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Several low altitude laboratories have re- 
ported much smaller increases in pulmonary 
vascular resistance induced by acute hy- 
poxia in dogs (1-3) than those which we 
have observed at 1600-m altitude (4). We 
wished to determine if this poor hypoxic 
response in lowland dogs was due to differ- 
ences in technique, or due to a real physio- 
logic difference. The mechanism by which 
alveolar hypoxia causes pulmonary arterial 
vasoconstriction remains unknown. If low- 
land and highland dogs differ in their re- 
sponse to hypoxia, further studies of these 
two groups might shed light on this mecha- 
nism. Therefore, we studied the pulmonary 
pressor response to hypoxia in lowland and 
highland dogs under identical climatic and 
laboratory conditions. 

Methods and materials. Fourteen mongrel 
dogs of either sex (mean weight 19 2 1 kg) 
were flown to Denver, Colorado (1 600 m), 
from sea level laboratories in New Orleans, 
Louisiana ( n  = S),  and Madison, Wisconsin 
( n  = 6) (lowland dogs). Ten dogs were 
studied the day after arrival, while the re- 
maining four dogs were studied 4 ( n  = 2) or 
7 ( n  = 2) days later. At autopsy, three of 
the dogs from New Orleans were found to 
have numerous heart worms (Dirofilaria 
irnrnitus) in the right ventricle and main pul- 
monary artery. Consequently, these dogs 
were excluded from the comparison made 
with 11 "highland" mongrel dogs (mean 
weight 21 2 1 kg) obtained in Denver. We 
assumed that the dogs were residents of the 
altitude from which they were obtained. 

All of the dogs were studied using the 
same procedures. They were anesthetized 
with intravenous sodium pentobarbital (30 
mg/kg) and intubated with a cuffed endotra- 
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cheal tube. Additional small doses of anes- 
thetic were administered when needed. Pol- 
yethylene catheters (PE-160) were placed in 
the main pulmonary artery via the jugular 
vein, and in the abdominal aorta via the 
femoral artery. A Swan-Ganz balloon- 
tipped catheter was passed into a peripheral 
pulmonary artery in order to determine pul- 
monary wedge pressure. 

Pulmonary arterial, pulmonary wedge, 
and aortic pressures were transduced with 
strain gauges (Statham P23 Db) calibrated 
with a mercury manometer and zeroed at 
right atrial level. Cardiac output was deter- 
mined by injection of known amounts of 
indocyanine green dye (Cardio-Green) into 
the superior vena cava and sampling of arte- 
rial blood with a cuvette densitometer (XP- 
302, Waters Co.). The electrical outputs of 
the pressure transducers, densitometer, and 
an electrocardiograph were processed 
through amplifiers and a NOVA 1200 digi- 
tal computer (Data General Corp.) and dis- 
played on an oscilloscope. Cardiac output 
was calculated by the computer using a 
semilogarithmic replot of the displayed dye 
curve. Mean blood pressures, heart rate, 
cardiac output , stroke volume, and pulmo- 
nary vascular resistance (mean pulmonary 
arterial - wedge pressure/cardiac output) 
were computed on-line and recorded. 

Each animal breathed 30% 0, in N2 
spontaneously during the control period, in 
which pressures, cardiac output, and arterial 
blood gas tensions were measured. During 
hypoxia (1 0 % O2 in N,) esophageal temper- 
ature (Yellow Springs thermistor probe) 
was maintained above 38" by warming and 
humidifying the inspired gas mixtures. End- 
tidal CO, was monitored with a Beckman 
infra red gas analyzer (Model LB-1) and 
maintained at the normoxic level by manual 
addition of 100% CO, to the inspired gas. 
Inspiratory and end-tidal 0, levels were 
measured with an oxygen fuel cell. Arterial 
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blood gas tensions and pH were measured 
with a Radiometer blood gas analyzer 
(Model 27) at 38” and corrected to the ani- 
mals’ deep body temperature. 

The hypoxic challenge was maintained for 
20 min. Vascular pressures were measured 
every min, cardiac output at 5 ,  10, 15, and 
20 min, and arterial blood gases at 10 and 
20 min of hypoxia. Twenty minutes after the 
end of the hypoxic exposure, the pulmonary 
arterial pressor response to an intravenous 
bolus of prostaglandin FZa was recorded. 
This response was observed in order to de- 
termine if any difference between the 
groups was purely associated with hypoxic 
vasoconstriction, or whether it also involved 
other constrictor stimuli. A dose of 5 ,ug/kg 
was chosen because we have found, in other 
experiments, that this is the lowest dose 
which will provoke a maximum increase in 
pulmonary arterial pressure. 

Seven of the lowland dogs were allowed 
to recover from anesthesia and were restud- 
ied, in exactly the same manner, between 3 
and 4 weeks after the initial experiment. 
These experiments were conducted to iden- 
tify any changes in response induced by resi- 
dence at 1600 m. In addition to the dogs 
from Denver and sea level, three dogs from 
Breckenridge, Colorado (approximate alti- 
tude 2700 m), were also studied. 

The data are given in the text and tables 
as the mean and 1 SE. The differences be- 
tween lowland and highland dogs, in terms 
of their control values and responses to hy- 
poxia, were analyzed with the two popula- 
tion t test. Changes occurring in the lowland 
dogs that were restudied were examined us- 
ing the paired Student’s t test. Significant 

differences were considered to exist when P 
< 0.05. 

Results. There were no significant differ- 
ences between the lowland and highland 
dogs in the hemodynamic variables mea- 
sured during normoxic conditions. How- 
ever, the increases in pulmonary arterial 
pressure and pulmonary vascular resistance 
induced by hypoxia were greater in the high- 
land dogs (Table I ,  Fig. 1).  The percentage 
increase in pulmonary vascular resistance 
was also greater in the highland dogs 
(+135% t 17) than in the lowland dogs 
(+65% k 7). The severity of the hypoxic 
challenges was the same as evidenced by the 
similar blood gas tensions during hypoxia 
(Table 11). Cardiac output and systemic ar- 
terial pressure increased during hypoxia in 
both groups. In the lowland dogs there was 
a significant fall in systemic arterial resist- 

4 

U 

- 
I OJ ,-, L o  r b 

0 1000 2000 3000 

ALTITUDE OF RESIDENCE (rn) 

FIG. 1. Change in pulmonary vascular resistance 
during hypoxia (closed circles and unbroken line) and 
in pulmonary arterial pressure with prostaglandin Fzu (a 
bolus of 5 pglkg, open circles and broken line) in dogs 
native to sea level ( n  = l l ) ,  Denver (1600 m) altitude 
( n  = l l ) ,  and 2700 m (n = 3). 

TABLE I. NORMOXIC HEMODYNAMICS IN LOWLAND AND HIGHLAND DOGS AND CHANGES WITH ACUTE 
HYPOXIA.~  

Normoxic control Change with hypoxia 

Low High Low High 
~~ 

+ 1 2 ?  1 +17 k 1* Pulmonary arterial pressure (mm Hg) 
Pulmonary vascular resistance (mm 4.5 k 0.3 4.0 ? 0.4 +2.8 -+ 0.2 +5.3 +0.9* 

16 k 1 17 k 1 

Hg/liter/min) 
Cardiac output (liter/min) 2.7 -+ 0.2 3.3 k 0.3 +0.7 ? 0.1 +0.2 2 0.2 
Systemic arterial pressure (mm Hg) 134 ? 3 136 ? 6 +13 f 2 +9 f 3 
Total systemic resistance (mm Hg/li- 51 ? 3 44 & 4 -6 & 2 0 & 2* 

ter/min) 

a Low, lowland dogs (n = 11); high, highland dogs (n = 11). * Difference in hypoxic response between 
lowland and highland dogs is significant at P < 0.05 level. 
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TABLE 11. ARTERIAL BLOOD GAS TENSIONS DURING NORMOXIA AND HYPOXIA IN LOWLAND AND HIGHLAND 
DOGS. 

Normoxia H y poxia 

Low High Low High 

Systemic arterial pH 7.32 ? 0.01 7.32 2 0.01 7.36 2 0.01 7.36 * 0.01 
Systemic arterial oxygen tension 97 2 2 99 ? 2 38 ? 1 39 2 1 

Systemic arterial carbon dioxide ten- 41 2 1 41 ? 1 39 ? 1 39 ? 1 
(mm Hg) 

sion (mm Hg) 

TABLE 111. NORMIC HEMODYNAMICS I N  LOWLAND DOGS AND CHANGES WITH ACUTE HYFQXIA AFTER 

Normoxic control Change during hypoxia 

RESIDENCE AT 1,600 m .  

First study" Second studyb First study Second study 
Pulmonary arterial pressure (mm Hg) 16 2 1 16 2 1 + 1 2 2  1 + 1 2 2  1 
Pulmonary vascular resistance (mm Hg/ 4.7 2 0.4 4 .2  ? 0.8 +2.7 2 0.3 +2.9 ? 0.6 
literlmin) 
Cardiac output (literlmin) 2.7 2 0.2 3.2 ? 0.4 +0.8 2 0.2 +0.5 ? 0.1 

Study on arrival at 1600 m from sea level; n = 7.  
Study 3-4 weeks later; n = 7.  

ance in comparison to the highland dogs. 
The increase in pulmonary arterial pres- 

sure induced by prostaglandin FZu was not 
significantly different in the two groups. The 
increase was + 17 * 2 mm Hg in the lowland 
dogs, and +20 * 1 mm Hg in the highland 
dogs (Fig. 1). The pulmonary arterial pres- 
sures prior to prostaglandin FPa administra- 
tion were 15 ? 1 and 16 * 1 mm Hg, 
respectively. 

Seven lowland dogs were restudied 3 to 4 
weeks after the initial experiment. Their 
pulmonary arterial pressures and resistances 
during normoxia, and the changes with hy- 
poxia were not different from the values 
obtained during the first study (Table 111). 
Similarly, the change in pulmonary arterial 
pressure induced by prostaglandin FZa was 
unaltered (15 2 1 to 33 * 2 mm Hg during 
the first study, and 15 * 2 to 33 * 3 mm Hg 
during the second study). 

The three dogs from 2700 m also ex- 
hibited greater pulmonary vascular reactiv- 
ity (Fig. 1).  During hypoxia the mean in- 
crease in pulmonary vascular resistance was 
+7.6 ? 4.2 mm Hg/liter/min (+139% +- 
39). While this increase is somewhat greater 
than the increase observed in the Denver 
dogs, the percentage change in resistance 
was not different. The increase in pulmo- 
nary arterial pressure stimulated by prosta- 

glandin FLa was +26 * 2 mm Hg (from 15 * 
1 to 41 k 3 mm Hg), which also tended to 
be greater than the response observed in the 
Denver dogs (+20 ? 1 mm Hg). 

Heart worm infestation ( n  = 3) increased 
both the normoxic pulmonary arterial pres- 
sure (21 * 3 mm Hg) and pulmonary vascu- 
lar resistance (6.4 1.4 mm Hg/liter/min). 
The absolute increases during hypoxia (+ 12 * 1 mm Hg, and +2.5 ? 1.3 mm Hg/liter/ 
min) were similar to those for the remainder 
of the lowland group; however, the re- 
sponses expressed as percentage change 
were smaller. 

Discussion. This study demonstrates that 
both in terms of pulmonary arterial pressure 
and calculated resistance the highland dogs 
had greater responses to hypoxia than low- 
land dogs, suggesting that chronic low-grade 
hypoxia may alter hypoxic reactivity. The 
greater response of the highland dogs to 
hypoxia is in contrast to our experience in 
rats ( 5 )  and cattle (6). Lungs isolated from 
rats which had been exposed at 4270 m for 5 
weeks showed less pulmonary hypertension 
in response to acute alveolar hypoxia than 
those from control rats maintained at 1600 
m . Hypoxic pulmonary hypertension, with 
associated right heart failure (brisket dis- 
ease) is less common in cattle native to alti- 
tudes above 2133 m than in lowland cattle 
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taken to high altitude. We have shown that 
the characteristic to susceptibility or resist- 
ance to hypoxic vasoconstriction is inherited 
(7). This is true of the acute or chronic 
response to hypoxia (8). It is thought that 
natural selection through a number of gen- 
erations may have rendered the highland 
cattle more resistant to the pulmonary vas- 
cular effects of hypoxia (9). Dogs do not 
develop chronic pulmonary hypertension at 
high altitude (1 0), and increased respon- 
siveness of the pulmonary vascular bed 
would not therefore be a detrimental factor 
in natural selection. Whatever the change 
may be, increased vascular reactivity ap- 
Fears to be either acquired over a long pe- 
riod of time (certainly in excess of 4 weeks), 
or else inherited. 

The pressor response to prostaglandin Fza 
tended to be greater in the dogs from 1600 
m than in those from sea level, and was even 
greater in dogs from 2700 m than in those 
from the two lower altitudes. This suggests 
an increasing responsiveness to prostaglan- 
din FSa with increasing altitude of residence. 
The observation is consistent with the 
greater responsiveness to prostaglandin 
F2u in lungs from high vs low altitude rats 

It is evident from this study that the alti- 
tude from which dogs are obtained is yet 
another variable which should be consid- 
ered when hemodynamic results from var- 
ious laboratories are compared. Perhaps the 
different pulmonary vascular pressor re- 
sponses seen in the highland and lowland 
dogs will provide a stimulus and a model for 
the study of the mechanism of hypoxic pul- 
monary vasoconstriction. 

Summary. Greater pulmonary vascular 
resistance increases in response to acute hy- 
poxia have been observed in the anesthe- 
tized dog at 1600-m altitude than in dogs 
studied at sea level. Consequently, the he- 
modynamic response to hypoxia was studied 
in 11 “lowland” dogs flown to Denver and 
compared to the response of 11 dogs ob- 
tained locally. The local “highland” dogs 
had mean increases in pulmonary arterial 
pressure and pulmonary vascular resistance 
during hypoxia of +17 .t 1 mm Hg and 
+5.3 k 0.9 mm Hg/liter/min, respectively, 
in contrast to the increases of + 12 t 1 mm 

( 5 ) .  

Hg and +2.8 k 0.2 mm Hg/liter/min ob- 
served in the lowland dogs. The increase in 
pulmonary arterial pressure induced by 
prostaglandin Fza was not significantly dif- 
ferent in the two groups. The pulmonary 
pressor response to hypoxia in seven low- 
land dogs restudied after 3- to 4-weeks resi- 
dence at 1600 m was not altered. The differ- 
ence in responsiveness of the pulmonary 
vascular bed to hypoxia in the two groups 
suggests that chronic low-grade hypoxia 
may alter hypoxic reactivity, and that the 
resident altitude should be considered when 
comparing data from various laboratories. 

We are very grateful to Dr. A. L. Hyman and Dr. P. 
J .  Kadowitz (Louisiana) and Dr. J .  A .  Will (Wisconsin) 
who supplied the sea level dogs for the study. Excellent 
technical assitance was provided by Mary Munroe, Ro- 
sann Glas, Steve Hofmeister, Bruce Hookway, Don 
Jackson, Bea Kaplan, and Eva Toyos. The manuscript 
was prepared by Karen Leahy. Prostaglandin Fza was 
kindly supplied by Dr. John Pike, Upjohn Co., Kala- 
mazoo, Mich. The study was supported by NIH Grants 
No. HL 14985 and No. HL 05973. 

1 .  

2. 

3. 

4 .  

5. 

6. 

7.  

8. 

9. 

10. 

Horwitz, L. D., Bishop, V. S. ,  Stone, H. L., and 
Stegall, H. F., J .  Appl. Physiol. 27,370 (1969). 
Susmano, A.,  Passovoy, M . ,  and Carleton, R. A.,  
Amer. Heart J. 34, 203 (1972). 
Thilenius, 0. G. ,  Hoffer, P. B., Fitzgerald, R.  S . ,  
and Perkins, J .  F., Amer. J .  Physiol. 206, 867 
(1964). 
Tucker, A.,  and Reeves, J .  T., Amer. J .  Physiol. 
228, 756 (1975). 
McMurtry, I. F., Tucker, A.,  Davidson, A .  B., 
Reeves, J .  T. ,  and Grover, R. F., Fed. Proc. 35, 
1358 (1976). 
Will, D. H.,  and Alexander, A. F., in “Bovine 
Medicine and Surgery ,” p. 4 12. Amer . Vet. Publ., 
Wheaton, Ill. (1970). 
Weir, E. K., Tucker, A., Reeves, J .  T., Will, D. 
H . ,  and Grover, R. F. ,  Cardiovasc. Res. 8, 745 
(1 974). 
Will, D.  H., Hicks, J .  L.,  Card, C. S . ,  Reeves, J .  
T., and Alexander, A.  F., J .  Appl. Physiol. 38, 

Reeves, J .  T. ,  and Grover, R. F. ,  in “Progress in 
Cardiology” (P. N. Yu and J .  F. Goodwin, eds.), 
Vol. 2 ,  p. 99. Lea and Febiger, Philadelphia 
(1975). 
Tucker, A., McMurtry, I. F., Reeves, J .  T., Alex- 
ander, A. F., Will, D. H., and Grover, R.  F., 
Amer. J .  Physiol. 228, 762 (1975). 

495 (1975). 

Received June 23, 1976. P.S.E.B.M. 1977, Vol. 154. 


