital Daniel
Carridn.

EQUIPOS DE LABORATORID

La mayoria de equipos de laboratorio han
sido donados por la Organizacion Mundial de la
Salud, Algunas de las Unidades se han adquirido
o0n recursos aulogenarados por I [natituesin, Las
feckdades de laboratorio con que cuenta & Inskilulo
son las siguienies:

1. Equipe de Cromatografia lquida de alta
presidn (HPLC)

2. Equips de& Eleciroforesis de  loco
isoelécirico

3. Contador de radiacion gama
4. Leclor de ELISA

8- Espectrofiuandme no

G- 1 centrifuga refrigerada

7. 3 cenbrifugas de mesa

B.- 3 MICTOSCOMOS Compaesiog
9.- 2 microscopies imwaridos

10 1 microscopio esberenscipico
i1.- 3 incubadoras de CO,

12.- 2 Gabingtes de Flujo laminar
13.- 1 equigs de agua millipore

14.- 2 pzpacircfolomeiros.,
15, 1 cuarto fria

16 1 conpeladora

17. 3 bafios Maria

EQUIPOS DE INFORMATICA,

Muesino inglitute tiene la caracteristica de
que 1o00s Sus iMegrantés conocen v aplican, los
procesadores de texio, kos programas de base de

dalos, y algunos conocen ¥ usan los programas
estadisticos (STATA, SP5S)

El Inslifuto poses los siquienies O{UEpCS de
informitica; o

& computadoras |1BM compalibles AT-286

1

2- 4 compuladoras 1BM compalibles AT-386

3.- 3 computadoras |BM compatibles AT-486

4 - 1 computadora Laplop AT-486

5 - 3 imprasoras EPSON LX-810

8- 1 impresara HE-1

T 1 imprasora HP-1V Mplus

- 1 imprasora deskjel 550

0. 1 scanner

18- 1 computadora AT-4B6, 100 MHz can
Mullimedia

EQUIPO DE ENSENANZA AUDIOVISUAL ¥ DE
IMPRESION

Siendo la docencia una de las aclividades
mas imporianias del Instilulo, se ha logrado adquiric
una serie de faciidadas para la misma. Enire ellas
LEMEMmOS:

1.- 1 proyector de diaposilivas

2.~ 1 proyector de ransparencias

3. i placa de dala display poriatil

4 1 equipo de data display incorporado al
provechor,

5= 1 videograbadara Panasonic

6. 1 camara fotografica CAMOMN EOS 1000

7= 1 WH3 Samsung
B.- 1 lelevisar SONY 25°

9 1 fotocopiadara CANCN,
ACTIVIDADES

Las actividades del Programa de
Reproduccién Humana del Instiluio de
Investigaciones de la ARUra son las sigukentes:

1.- Investigacion
2 - Docencia
3.« Publicaciones
#.- Servicios.

Investigacion

Los investigadores del 1A han realizado
una senie de invesiacionos gué S8 Enmarcan
dentro de las prioridades de Investigacidn en Salud
Reproductiva identificadas por nuesino Ceniro

1.- Salud Reproductiva de los Adolescentes.

Comportamienio sexual en adolescenies
de las cudades de Lima, Cuseo & lquios.
Faclotes psicosociales  asociados al
embarars en adolescentes de  Lima,
Arequipa, Cusco, y Pucalipa
Efecto d¢ embarazo en la um:un_r:la
sobre al desarrolio visomotor de las hijos
en edad escolar
Las Creencias, ks astios de afrontamiento
al esirés v i autoestima en adolescanta y
gu relacidn con la actividad sexual en la
adolescenca
Factores socialos y biolbgicos asociados a
la menarquia an &l Per,

* Aspecios clinicos  del embarazo  en
adolescanties

2.- Androlagia.

Mecanismos de la regulacion de la
produccidn de inhibina o
Faciores de los Wobulos seminiferos que
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influencian la secrecidn de las céiulas de
Sertoll y [ espermalogdnesis,

- Desarrolo de nuevos métodos diagnisticos
&n la inferfilidad masculina.
Dwsarrolls de nuevos mélodos en el
tratamignto de la inferlidad masculina

3.- Infecciones del tracto reproductivo

- Praevalencia deleucocitospermia enparejas
infartiles
Efecio de la leucociospenmia en la calidad
del liquido seminal.

= Inmunalogia de la reproduccion masculing,

4.- Planificacian Familiar

= La lactancia materna como mélodo
confraceplivo en la altura

- Desamollo de un confracepiive masculing:
Estudios en ralas

. Foactores sociosulturales asociados & la

practica y actitudes de los varones hacia la
planificaciadn familiar,

- Conocimignio v practica de la planificacidn
familiar por los adolescenies de ambos
SEN05,

5.- Reproduccidn en las grandes alturas

- El ciglo menstrual en la alura: Correlato
uliraganografico y hormonal.
Factores biomddicos asociados a la alta
faza de fertikdad en ka altura.
Prevalencia de parios pre-términos en la
aflura,
Adrenarguia en la allura
benarquia an ka altura

- Menopausia en la allura

- Edad gestacional al parte en diferentes
altitudes del Perd.

Docencia

La actividad de docenca ha sido bastante
acliva y ha tenids tres componenies:

a.- Entrenamenio en investigacion
b.- Cursos comos
=1 Mawsiria an ciencias con mencion

en Fisiologia de la Reproduccidn
Entrenamiento en investigacidn

Frolesionales y  eshsdiantes de la
Universidad Peruana Cayefano Heredia como de
ofras msliluciones, parlicularmente del Insiituls
Feruano de Seguridad Social han recibido
entrenameenla  @n  westigacibn en Salud
Reproductiva por periodos de 2 8 24 meses

Cursos corlos

El llA ha desarrollado una gran aclividad
iratanda de difundy los resultados de sus
investigaciones, asi como iratando de gue
profesionales  extranjeros de  primera  finea
confrifuyan con su experiencia en una sere de
CUTs0s cortos que se han realizado en diferentes
provincias del pals.

Esta aclividad ha permitido mantener una
estrecha interrelacion  enfre nuestro  Instituto ¥
ceniros de diferentes partes del pais, asi como
ifenidicar polencisles profesionalas que pusden
conformar una masa critica de investigadores en su
reégion fralando de idenlificar sus problemas de
salud reproductiva v desardollar sus programas de
inveslsgacion orienfados & dichas priosidades.

Maestria

Con el Deparamento de Ciencias
Fisiohigicas se ha wvenido desarrollando  und
actividad conjunta para la implementacion de la
Maestria en Ciencias con mencidn en Fisiologia
Reproductiva. Esta maesiria se lleva desde la
dicada de los selontas.

El Programa incluye la aprobacian de 64
horas créditos que s& cubre en promedio en 4
semestres. A milad de dicho periogo el alumno
debe rendir un examen de candidatura que consiste
en la preparacidn de un proyecta de investigaciin
¥y la sustentacin ante un jurado calificade
designado por fa Escuela do Post-Grado de la
Unwersidad Peruana Cayetano Heredia

Los cursos son de tipo tuloral y se
distribunyen en Topicos selectos en Fissologia, y
Cursos de Invesbgacidn en Fisiclogia. Para el
cumpmianio del Programa se requiere @
aprobacion de 32 créddos en Invesligacion en
Fiziologia.

Al térming de los curses o esiedianie
prepara y desamolla una lesis que deba ser
sustentads ante un jurads designado por la Escuala
de Post-Grado

_ A la fecha han culminado
satisfactoriamente osta maesinia kos sigueentes
profesionakes

1.- Marco Garcia-Hjarles, 1973
Asesor: Dr Ruqm‘ Guerra-Garcia

£ - Guslavo F. Gonzales, 1978
Azesor D Roger Guerra-Garcia

3. Sadst Vilarreal Vargas, 1984
Agesor D Gustavo Gongalbes
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4.- Gusiavo Velasquez, 1984
Ssesor; Or Gusiave Gonzales

5. Ricardo formilla, 19384
Asesor; Or Gustave F. Gonzales

6.- Jorge Franco, 1982
Agesor: Dr Roger Guerra-Garcia

7.« Diana Garayar, 1988 _
Asesor; Dr Roger Guerra-Garcia

8- Santiago Paslor
Asesor: OF Enrigue Famandes

Estan llevando esiudios de maesiria, los
siguienies profesionales:

1.- Rosa Zela
Aszesor, Dr Gustave F. Gonzales

2.- Jawer Garcia
Asesor: Dr Gustava F, Gonzales

Publicaciones

El Programa de Reproduccion Humana del
Instituta  de Investigaciones de la Afura ha
desarroliade una infensa aclividad en of fubro de
publicaciones fanio &0 revistas nacomales como
internacionales, asi como en la preparacidn y
edicién de libros y contribuyendo con capliulos de
libros,

La participacién de los invesligadoras del
1A ha sido mpresionante o que se evidencia en el
nimers de resumenes presentados & CONgresos
nacionakes e inlernacionales.

Otras Actividades.

El Programa de Reproducciin Humana na
permitide mantensr una excelenie interrolackn y
trabajo en conjunto con profesionales de otros
centros tanto nacionales como extranjeros (Chie,
Argentina, Brasd, México, Australia, USA).

Esta interrelacian ha permitido ls venida de
experios extranjoros al Perd, o que prolesionales de
ofros centras del pais se entrénen &n & extranjans.
Se ha lograde igualmente realizar investigaciones
Conuntas  que han  permitido  tenar  varias
publiceciones en revistas internacionales,

e Miembiros de nuostro instfuto particpan en
las siguienies redes Latincamancanas,
1 Red de Investigacion y Entrenarniento en
Inmunclogia de la Reproduccien. Esta ned
o5 coordngda por la Dra Deborah
Anderson de los Estades  Unidos ¥

partecipan prafesionales de Lima, Buenos
Axes, y la Habana, Han solicitado su
incorporaciin profesionales de Panama y
Méxiea,

2- Red del Programa Reglonal sobre
Aspecltos Soclales de la Reproduccion
Humeana, Esia red es coordinada par la
Cra Edith Pantelides de Argentina vy
pariicipan profesionales de 11 paises,
incluyénda  nuestro pais. Por el 114
participa la psic. Qlga Salaverry, quien
recibit entrenamiento en el centro de la
Cra Panielides.

Los sigusentes miembros del 1A forman
parte de la Junia Direcliva de la Asociagion
LatinoAmenicana de lnvestigadones en Reproguocidn
Humana {(ALIRH}

Da 1993 a 1995

Presidente: Dr Roger Guerra-Garncia
Vice Pressdente: Or Gustavo F. Gonzales

Tesorery: Dr Carlos Carrdio
Secratang: Dr Marco Garcla-Hjarles

De 1995 a 1937

Presidente: Dr Gustave F, Gonzales
Vice Presidenie: Dr Carlos Carrilla
Tesorern, Or Arura Villena
Secrelano: Or Marco Garcla-Hjarlas

Las actividades de investigacion de los
profesionales del (1A han sido recompensadas pov
una sere do premios nacionales enbre los gque
deslacan &l Premio Hipdlite Unanue y e Prémio
Rowszel, log mas imporianies del pais.
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PUBLICACIONES

A Nimero de publicaciones duranbe e periodo de participacién como Cenire Colaborador de la
Organizacidn Mundial de la Saled.

i Haessnnl Raogianal Iniarnacional Todal

Aiticulos originales {Revsias) 12 52 L
Asticulos de Renision {Revislas) 2 B i
Capliulos de kbros i 4 §
Libros ] 6
Regismanas di Comgraias Ta T8 146G
Raparnes Ofcinlag

u TOTAL 51 128 118

PUBLICACIONES HRP-OMS (1387-1995) CARITULO DE LIBROS
1. Gonzales GF (1988) influencia del sialus

LIBRDS socipeconomico v k aliled de residencia

en [ anlropometria de los estudiantes

1.- Gonzales GF (19B7) Instituts de naiivos de diferentes altiivdes del Pend
Investigaciones de ka Altura 1861-1886. Ed Emn Perinatalidad, Crecimianto y Desarrolio
R. Guerra-Garcla, F. Sime y GF Gonzabes en el Perd. Ed. AMIDEP, Lima-Peri pp.
Lima-Perd. pp. 103-229. (Espafol) 83-133. (Espadol)

2. Gonzales GF. (1991) Diagndstico vy 2. de Kretser,DM., Robertson.DM.,
Manejy de la Pareja Infértil, Insuto de Risbridger, GP., Gonzalos GF.,
Imrestigaciones de la Allera. Lima-Perd. Drummond, A, Burger, HG (1883) Inhikbin
ed. GF Gonzales. 208 pp. and related peptides. In Molecular and

Callular Endocrinciogy of the teslis, Serang

3.- Gonzales GF. {1992) Andrology. Fedility Symposzia Publications. Raven Press 50
and Infertility. Institulo de Invesligacionas 11-20. (Emglész)
de k& Altura. Lima-Ferd. ed. GF Gonzales.

318 pp. (Espariol}, & de Kratser DM, Sun YT, Drummaond AE.,
Gonzales GF., Roberson DM., Risbridger

i Gonzrales GF. ({1993} Reproduccian GP (1820), Physiological mechanisms
Humana en la Alura. [Insiitule de coniroling  spermatogenesis. In. Gamete
Imvestigaciones de la Altura. Lima-Pend Physiolagy. (Eds). RH Asch, JP Balmaceda
ed. GF Gonzales. 208 pp. ¥ Johnston | Serono Symiposia USA. pp

18-29 {Inglis)

5. Gonzales GF (1094} La Adolescencia en
el Perd, Instituio de investigaciones de |a 4. da Kretser DM, , Risbridger GP_, Drummond
Altura. Lima-Peri. ed. GF Gonzales, 328 AE., Gonzales GF., Sun YT (1991)
PR Faracrine mechanisms in the ragulation of

tesficular function. In; Growth Faclors &

.- Gonzales GF., Villar J., Lavin P {19395) Feriily Regulation. (eds) Haseltine &
Metodologia de la  Investigacidn  en Findlay JK. pp 143-155. (Inglés)
Reproduccion Humana. Lima-Pard. ed. GF .

Genzales. 350 pp 5. Gonzales GF., Guerra-Garcla R (1993)

Algunas caracterislicas del embarazo y del
recién nacido en la altura, En; Hipoxia
Invesligaciones bhsicas y clinicas. F. Ledn-
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Velarde and A. Arregud, 374 pp. (Ezpahiol).

REVISTAS
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1-

10

Ramirez T., Cajahcaman T. Gonzales
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Diagnéstico (Lima, Pand) 2B: BO-84.
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67

Caracieristicas maternas y complicaciones
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