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Summary. In 17 healthy men, beta-adrenergic blockade reduced significantly
the tachycardia and the elevation of cardiac output associated with inhala-
tion of 7.5% oxygen for 7 to 10 minutes.

Hypoxia did not increase plasma concentrations of epinephrine or nor-
epinephrine in six subjects. Furthermore, blockade of alpha and beta re-
ceptors in the forearm did not modify the vasodilation in the forearm induced
by hypoxia, providing pharmacologic evidence that hypoxia of the degree and
duration used was not associated with an increase in the concentrations of
circulating catecholamines in man.

Part of the increase in cardiac output and heart rate during acute hypoxia
in man is produced by stimulation of beta-adrenergic receptors, probably by
cardiac sympathetic nerves. The mechanism of the vasodilation in the fore-
arm during hypoxia remains uncertain.

Introduction

Acutely induced hypoxia in man produces an
increase in cardiac output, in heart rate, and in
forearm blood flow (1) and a decrease in blood
flow to the hand (2), but little change in arterial
pressure. The mechanisms by which hypoxia
produces these circulatory changes remain incom-
pletely understood. A striking similarity exists
between these circulatory responses and those pro-
duced by intravenous infusion of epinephrine (3,
4). It has been suggested (1) that liberation of
epinephrine contributes to the circulatory responses
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to hypoxia, although recent measurement of serum
catecholamine concentration during hypoxia in the
dog shows little change (5). These considera-
tions led us to study the influences of the sympa-
thetic nervous system and of catecholamines as
possible mediators of the circulatory responses to
acute hypoxia.

Three approaches to evaluation of the contri-
bution of circulating catecholamines and of sym-
pathetic neural activity during hypoxia are used:
1) blockade of the positive chronotropic and ino-
tropic cardiac effects of sympathetic nerve activity
and of circulating catecholamines by use of beta-
adrenergic blocking agents, 2) measurement of the
concentration of catecholamines in arterial blood
during hypoxia, and 3) local blockade of alpha-
and beta-adrenergic receptors in forearm blood
vessels.

Methods
Subjects were 30 healthy male volunteers, aged 19 to 39

years. All experiments were performed in an air-con-
ditioned laboratory (room temperature, 23 to 240 C)
with the subjects recumbent on a table.

Cardiac output was measured by an indicator-dilution
method. Through a 3-inch polyethylene catheter, in-
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serted in an antecubital vein and advanced into the median
basilic vein, a known amount of indocyanine green was
injected rapidly, and immediately followed by 20 ml of
isotonic saline injected into the vein in 2 or 3 seconds.
Injection of dye into an antecubital vein has been shown
by Bousvaros and others (6-8) to give values for cardiac
output equal to those obtained by injection into the pul-
monary artery or right atrium if the injection of dye is
immediately followed by saline to propel the dye into the
central circulation. Dye concentration in arterial blood
was measured continuously with a Gilford densitometer.

Arterial blood pressure was recorded with a Statham
P23D strain gauge connected to an 18-inch Cournand
needle in a brachial artery. Mean pressure was obtained
by electronic damping. Systemic vascular resistance was
calculated as the ratio of mean arterial blood pressure
to cardiac index. Arterial blood was collected in hepar-
inized syringes anaerobically, and its oxygen and carbon
dioxide tensions and pH were measured with oxygen and
carbon dioxide electrodes (9) and a Metrohm pH meter
at 37° C. Forearm blood flow was measured by venous
occlusion plethysmography with either Whitney mer-
cury-in-rubber strain gauges or water-filled plethysmo-
graphs in which the water temperature was maintained
at 340 C. The mercury-in-rubber strain gauges were
calibrated according to the method of Whitney (10).
During measurement of forearm blood flow, the circu-
lation to the hand was excluded by inflating a wrist cuff
to 250 mmHg. Forearm vascular resistance was calcu-
lated as the ratio of mean arterial blood pressure to fore-
arm blood flow. Measurements of forearm blood flow
were not made on the same day as were those of cardiac
output.

To induce hypoxia, the subjects breathed 7.5%o oxy-
gen in nitrogen from a Douglas bag by means of a

mouthpiece and low resistance valve system. Plasma
concentrations of epinephrine and norepinephrine were
measured by the trihydroxy indole method in six sub-
jects during inhalation of room air and during the tenth
minute of inhalation of 7.5% oxygen in nitrogen. The
catecholamines were extracted from plasma with an
alumina column as described by Crout (11) and differ-
entially assayed by the procedure of Wiegand and Perry
(12).

Beta-adrenergic blockade was produced in ten subjects
by intravenous administration of 0.8 to 1.5 mg per kg
of pronethalol given over a period of 5 minutes. After
its administration, intravenous infusion of 10 ug per min-
ute of epinephrine produced hypertension and brady-
cardia in each subject. The subsequent availability of
propranolol, a more potent beta-adrenergic blocking drug
(13), led us to study the effect of this agent on the
changes in cardiac output, heart rate, and arterial blood
pressure induced by hypoxia in seven additional subjects,
using an experimental protocol identical to that for pro-
nethalol, except that the subjects received 5 mg of pro-
pranolol intravenously.'

The effect of beta-adrenergic blockade on the general
circulatory response to hypoxia was studied as follows:
Control measurements of cardiac output, blood pressure,
arterial blood gas tensions, and pH were made while
the subjects breathed room air and were repeated during
the seventh and eighth minutes of breathing 7.5%o oxy-
gen in nitrogen. After 15 minutes of recovery, beta-
adrenergic blockade was produced by intravenous ad-
ministration of pronethalol or propranolol, and these

I Pronethalol and propranolol were supplied through
the courtesy of Dr. Alex Sahagian-Edwards of Ayerst
Laboratories, New York, N. Y.
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FIG. 1. RESPONSEOF BLOODFLOWTO THE VALSALVA MANEUVERIN THE INTACT AND PHENOXYBENZAMINE-TREATED
FOREARM. In the intact arm, blood flow is reduced during the elevation of blood pressure that follows release of
forced expiration against a closed glottis. In the opposite arm, no vasoconstriction occurs, demonstrating blockade
of sympathetic neural vasoconstriction by 8 mg of phenoxybenzamine administered intra-arterially. The numbers by
each venous occlusion curve indicate forearm blood flow.
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FIG. 2. EFFECT OF ALPHA-ADRENERGICBLOCKADE (PHENOXYBENZAMINE) ON FOREARMVASCU-

LAR RESPONSETO EPINEPHRINE. Intravenously administered epinephrine produced a marked and
prolonged increase in blood flow in the arm whose alpha-adrenergic receptors had been blocked
by phenoxybenzamine, 8 mg intra-arterially.

measurements were repeated while the subjects breathed
room air and during the seventh and eighth minutes of
7.5% oxygen breathing.

Beta-adrenergic blockade of the forearm only was pro-

duced by the injection of 15 mg of pronethalol into the
brachial artery over a period of 5 minutes. After intra-
arterial administration of pronethalol, intravenous ad-
ministration of 10 Ag per minute of epinephrine produced
a slight decrease in forearm blood flow instead of the
usual increase. Alpha-adrenergic blockade of the fore-
arm was produced by the intra-arterial administration
of 8 mg of phenoxybenzamine over a period of 5 min-
utes. The effectiveness of blockade was verified by show-
ing abolition of the decrease in forearm blood flow that
normally accompanies the post-Valsalva "overshoot" in
blood pressure (Figure 1). Roddie, Shepherd, and
Whelan (14) have demonstrated that this decrease in
forearm blood flow is mediated by increased activity of
adrenergic sympathetic nerves. Figures 2 and 3 show
the change in forearm blood flow induced by epinephrine,
10 /Ag per minute intravenously, and the modification of
this effect by blockade of alpha- and of alpha- and beta-
adrenergic receptors, respectively.

The effect of beta-adrenergic or alpha-adrenergic block-
ade of the forearm on its circulatory response to hypoxia
was studied as follows: Beta-adrenergic or alpha-adren-
ergic blockade of the forearm was produced in one fore-
arm. Blood flow was measured simultaneously in both
forearms as the subjects breathed room air and during
the first 8 minutes of breathing 7.5% oxygen in nitrogen.
In seven additional experiments, blood flow was mea-

sured in only one arm after the intra-arterial administra-
tion of phenoxybenzamine and the response to hypoxia
determined as noted above. After a 15-minute rest pe-

riod, pronethalol was given intra-arterially into the
brachial artery of the same arm and the response to hy-
poxia recorded again.

The results were analyzed statistically by comparing
the mean difference between control and hypoxic mea-

surements to zero by the t test (15). In comparing the
effects of hypoxia on intact forearm vessels with its ef-
fects after phenoxybenzamine, we used per cent change
in blood flow and vascular resistance in statistical analy-
sis because of the marked difference in blood flow through
the intact and the phenoxybenzamine-treated extremity
before hypoxia.
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FIG. 3. EFFECT OF ALPHA- AND BETA-ADRENERGICBLOCKADEON FOREARMVASCULARRESPONSE

TO EPINEPHRINE. Blockade of both alpha- and beta-adrenergic receptors, by intra-arterial in-
jection of propranolol, 0.2 mg, in the arm already treated with phenoxybenzamine, abolished the
vasodilation produced before beta-adrenergic blockade by intravenous epinephrine (see Figure
2).

Results tension from 90 to 34 mmHg produced a 54%o
increase in cardiac index, from 2.8 to 4.3 L per

Cardiac output, heart rate, and arterial blood miue. i2.
' ' ~~~~~~minuteper m2. After beta-adrenergic blockade

pressure with pronethalol, reduction in arterial

As shown in Table I, before pronethalol, hy- sion from 90 to 33 mmHg was accompanied by
poxia with an average reduction in arterial oxygen a smaller mean increase (27%o ) in cardiac index,

TABLE I

Effects of pronethalol on circulatory responses to hypoxia*

Intact Pronethalol

Roomair 7.5% oxygen Difference Di Roomair 7.5% oxygen Difference D2 Di - D2

Cardiac index, 2.8 -1 0.19 4.3 41 0.2 1.49 1: 0.2 2.6 4 0.11 3.3 14 0.14 0.74 0.14 0.75 4: 0.12
L/min/m2 p < 0.001 p < 0.001 p < 0.001

Heart rate, 72 :1: 2.6 101 A: 3.1 29 4 3.4 70 4 2.4 91 4 2.0 21 4: 2.2 7.6 4 1.5
beats/min p < 0.001 p < 0.001 p < 0.001

Mean arterial 91 1 2.4 90 41 2.6 1.5 i1 1.1 89 1:2.0 87 4 2.4 2.1 :1 1.2 -0.6 4 1.7
pressure, mmHg p >0.1 p >0.1 p > 0.1

Arterial blood 90 4 1.8 34 4 0.9 55 :1 1.9 90 + 2.8 33 :1: 0.9 56 4: 3.2 -0.7 4- 2.3
02 tension, mmHg p < 0.001 p < 0.001 p > 0.1

Arterial blood 39 4 0.9 31 -1 1.0 7.5 i 1.5 39 4 0.8 31 i 1.0 8.4 :1: 1.4 -0.9 ± 0.8
C02 tension, mmHg p < 0.001 p < 0.001 p > 0.1

Arterial blood pH 7.41 ± 0.01 7.50 :1: 0.01 0.086 -: 0.01 7.42 4- 0.01 7.50 4: 0.01 0.082 4 0.01 0.003 4 0.01
p <0.001 p <0.001 p >0.1

* All values are mean :+1 standard error of ten experiments in ten subjects.
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TABLE II

Effects of propranolol on circulatory responses to hypoxia*

Intact Propranolol
Roomair 7.5% oxygen Difference Di Roomair 7.5% oxygen Difference D2 Di - D2

Cardiac index, 2.8 i 0.14 4.5 4 0.33 1.74 ± 0.37 2.5 ± 0.23 3.1 i: 0.40 0.69 i: 0.23 1.06 4 0.32
L/min/m2 p < 0.005 p < 0.05 p < 0.01

Heart rate, 70 i 5.4 100 41: 4.8 30 4 5.9 61 4 4.0 84 ± 4.1 23 4± 4.4 6.9 + 5.9
beals/min p < 0.005 p < 0.005 p > 0.2

Mean arterial 97 i 2.9 99 A1 6.0 1.7 i 3.8 97 i 3.9 108 i 6.5 11 i 5.5 -9.1 i 5.8
pressure, mmHg p > 0.5 p > 0.05 p > 0.1

Arterial blood 96 ± 4.6 36 ± 2.6 60 i 4.0 89 i 4.0 35 i 3.7 53 :1: 4.0 6.6 ± 2.1
02 tension, mmHg p < 0.001 p < 0.001 p < 0.025

Arterial blood 34 ± 0.7 25 i 0.8 8.7 :1 0.7 36 i 0.6 25 ± 1.5 11 ± 1.9 -2.4 :1 1.4
CO2tension, mmHg p < 0.001 p < 0.001 p > 0.1

Arterial blood pH 7.45 ± 0.006 7.54 4- 0.01 0.09 i 0.008 7.43 i 0.01 7.57 i 0.02 0.14 i 0.02 -0.05 :1 0.01
p < 0.001 p < 0.001 p < 0.02

* Figures are mean 4l standard error of seven experiments in seven subjects.

from 2.6 to 3.3 L per minute per M2. A smaller hypoxia before beta-adrenergic blockade was as-
change in output occurred in each of the ten sub- sociated with a 62%o increase in cardiac index,
jects after beta-adrenergic blockade. Similarly, from 2.8 to 4.5 L per minute per M2, and a 43%o
heart rate increased 41 %, from 72 to 101 beats increase in heart rate, from 70 to 100 beats per
per minute, during hypoxia before beta-adrenergic minute (Table II). After administration of pro-
blockade, but only 30%o, from 70 to 91 beats per pranolol, inhalation of 7.5%o oxygen produced only
minute, after pronethalol. The increases in both a 28%o increase in cardiac index, from 2.5 to 3.1
cardiac output and heart rate induced by hypoxia L per minute per M2, and a 38%o increase in
were significantly (p < 0.01) less pronounced heart rate, from 61 to 84 beats per minute, despite
after pronethalol. Arterial pressure did not change reduction in arterial oxygen tension below that
significantly during hypoxia before or after pro- in the control experiments.
nethalol. Systemic vascular resistance fell from Five additional subjects breathed 7.5% oxygen
34 to 26 mmHg per L per minute per m2 during twice, without any blocking agent, to evaluate the
hypoxia after pronethalol, the decrease occurring possibility that the second exposure to hypoxia
with pronethalol being significantly (p < 0.01) might produce less rise in cardiac output and
less than the decrease from 33 to 21 mmHg per heart rate than did the first, even though no block-
L per minute per M2, which occurred during ing drug had been given. Cardiac index increased
hypoxia before pronethalol. Changes in arterial an average of 1.4 + 0.6 (SEM) L per minute per
CO2 tension and pH induced by hypoxia were m2 during the first exposure to 7.5%o oxygen,
similar before and after pronethalol. and 1.5 + 0.4 L per minute per m2 during the

In the seven subjects who received propranolol, second. Heart rate increased 30 ± 5 and 28 ± 4

TABLE III

Plasma concentrations of catecholamines*

Room air 7.5% oxygen Difference p

Epinephrine,
,ug/L 0.067 -4 0.066 0.13 1: 0.07 0.067 d 0.11 >0.5

Norepinephrine,
,ug/L 1.45 ± 0.56 0.82 4t 0.47 0.63 :1: 0.39 >0.1

Arterial oxygen
tension, mmHg 97 ± 1.8 32 1 2.7 64 : 1.9 <0.001

* Figures are mean 4 standard error of six experiments in six subjects.
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TABLE IV

Effects of pronethalol on forearm vascular response to hypoxia*

Intact Pronethalol

Roomair 7.5% oxygen Difference Di Roomair 7.5% oxygen Difference D2 Di - D2

Forearm blood 2.4 :1 0.4 3.2 4 0.6 0.83 ± 0.2 3.2 ± 0.3 4.0 ± 0.5 0.78 i 0.2 0.05 :1: 0.29
flow, ml/100 ml/min p < 0.02 p < 0.05 p > 0.4

Forearm vascular 42 ± 6.8 32 =1: 4.6 10 41 3.7 28 ± 2.6 23 i 2.4 5.0 ± 1.3 5.3 4 3.2
resistance, mmHg!. p < 0.02 p < 0.02 p > 0.1
ml/100 ml/min

Arterial blood 93 ± 1.3 35 ± 1.0 58 ± 1.6 93 ± 1.3 35 ± 1.0 58 ± 1.6 0t
02 tension, mmHg p < 0.001

Arterial blood 39 ± 1.5 32 ± 0.9 7.4 ± 1.3 39 ± 1.5 32 i 0.9 7.4 ± 1.3 0t
CO2 tension, mmHg p < 0.005

* Data are mean ± standard error of six experiments in six subjects.
t Flow was measured simultaneously in both arms, into one of which 15 mg pronethalol had been injected intra-

arterially.

beats per minute, respectively, whereas arterial
oxygen tension fell 57 +4 and 53 +4 mmHg
during the first and second exposures to hypoxia.

Plasma concentrations of catecholamines during
hypoxia

As shown in Table III, hypoxia induced by
breathing 7.5%o oxygen for 8 minutes produced
no significant change in the plasma concentrations
of epinephrine or norepinephrine in six subjects,
despite a reduction in average oxygen tension of
arterial blood from 97 to 33 mmHg.

Pharmacologic modification of forearm vascular
response to hypoxia

A) Blockade of beta-adrenergic receptors. As
shown in Table IV, blood flow in the intact fore-
arm increased by 35%, from 2.4 to 3.2 ml per
100 ml per minute, in six subjects during inhala-
tion of 7.5% oxygen, a change not significantly
greater than the 25% increase (from 3.2 to 4.0 ml
per 100 ml per minute) in blood flow in the oppo-
site arm after intra-arterial injections of pro-
nethalol in a dose that completely blocked the
vasodilation induced by intravenously adminis-

LE V

Effects of phenoxybenzamine on forearm vascular response to hypoxia*

Intact Phenoxybenzamine

Roomair 7.5% oxygen Difference Di Roomair 7.5% oxygen Difference D2 Di -D2

Forearm blood 2.2 i 0.4 2.8 4 0.6 0.6 i: 0.18 6.1 i 1.2 7.8 i 0.3 1.7 0.46 -1.1 ± 0.23
flow, mi/100 ml/min p < 0.025 p < 0.02 p < 0.005

Per cent change +27 +28 +1 41
p > 0.3

Forearm vascular 53 ± 11 41 ± 8 11.5 i 3 18 ± 3 12 i 2 5.8 ± 2 5.7 At 3.2
resistance, mmHg! p < 0.02 p < 0.05 p > 0.1
ml/100 ml/min

Per cent change -21 -29 -8 i 6.2
p > 0.2

Arterial blood 91.8 + 2.3 40.7 + 5.2 51.2 4 4.2 91.8 i 2.3 40.7 ± 5.2 51.2 ± 4.2 Ot
02 tension, mmHg p < 0.001 p < 0.001

Arterial blood 38 ± 1.1 29 ± 1.7 8.5 ± 1.2 38 i 11 29 ± 1.7 8.5 ± 1.2 Ot
CO2 tension, mmHg p < 0.001 p < 0.001

* Data are mean ± standard error of six experiments in six subjects.
t Blood flow was measured simultaneously in both arms, into one of which pronethalol had been injected intra-

arterially.
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TABLE VI

Effects of alpha- and beta-adrenergic blockade on forearm vascular response to hypoxia*

Phenoxybenzamine Phenoxybenzamine and pronethalol

Roomair 7.5% oxygen Difference Di Room air 7.5% oxygen Difference D2 Di - D2

Forearm blood 7.7 i 2.0 9.6 ih 2.1 1.9 i 0.4 6.4 4- 1.7 8.6 i 1.8 2.2 ±t 0.3 -0.2 4t 0.2
flow, ml/100 ml/min p < 0.01 p < 0.001 p > 0.3

Forearm vascular 15.7 ± 2.8 11.0 i 1.8 4.7 i 1.6 18.9 i 4.3 13.1 ± 2.6 5.7 i 1.9 -1.0 ± 0.6
resistance, mmHg! p < 0.05 p < 0.05 p > 0.1
ml/100 ml/min

Arterial blood 91 i 2.1 42 i 2.7 49 ± 3.4 96 i 3.7 38 4± 1.5 58 ± 2.8 -9.1 i 3.6
02 tension, mmHg p < 0.001 p < 0.001 p < 0.05

Arterial blood 38 + 1.1 27 i 2.5 11 + 1.9 35 i 1.9 30 i 1.5 5 i 1.3 +5.6 ± 2.1
CO2 tension, mmHg p < 0.01 p < 0.01 p < 0.05

* Data are mean ± standard error of seven experiments in seven subjects.

tered epinephrine, 10 ug per minute. Vascular
resistance in the intact forearm decreased by 25%o,
from 42 to 32 mmHg per ml per 100 ml per min-
ute. In the pronethalol-treated forearm, hypoxia
reduced vascular resistance from 28 to 23 mmHg
per ml per 100 ml per minute, a change not sig-
nificantly different from that in the intact arm.

B) Blockade of alpha-adrenergic receptors.
Table V compares the effects of hypoxia on blood
flow in the intact and phenoxybenzamine-treated
forearms of six subjects. Forearm blood flow
increased 27 and 28%o in the forearms during
exposure to 7.5%o 02 Forearm vascular resist-
ance decreased 29%o in the forearm that had
received phenoxybenzamine and 217o in the intact
forearm, but the difference was not statistically
significant.

C) Blockade of both alpha- and beta-adrenergic
receptors. Administration of phenoxybenzamine
in the above experiments produced a large increase
in forearm blood flow and decrease in forearm
vascular resistance, so that the state of the blood
vessels, in particular their caliber, in the intact
and phenoxybenzamine-treated forearm was sub-
stantially different. To exclude the possibility
that this factor influenced the results, we observed
the forearm vascular response to hypoxia in seven
additional experiments in the same forearm, first
after alpha-adrenergic blockade and then after
blockade of both alpha- and beta-adrenergic re-
ceptors. The increase in forearm blood flow and
decrease in forearm vascular resistance during
hypoxia were not significantly different with
phenoxybenzamine plus pronethalol from the cor-
responding changes seen with phenoxybenzamine

alone, although the decrease in arterial oxygen
tension was slightly greater with phenoxybenza-
mine plus pronethalol (Table VI).

Discussion
Circulating catecholamines. The data presented

provide evidence that the circulatory responses to
acute hypoxia in man are not the result of in-
creased concentration of circulating catechola-
mines. This view is based on the following:
1) Blockade of alpha-adrenergic receptors in the
forearm did not modify the vasodilator response
to hypoxia, although it enhanced considerably the
vasodilator response to intravenous epinephrine.
2) Beta-adrenergic blockade in the forearm did
not alter the vasodilator response to hypoxia, al-
though it completely blocked the vasodilator re-
sponse to intravenous epinephrine. 3) Plasma epi-
nephrine and norepinephrine concentrations did
not change significantly during hypoxia in our
experiments or in studies by Goldring and his as-
sociates (16), who used less severe hypoxia.

Extremity circulation. Although the adminis-
tration of phenoxybenzamine blocked the effects
of increased activity of sympathetic vasoconstrictor
nerves in the forearm, as shown by modification
of the response to the Valsalva maneuver, phe-
noxybenzamine did not modify the response to
hypoxia. Thus adrenergic sympathetic nerves
appear to play little role in the forearm vascular
response to hypoxia.

Our study did not reveal the mechanism of
forearm vasodilation during hypoxia. Black
and Roddie (17) suggested that vasodilation in
the forearm during hypoxia is due to the accom-
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panying hypocapnia, because the vasodilation was
reduced when carbon dioxide was added to the
inspired low-oxygen gas mixture. As reported
elsewhere (18), this conclusion was not justified,
because when carbon dioxide was added to the
inspired hypoxia gas mixture, alveolar ventilation
increased with consequent substantial increase in
the mean arterial blood oxygen tension (from 37
to 52 mmHg). When arterial blood CO2 tension
was maintained at the control level, and at the
same time the concentration of inspired oxygen
reduced to bring the arterial blood oxygen tension
to the same level as during hypocapnic hypoxia,
the vasodilator response to hypoxia without hypo-
capnia was equal to that during hypocapnic hy-
poxia (18). Thus, hypocapnia cannot account for
the forearm vasodilation induced by hypoxia.

Animal experiments suggest that hypoxic vaso-
dilation in skeletal muscle results from a direct
effect of hypoxia on the smooth muscle of the high
resistance blood vessels (19) or from release of
vasodilator metabolites from the hypoxic tissues,
which in turn dilate the high resistance blood
vessels. In this respect, Imai, Riley, and Berne
(20) showed that adenosine appears in hypoxic
cardiac muscle but not in hypoxic skeletal muscle.
Hence adenosine cannot be the cause of hypoxic
vasodilation in skeletal muscle.

Cardiac output. Blockade of beta-adrenergic
receptors reduced by about half the elevation in
cardiac output and heart rate produced by hy-
poxia. Since the plasma concentration of cate-
cholamines did not increase measurably in our
experiments, and since the responses of the fore-
arm vascular bed to hypoxia are not consistent
with an increased blood concentration of cate-
cholamines, the modification by beta-adrenergic
blocking agents of the circulatory effects of hy-
poxia can be reasonably attributed to blockade of
the effect of cardiac sympathetic nerves. This
conclusion is consistent with the findings of Down-
ing and Siegel (21) that systemic hypoxia in the
cat results in marked increase in cardiac sympa-
thetic discharge via the inferior cardiac nerve.

Beta-adrenergic blockade reduced but did not
abolish completely the increase in cardiac output
and heart rate induced by hypoxia. This may be
the result of incomplete blockade of the effects of
cardiac sympathetic nerves or of the operation of
additional mechanisms leading to elevation of car-

diac output during hypoxia. Increased venous
return due to venoconstrictlon (22) and the re-
sulting operation of the Frank-Starling mecha-
nism, release of vagal inhibition, and a response
by the heart to the peripheral vasodilation and
lowered systemic vascular resistance induced by
hypoxia are obvious possibilities.

The conclusion that blockade of the effects of
increased stimulation of cardiac sympathetic nerves
modifies the circulatory effects of hypoxia differs
from that of previous workers. Harris, Bishop,
and Segel (23) found that guanethidine, in a dose
sufficient to abolish the post-Valsalva "overshoot"
in arterial blood pressure, did not modify the car-
diovascular responses to the hypoxia induced by
breathing 13% oxygen. The increases in cardiac
output and heart rate observed by these authors
during hypoxia were small before administration
of guanethidine and insignificant during the effect
of guanethidine. It is possible, therefore, that the
lack of significant effect of guanethidine may have
been related to the mildness of the hypoxia, which
resulted in circulatory changes of insufficient mag-
nitude. Chidsey, Frye, Kahler, and Braunwald
(24) found no significant difference in the changes
in cardiac output and heart rate induced by inhala-
tion of 12% oxygen before and after syrosingopine.
Inability to evaluate the efficacy of sympathetic
blockade with syrosingopine and incomplete un-
derstanding of the mechanisms of action of reser-
pine analogs complicate interpretation of their
results.

Afferent and central nervous pathways by which
hypoxia could stimulate cardiac sympathetic nerves
in man are uncertain. In the dog the primary
effects of perfusion of the carotid chemoreceptors
with hypoxic blood are bradycardia, decrease in
cardiac output, and peripheral vasoconstriction
(25, 26). Thus, in the dog the carotid chemo-
receptors do not form the afferent limb responsible
for stimulation of cardiac sympathetic nerves dur-
ing systemic hypoxia, which is accompanied by
tachycardia and increased cardiac output; Down-
ing, Mitchell, and Wallace (27) have suggested
that the central nervous system itself is the re-
ceptor area responsible for cardiac sympathetic
nerve discharge during hypoxia. The elevation in
cardiac output and heart rate during systemic
hypoxia in the dog is, to a large extent, secondary
to increase in ventilation, acting by reflex mecha-
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nisms related to inflation of the lung (28). In-
creased ventilation is not a likely cause of the
circulatory changes during hypoxia in man, since
vigorous voluntary hyperventilation during which
hypocapnia is prevented does not altar cardiac
output or heart rate (29).
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