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Heart rate (HR) response to isoproterenol
(ISO) infusion (IP) is decreased in normal sea level (SL) na-
tives exposed to high altitude (HA). Since norepinephrine
plasma concentration is higher in HA hypoxia, a
downregulation of beta-adrenoceptors (PAR) was evoked.
we explored this phenomenon at 3600 m in a HA normal
population (HAN) and in polycythemic subjects (HAP).
Results are compared to SL natives in normoxia (SLN), and
during chronic hypoxi a at 4800 m (SLH) (J Appl Physiol
65: I 957 - 1961, 1988). ISo dose required to raise HR by 25
min-'(l 25) is not dífferent in HAI.I or HAp group when
compared to sLN. Density of pAR on lymphocytes was
39% and 25% lower in HAN and HAP than in sLN group,
respectively. Chronotropic response to IP is similar in SL
and HA subjects under their usual environmental condi-
tions, while SL natives show a blunted response under hy-
poxia, probably due to a decrease in PAR density. No
adrenergic desensitization was found in highlanders.
Lower pAR density in HA groups could be an adaptive
mechanism to chronic hypoxia. Polycythemia does not af-
fect this responsiveness.
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a blunted response to isoproterenol infusion was found (20),
supporting the hypothesis of a chronotropic refractoriness
secondary to increased sympathetic activity (21). A decrease in
beta-adrenoceptors (PAR) density was observed in rat cardio-
myocytes (27) and in human lymphocytes exposed to altitude
hypoxia(25). A PAR downregulation phenomenon was there-
fore evoked. However, in highlanders living under chronic hy-
poxic conditions no data upon adrenergic system is avilable.
The purpose of this study was to evaluate this system in normal
and polycythemic highlanders at 3600 m and ro establish
whether the hypoxia-induced alterations in adrenergic system
observed in sea level natives exposed to acute and chronic high
altitude hypoxia are also present in this population; moreover,
does polycythemia influence this system? Finally some people
residing at this altitude and sufflering from heart diseases could
also benefit from this knowledge by a rational use of beta
blocker therapy. The population of high altitude residents was
compared with normal sea level subjects in normoxia and
under hypoxic conditions (25).

Methods

Hypoxia, beta-adrenergic receptors,
proterenol, norepinephrine

Altitude hypoxia stimulates the adrenergic sys-
tem as indicated by the increased plasma norepinephrine con-
centrations ( 10, 12, l9). Heart rate (HR) at rest and during
moderate exercise is increased in altitude; mildmal HR
clearly decreases above 3000 m (9, 15,23,26).The relationship
between HR and NEp is modified'in altitude with a progres-
sive decrease in HR for the same level of plasma NEp e$. A
blunted cardiac chronotropic response at high altitude (HA)
has been demonstrated in animals under beta-adrenergic
stimulation. In humans exposed to 4350 m during several days

Introduction

Twenty four men, born at 3500-4000 m
(Bolivia) r^olunteered in this study. Group l: l3 high altitude
natives (HAN) , (23-40 yrs old), with hemarocrit (Ht) < 5 7 %;
Group 2: ll high altitude natives (HAP), ( l6 -45 yrs old), with
Ht > 57 %. A control group included 9 sea level natives (28 - 50
yrs old), in normoxia (SLN) and after 2l days ar 4800 m (SLH).
Clinical examination, complete blood count, l2-lead electro-
cardiogram and echocardiography-Doppler were performed.
Spirometric measurements were performed in group 2.

Exercise testing

Experiments took place at the Instituto Bolivi-
ano de Biologia de Altura (I.B.B.A.) at 3600 m (La Paz,
Bolivia). Barometric pressure was 498-502 mmHg. Ambient
temperature was 17- l8 oC. Exercise was performed in the
morning after a light breakfast. An ear oximeter was placed on
ear lobe flor the recording of oxygen saturation; an intravenous
cannula was inserted in the left forearm for blood sampling at
rest and after exercise. Heart rate and blood pressure were con-
tinuously monitored by means of an electrocardiograph and a
manual sphygmomanometer. Exercise was perlormed on a
mechanical cycloergometer until exhaustion. Ventilation was
measured at the end of each work load; exhaled gas was col-
lected in Douglas bags for maximal oxygen consumption de-
terminations (Servomex analyser 570 A). Blood samples were
drawn and centrifuged immediately [or norepinephrine,
epinephrine and electrolytes dosage. Plasma was stored in
liquid nitrogen until analysis by a radioenzymatic assay (25).Inr. J. Sporrs Med. I 3 (l 992)596-S I 00
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Table 1 Heart rate, oxygen saturation and oxygen consumption at exercise.

age (yrs)
Ht (o/o)

HR (m¡n-) rest
exer

SaO z (o/o\ rest
exer

CaO z (ml/dl)
Vozmax

Ht = hematocrit, HR = hearl rate, SaQ = arterial oxygen saturation, CaOz = calculated arterial 02 content. VOzmax : maximal Oz con-
sumption (ml .kg-! .min-t), SLN = sea level natives in normoxia, SLH = sea level natives in hypoxia, HAN = high alt¡tude normocythemic na-

tives, HAP = high altitude,polycythemic natives.
'p < 0.001 ditf. from SLN, - p < 0.001 d¡tf. between HAP and HAN.

Table 2 pAR density and catecholam¡nes.

SLN
9

35 t4
45 t5
75 t7

180 t 8

97 t3
9s t3
18.0 t 0.8
40 t5

SLH
9

Bmax (fmol 'mg-'piot)
Kd (pM)

NEp (pg'ml-')
Ep (pg 'ml-')

35 t4
57 t4
86 18

171 t 13

85t4',
80 t 7'
20.0 t 1.2'
35 t5

Bmax : PAR density, NEp : f'lo¡€Pinephrine, Ep : epinephrine.
SLN, SLH, HAN, HAP: see legend of Table 1.
'p < 0.05 diff. from SLN.

Response to isoproterenol

Isoproterenol (ISO) infusion was performed in
groups HAN (n:8) and HAP (n: l0). Doses of ISO were
adjusted according to body weight; a sequence of 0.02, 0.04
and 0.06 pg' kg-r ' min-r o[ the ISO solution was infusecl
during 5 minutes each, without interruption between doses.

Hematocrit and hemoglobin were measured on whole blood
sample; arterial oxygen saturation, blood pressure and heart
rate were continuously monitored during the test. Heart rate
for each dose was taken as the mean heart rate during the last
30 seconds of each period. Chronotropic sensitivity to ISO
was evaluated by the dose o[ ISO required to raise heart rate by
25 min-' (t 25), and by the increase ln HR for the highest dose
(AHR). Systolic (SBP) and diastolic blood pressure (DBP)
were measured at the end of each infusion period; mean arte-
rial blood pressure (MBP) was calculated by
MBP :213'DBP + | 13 SBP. Pulse pressure (PP) was cal-
culated by PP : SBP - DBP. Calculated arterial oxygen con-
tcnt w¿ts sivcn by CaO:: 1.34 x Hbx SaO'. Control sca

lcvcl group followed this protocol at sea level (Paris) and after
3 days at 4800 m (25)

B e ta-adre noceptor density

Fifty ml of blood were drawn at rest from a

forearm vein for lymphocytes isolation and preparation. Fi-
coll-Hypaque procedure was used. A buffer solution was used
for dilution: D glucose anhydride 0.1% CaClz, MgCl, KCl,
Tris, then Ficoll was added. Centrifugation at 400 g during 40
min w¿rs made at - l8 oC. The layer containing the lympho-
cytes was withdrawn and washed twice with a saline buffer
and then centrifuged at 200 g for 20 min. Lymphocytes were
counted beflore storage in liquid nitrogen until binding assays
with the I 2sI-Iodo.yuñopindólol (ICYP) technique.

HAN
12

31 t7
52 t3
72 t8

181 *.12
94 +2
91 t4',
21.1 t 0.7'
32t6'

SLN
I

49 t 18

23.5 t 9.2
n0 t 109

83126

HAP
11
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34 t9
61 t s'. +

70 t 10

173 t 1 1.6

94 t4
90t4'
24.4t 1.1 ' +

31 t6'

SLH
9

23 t 7',
14.3 * 13.1

1740 t 760'
100 + 58

HAN
I

30 t 14'.

18.4 t 8.3

w !.24
36 t28

HAP
I

37 t17
9.7 t 6.8

556 t 362
42t27

Cells were centrifuged 30,000 g for 15 min; pel-
Iet was incubated in a buffer (2 mM Tris HCl, I mM EDTA) for
20 min at 0 oC, homogenized with l0 strokes at 1000 rpm and
centrifuged at 30,000 g for l5 min. The pellet was suspended in
75 mM Tris-HCl,zs mM MgClz, pH 7 .4, and assayed for bind-
ing activity.

Binding technique

Aliquots of membrane were incubated with
varying concentrations of ICYP, from I nM to 0.03 DM,
during 60 minutes at 37 "C. Reaction was stopped by adding
ice cold. The incubation mixtures were filtered through Wat-
man glass fiber f-rlters under vacuum and washed with buffer
solution. The radioactivity of the filters was determined with a

garnma counter LKB. The data were analyzed by Scatchard
analysis; the density of receptors (B ma,r) in fmol/mg protein,
and the dissociation constant of ICYP (Kd) were calculated.

Statistical signiñcance between groups was

assessed by analysis of variance.

Results

Membrane preparation

No signiñcant difference was found between
polycythemic and normocythemic subjects concerning HR at
rest and during exercise; maximal heart rate was not lower in
high altitude HA natives when compared to SL group in
noffnoxia. Systolic and diastolic blood pressure during exer-
cise raised normally in HA groups, without any difference
from SL subjects (results not shown). Norepinephrine plasma
concentrations (NEp) at rest were slightly but not signiñcantly
higher in HA natives when compared to sea level SL natives at
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Dose lsoproterenol (pg.kg'1.mln'1)

a

tr

E

I

ED
-t
ED
c

0:04

Flg. 1 Variation in heart rate (AHR) during ISO infu-

sion.
SLN : sea level natives in normoxia.
SLH : s€o level natives in hypoxia.
HAN = high altitude normocythemic natives.

HAP : high altitude polycythemic natives.
'p < 0.001 diff. from SLN.

0.06

Fig.2 Dose required to increase heart rate by 25 min-l (l 25).

SLN, SLH, HAN, HAP: see legend of Fig. 1.

'p < 0.001 ditf. from SLN.

SLN SLH

other Bolivian reports for this population (11). Under resting

conditions no exacerbation of sympathetic tone is present in

normal highlanders; at maximal exercise NEp concentrations

are similar to those of SL natives in normoxia. A long term

overstimulation of sympathetic system could contribute to in-

crease systemic vascular resistance and renin-angiotensin sys-

tem in a pejorative manner by increasing overload and altering

cardiac function (4); it is actually known that systemic blood

pressure in highlanders is def-rnitely lower (2, 17, l8) probably

reflecting low systemic vascular resistance and a low sympa-

thetic tone. Left ventricular contractility and diastolic function
evaluated by the ultrasounds method (data not shown) were

normal in these groups. No argument for pulmonary hyper-

tension was found. ISO infusion, & reproducible method to ex-

plore cardiac chronotropic properties in humans, has previ-

ously demonstrated a desensitization to IP in SL natives after

acute and chronic exposure to hypoxia; this phenomenon was

explained by a downregulation mechanism of pAR face to an

increased adrenergic activity, reversible with return to

normoxia. In fact a diminished pAR density is flound on lym-

phocytes under hypoia (26). For the first time a HA normal

population was studied using this test at 3600 m. Heart rate in-

crement during ISO infusion was similar in both HA natives

subgroups; the degree of polycythemia in the HAP group was

not severe, and may explain the weak differences between

groups. Response to ISO was equivalent to that in SL subjects

in normoxia. Thus, chronotropic function in well adapted

highlanders appears normal. The downregulation phenome-

non of pAR observed in SL natives exposed to HA could be

considered as a protective mechanism limiting myocardial

oxygen consumption by reducing maximal heart rate. The lack

of overstimulation of sympathetic nervous system and the lack

of desensitization of cardiac PAR in healthy highlanders might

be considered rather as an adaptive response; whether pAR

play a role in chronic adaptation is still unknown since studies

in SL subjects after long periods at HA are not available. We

found a slightly lower pAR density in HA groups, when com-

pared to SL subjects in normoxia; this value could be consid-

ered the real value for this normal population and the differ-

ence found in polycythemic subjects should point out our at-

tention. If one compares the values for SL natives in normoxia

and HA residents the difference could be interpreted as a par-

tial loss in pAR number with a normal physiological response,

leading to an adaptive phenomenon. The underyling mecha-

nisms are complex; besides receptors number, one must con-

sider the Gs-effector coupling, the adenylate cyclase activity

SL; these concentrations increased during exercise in a higher
(bur not significant) proportion when compared to SL subjects

in normoxia. Chronotropic response to ISO, evaluated by

AHR and I 2.5, wffi similar in HA groups and SL natives in
normoxia, | 25 was significantly higher and AHR w¿ts signifi-

cantly btunted in SL natives exposed to HA (Figs. I and 2); no

difference appeared within HA groups when considering he-

matocrit values or age. As expected, SBP and PP increased

during ISO infusion in normocythemic group; a significant

lower increase was observed in polycythemic group, as in SL

natives in hypoxia. DBP decreased in highlanders as in SL na-

tives in normoxia. MBP in polycythemic group is significantly
lower during ISO, when compared to the nornocythemic
group. Beta-adrenoceptors density on lymphocytes appeared

lower in HA groups, signiñcantly for HAIII (Table 2).

Discussion

HAN HAP

This study was performed to evaluate the caÍ'
diac chronotropic response to physiological and pharmaco-

logical sympathetic stimulation in high altitude natives. First,
maximal HR is not blunted in HA natives at 3600 m. We ob-

tained values of muimal oxygen consumption comparable to
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which have not been evaluated in this study (8). In SL subjects
exposed to HA the perturbated mechanism settles and prob-
ably remains stable insuring a blunted but constant physiologi-
cal responsiveness, until a new state of acclimatization takes
place at a superior level, i.e. restitution of pAR mRNA levels,
new synthesis of protein, enhanced enzymatic activity and
phosphorylation, or other mechanisms altered during desensi-
tization (8, l6). Although cardiac pl and lymphocyte p2 recep-
tors might have different characteristics, coherent results have
been obtained in both systems (5, 6). Lymphocyte receptors
flunctionality may vary depending on the cellular subset
purifired and probably one should specify this fact; B cells have
more pAR than T cells, with an adenylate cyclase less active
( 13).

Concerning vascular response to ISO a partic-
ular profile is observed in polycythemic subjects; pulse pres-
sure at the maximal ISO dose is signiñcantly lower when com-
pared to HA normocythemics and to SL natives in normoxia,
related to the slight increase in SBP, while the decrease in dias-
tolic pressure was normal. MAP is also decreased in polycy-
themic subjects after ISO.

The difference in adrenoceptors density be-
tween HAN and HAP subgroups may be of interest since natu-
ral history in polycythemic subjects is the potential loss of
adaptation involving right ventricular hypertrophy and pul-
monary hypertension; the increased Bmax in HAP group
could be a marker of a right overload development, ffi a com-
pensation of enzymatic dysfunction. Complementary tests of
the adenylate cyclase activity and regulation of gene expres-
sion are necessary to understand this finding (1,3,8). In con-
clusion, chronotropic response to an agonist P adrenergic
agent is preserved in highlanders. PAR density is found
slightly decreased in these subjects, in a lesser degree when
compared to SL natives under HA hypoxia; nevertheless alti-
tude was lower for HA natives than for SL natives, which could
influence our results. Despite downregulation observed on
lymphocytes PAR in highlanders, Do desensitization, concern-
ing chronotropic function, was found. This could be an evi-
dence of an adaptatory mechanism to chronic hypoxia: partial
increase in PAR number, with enhanced enzymatic activity,
normal phosphorylation, restitution at the transcriptional p re-
ceptor level, leading to a complete functional recovery.
Further studies in this HA population and in SL subjects living

SLN sl.H

Fig. 3 Variation in blood presure for the highest dose
of lSO.
ASBP, ADBP, AMBP, APP, respectively, variation in sys-
tolic, diastolic, mean and pulse blood pressure.
LN, SLH, HAN, HAP: see legend of Fig. 1.

'p < 0.05 ditf. from SLN. Ditf. between HAN and HAP:
* p.0.05, ++ p < 0.001.

HAN
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HAP

for long periods at HA are needed to confirm this hypothesis.
Loss of adaptation to chronic hypoxia could be detected by
following up this system before clinical signs settle down, and
some cardiac patients living at this high altitude could beneflt
from these observations.

References

I Ald.shev A. A., Titov V. O., Moldotashev I. K.: Desensitization of
adrenoceptors during chronic hypoxia. Abstract, Seventh Inter-
national Hypoxia symposium, Lake Louise, Canada, February
l99l .2 Antezan& G., Leguia G., Guzman A. M., Coudert J.: Hemody-
namic study of high altitude pulmonary edema (12200 Ft.). In:

- High altitude physiology and medicin e, 1982,pp 232-241 .

' Benovic J. L., KuhD H., Weyand I., Codina J., Cron M. G., Lef-
kowitz R. J.: Functional desensitization of the isolated p-adrener-
gic receptor by the p-adrenergic receptor kinase: potential role of
an analog for the retinal protein arestin (48-kDa protein). Proc Natl
Acad Sci USA. 84:8879-8882, 1987.4 Bristow M. R., Ginsburg R., Minobe W., Cubiccioti R. S.,
Sageman W. S., Luri€ K., Billingham M. E., Harrison D. C., Stin-
son E. B.: Decreased catecholamine sensitivity and p adrenergic
receptor density in failing human hearts. N Engl J Med 307: 205-

_ 2t l, 1982.

' Brodde O. 8., Anton D., Naoki O.: p-adrenoceptors changes in
human lymphocytes, induced by dynamic exercise . Naunyn-
Schniedeberg's Arch Pharmacol 325: I 90 - 192, I 984.6 Brodde O. 8., Beckering J. J., Michel M. C.: Human heart P-
adrenoceptors: a fair comparison with lymphocyte p-adrenocep-

_ tors? TIPS, Vol. 8, Octobre 1987.7 Bro*n M. J., Jenner D.-A.: Novel double isotope technique for
enzymatic assay of catecholamines, permitting high precision, sen-

" sitivity and plasma sample activity. Clin.Sci 6l : 59 I - 598, I 98 I .

" Collins S., Caron G., Lefkowitz R.: Regulation of adrenergic re-
ceptor responsiveness through modulation of receptor gene ex-

^ pression. Annu Rev Pltysiol53:497 - 508, l99l .v Cerretelli P.: Limiting factors to oxygen transport on Mount
Everest . J Appl Physiol 40: 658 -667, 197 6.l0 Cunningham W. L., Becker E. J., kr.ur., F.: Catecholamines in

,, plasma and urine at high altitude .J Appl Physío|20: 607-61 0, 1965.
I I Ergueta C.,PazZ.M., Coudert J.: Capacidades aerobicas y anaer-

obicas a gran altitud (3750 m). Arch Inst Boliv Biolde Altura 4: 104-
109. t971.t2 Escourrou P., Johnson D. G., Rowell L. B.: Hypoxemia increases
plasma catecholamine concentrations in exercising humans. "I
ApplPltysiol5T:1507- l5l l, 1984.rr Gorelik G., Genaro A. M., Sterin Borda L., Cappa S. G., Borda E.
S.: Antibodies bind and activate p adrenergic and cholinergic lyrn-
phocyte receptors in Chagas disease. Clin Intntun and Int-
munopat h 5 5: 221 - 23 6, I 990.



Int. J. Sports Med. I3 (lgg2)

t4 Hausdorff w. p., caron M., Leftowitz R.: Turning off the signal:
desensitisation of p-adrenergic receptor function . FASEB J 4:
2ggl-2ggg,lgg0.l5 Hartley L. H., vogel J. A., cruz J. c.: Reduction of maximal exer-
cise heart rate at altitude and its reversal with atropine . J Appl phys-
iol36:362-365, t97 4.16 
!omcy.C. J., Vatner S. F., Vatn receptor reg-
ulation in the heart in path ..nui ..rpoñ-
siveness in cardiac disease. 159, 199i.t7 Hultgren H. N., Marticore , A.: Epidemiologic observations in
Peru. Ches t 7 4: 37 2 - 37 6, 197 8l8 Hurtado A., Velasquez T., Reynafarje C.: Mechanisms of natural
acclimatisation. Studies on the Native Resident of Morococha, at
an altitude of 14900 feet. School of aviation medicine, USAF Rápt.
56-1, March 1956.le Mackinnon P. c. B., Monk-Jones M. E., Fotherby K.: A study of
various indices of adrenocortical activity durin g'23 days at high
altitude .J Endocrinol26: 555-566, 1963.20 Maher J. T., Manchanda s. c., cymerman A., wolfe D. J., Hartley
L. H.: Cardiovascular responsiveness to p-aárenergic stimulatioá
and blockade in chronic hypoxia. Am J Physiot iZA: 477-481,
r97 5,2t Maher J. T., Denniston J. c., wolfe D. L., cymerman A.: Mecha-
nism of the attenuated cardiac response to []-adrenergic stimula-
tion in chronic hypoxia. J Appt physiol 44: 647- 65 I , I 97g.

let, G. Antezana, H. Spielvogel, R. Kacinti

22 Maisel A. s., Philips c., Michel M., ziegler M. G., Carter S. M.:
Regulatiol olgardiac p-adrenergic re..pio.s by capropr il. Circula-
tion8l:669-675,1989.

23 Manchanda S. i., M.her J. T., cymerman A.: cardiac perform-
ance during graded exercise in acute hypoxia . J Appt pi¡,siol 3g:g5g-962,t975.

24 Richalet i. p., Mehdioui H., Rathat c., vignon p., Kéromés A.,
Herry J. P., Sabatier c., Tanche c., Lhoste F.: Acute hypoxia
decreasbs cardiac response to catecholamines in .*.ióiring

_ humans. Int J Sporrs Medg: 157 -162,19gg.2s Richalet J. P., Larmignat p., Rathat c., Kéromés A., Baud p.,
Lhoste F.: Decreased cardiac response to isoproterenol infusion in
acute and ch¡onic hypoxta. J Appl physiol65: i 957 - I 961 , I 9gg.26 Richalet J. P.: Heárt and adián..gi. system in hypoxia. ln: Hy-
poxia. The adoptations: sutton J. R., óoates G., ilemmers J. E.

)j (:dr). P.C Dekker Inc., Toronro, I 990, ppl3l -240.Lt voelkel N. F., Hegstrand L., Reeves J.'i., McMurty I. F., Morinoff
P. B.: Effegls of hypoxi-a on density of p-adr.n..ii. receprors. -I
Appl Physiol50:363 - 366, I 98 I

Nuhitional Aspects of Health and performance
at Lowland and Ntitude
F. Brouns
Nutrition Research Center, University of Limburg, Maastricht, Netherlands

Dr. A. M. Antezana and pr. J.-p. Richalet
ARPE, 74 rue Marcel Cachin
93012 Bobigny Cedex
France

F. Brourt¡ Nutritional Aspects of Health and
Performance at Lowland and Altitud.. Int J sports Med,
Vol l3,Suppl l,ppSl00-S106, lgg2.

one of the most important nutritional goals
amongst athletes is to maintain adequate energy and fluid
balance, since these are subject to reiativety ra[ia changes
and are directly related to perforrnance and health. This
may especially be the case when exercise intensity is high.
Furthermore, when due to exercise and environmental
stress food and fluid intake become depressed. In such con-
ditions there may be a dramatic increase in the utilization of
carbohydrate (cHo), fluid, and in some instances protein.
These increased requirements may then not be covered. In-
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