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Abstract

Exercise blunts sympathetic a-adrenergic vasoconstriction (functional sympatholysis). We
hypothesized that sympatholysis would be augmented during hypoxic exercise compared with
exercise alone. Fourteen subjects were monitored with ECG and pulse oximetry. Brachial artery and
antecubital vein catheters were placed in the nondominant (exercising) arm. Subjects breathed
hypoxic gas to titrate arterial O, saturation to 80% while remaining normocapnic via a rebreath
system. Baseline and two 8-min bouts of rhythmic forearm exercise (10 and 20% of maximum) were
performed during normoxia and hypoxia. Forearm blood flow, blood pressure, heart rate, minute
ventilation, and end-tidal CO, were measured at rest and during exercise. VVasoconstrictor
responsiveness was determined by responses to intra-arterial tyramine during the final 3 min of rest
and each exercise bout. Heart rate was higher during hypoxia (P < 0.01), whereas blood pressure
was similar (P = 0.84). Hypoxic exercise potentiated minute ventilation compared with normoxic
exercise (P < 0.01). Forearm blood flow was higher during hypoxia compared with normoxia at rest
(85 = 9 vs. 66 £ 7 ml/min), at 10% exercise (276 £ 33 vs. 217 £ 27 ml/min), and at 20% exercise
(464 £ 32 vs. 386 + 28 ml/min; P <0.01). Arterial epinephrine was higher during hypoxia (P < 0.01);
however, venoarterial norepinephrine difference was similar between hypoxia and normoxia before
(P =0.47) and during tyramine administration (P = 0.14). Vasoconstriction to tyramine (% decrease
from pretyramine values) was blunted in a dose-dependent manner with increasing exercise intensity
(P <0.01). Interestingly, vasoconstrictor responsiveness tended to be greater (P = 0.06) at rest (=37
+ 6% vs. —33 £ 6%), at 10% exercise (—27 £ 5 vs. —22 + 4%), and at 20% exercise (—22 £ 5 vs. —14
+ 4%) between hypoxia and normoxia, respectively. Thus sympatholysis is not augmented by
moderate hypoxia nor does it contribute to the increased blood flow during hypoxic exercise.
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Exposure to mild or moderate systemic hypoxia under resting conditions elicits a peripheral
vasodilation in humans, in the face of increased sympathetic nerve activity (16,29,35,37), and
the balance between increased vasodilator and vasoconstrictor signals ultimately determines
muscle blood flow. Along these lines, Weisbrod et al. (43) reported that hypoxia elicits a more
substantial vasodilation in resting skeletal muscle during nonspecific a-adrenergic receptor
blockade, suggesting that a-mediated vasoconstriction acts to limit hypoxic vasodilation at rest
in humans. Hypoxia-mediated vasodilation in resting muscle was originally thought to be due
to decreased vasoconstrictor responsiveness in humans (20) and animals (36). Later animal
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studies suggested that the metabolically sensitive ay-receptor-mediated vasoconstriction is
especially affected by hypoxia (1,24,38,40). Alternatively, several studies have reported that
sympathetic vasoconstriction is well preserved during systemic hypoxia at rest (17,19,30,33).
Most recently, intact a-adrenergic receptor-mediated vasoconstriction to endogenous
norepinephrine release (via tyramine administration) was observed in resting human limbs
during mild and moderate systemic hypoxia (12).

Functional sympatholysis describes a relative insensitivity of the vasculature in contracting
skeletal muscle to sympathetic vasoconstriction (27). Our laboratory has previously
demonstrated that postjunctional a-receptor responsiveness is blunted in contracting muscle
in humans (41). The relative lack of sympathetic vasoconstriction in the exercising muscle may
maximize perfusion to meet the metabolic demand of the working muscle. Similar to hypoxia
alone, animal models suggest that the ay-adrenergic receptors may be sensitive to metabolic
inhibition and account for the attenuated vasoconstrictor responsiveness during normoxic
exercise, whereas the a4-receptor subtype is much less affected (1,3-5,34,39,40). In contrast
to these animals studies, reduced postjunctional a-adrenergic vasoconstriction is similar
between ay- and a4 receptors during exercise in humans (28).

Using this information as background, it seems possible that the combination of hypoxia and
exercise may provide an enhanced metabolic signal (relative to exercise alone) and cause an
augmented functional sympatholysis in exercising muscle. To our knowledge, only one study
has examined the combination of exercise with systemic hypoxia and vasoconstrictor responses
in humans (17). These authors suggested that sympathetic vasoconstriction is blunted at
moderate exercise intensities under hypoxic conditions compared with normoxic exercise.
These authors employed lower body negative pressure as a stimulus for sympathetic
vasoconstriction. Lower body negative pressure is a general sympathetic stimulus, which
cannot differentiate between presynaptic (reduced sympathetic outflow and/or norepinephrine
release) and postsynaptic (reduced a-adrenergic vasoconstriction) changes in vasoconstrictor
responses.

We designed this experiment to investigate a-vasoconstrictor responsiveness with combined
systemic normocapnic hypoxia and forearm exercise. We hypothesized that postjunctional o-
adrenergic receptor-mediated vasoconstriction would be blunted to a greater degree during
hypoxic exercise compared with exercise under normoxic conditions and that this response
would contribute to augmented exercise hyperemia during exercise.

Four female (mean age 27 £ 4 yr) and 10 male (mean age 22 * 1 yr) subjects volunteered for
this study. Institutional Review Board approval was obtained; each subject gave informed
consent before participation. Subjects underwent a standard health screening and were healthy,
nonobese, normotensive nonsmokers, and not taking any medications (except for oral
contraceptives in some women). Subjects arrived in the laboratory at least 4 h postprandial
after refraining from exercise and caffeine for at least 24 h prior. Female subjects were studied
during the early follicular phase of the menstrual cycle or the placebo phase of oral
contraceptives (25,26).

Arterial and venous catheterization

A 20-gauge, 5-cm catheter was placed in the brachial artery of the exercising arm under aseptic
conditions after local anesthesia (1% lidocaine) for administration of study drugs to obtain
arterial blood samples, as described previously (8). Briefly, the catheter was attached to a three-
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port connector in series. One port was linked to a pressure transducer to allow measurement
of arterial pressure and was continuously flushed (3 ml/h) with heparinized saline with a
stopcock system to enable arterial blood sampling. The remaining two ports allowed arterial
drug administration (8). Deep venous blood was sampled via an 18-gauge, 3-cm catheter
inserted retrograde in an antecubital vein (21).

Forearm blood flow

Brachial artery mean blood velocity and brachial artery diameter were monitored with a 12-
MHz linear-array Doppler probe (model M12L, Vivid 7, General Electric, Chalfont, St. Giles,
UK). Brachial artery blood velocity was measured under each condition with a probe insonation
angle previously calibrated to 60°. Brachial artery diameter measurements were obtained at
end diastole and between contractions during the exercise conditions. Diameter measurement
typically results in the loss of the pulse wave signal for 15-20 s. Forearm blood flow was
calculated by multiplying mean blood velocity (cm/s) by brachial artery cross-sectional area
(cm?2) and then multiplied by 60 to present values as milliliters per minute.

Rhythmic forearm exercise

Forearm exercise was performed with a handgrip device by the nondominant arm at 10 and
20% of each subject’s maximal voluntary contraction (mean 43 + 3 kg, range 26-65 kg),
determined at the beginning of the each experiment. The weight was lifted 4-5 cm over a pulley
at a duty cycle of 1-s contraction and 2-s relaxation (20 contractions/min) using a metronome
to ensure correct timing. The average weight used for forearm exercise was 4.3 £ 0.3 and 8.5
+ 0.6 kg for 10 and 20%, respectively.

Systemic hypoxia

To isolate the effects of hypoxia and the contribution of peripheral chemoreceptors in
modulating sympathetic vasoconstriction, we adapted a self-regulating partial-rebreath system
developed by Banzett et al. (2). This method maintains constant alveolar fresh-air ventilation
independent of changes in breathing frequency or tidal volume and allowed us to clamp end-
tidal CO5 despite large changes in minute ventilation in response to hypoxia (2,12,43). The
amount of O, provided in the inspiratory gas was controlled by mixing N, with medical air
via an anesthesia gas blender. Each hypoxic condition involved titrating the level of inspired
O, to achieve an arterial O, saturation of 80% as assessed by pulse oximetry. Subjects breathed
on a scuba mouthpiece with a nose clip to prevent nasal breathing. CO, concentrations were
monitored by an anesthesia monitor (Cardiocap/5, Datex-Ohmeda, Louisville, CO), and
ventilation was assessed via a pneumotach (model VMM-2a, Interface Associates, Laguna
Nigel, CA).

Pharmacological infusions

Tyramine was infused via brachial catheter at 8 pug-di~1 forearm volume:min~? to elicit
endogenous norepinephrine release. Care was taken to normalize the concentration of tyramine
in the blood perfusing the forearm by adjusting the infusions on the basis of forearm blood
flow and forearm volume (11,28,41). The dose was chosen because it was the highest dose
previously shown to elicit substantial vasoconstriction during exercise (10,41) and during
hypoxia (12). Tyramine evokes norepinephrine release from sympathetic nerve endings (14),
eliciting vasoconstriction that is abolished by nonselective a-receptor blockade in humans
(9). Importantly, Tyramine does not have any direct vasoconstrictor effects in skeletal muscle
(14), and it likely stimulates abluminal receptors near the normal adrenergic neuromuscular
junction (Fig. 1).
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To create a “high-flow” control condition, adenosine was infused to elevate resting forearm
blood flow to values similar to those seen during exercise. Adenosine doses of 6.25 and 12.5
ng-dlI~-min~1 were chosen to match the 10 and 20% exercise workloads (41)(Fig. 1),
respectively.

Blood-gas and catecholamine analysis

Brachial artery and deep venous blood samples were analyzed with a clinical blood gas analyzer
(model 855 automatic blood gas system, Bayer, Boston, MA) for PO, and PCO,, O, content,
pH, and hemoglobin O, saturation. Arterial and venous plasma catecholamine (epinephrine
and norepinephrine) levels were determined by HPLC with electrochemical detection.

Experimental protocol

A schematic representation of the general experimental design is depicted in Fig. 1. Each
subject completed a resting baseline condition, performed forearm exercise at 10%, and
performed forearm exercise at 20% under normoxic conditions and during isocapnic hypoxia.
Rest and each level of exercise were separated by a drug washout period of at least 20 min.
For the first six experiments, subjects remained continuously normoxic or hypoxic
(randomized) at rest and during exercise. Exercise intensity was randomized within each
condition (normoxia or hypoxia). Because of difficulties with subjects tolerating the sustained
hypoxia (i.e., symptoms of vasovagal syncope), the hypoxia and normoxia conditions were
alternated (randomized) for the remaining eight experiments. That is, during the drug washout
period, subjects were removed from the mouthpiece and O, saturation returned to normoxia.
The order of hypoxia and normoxia was randomized at resting baseline and each exercise
intensity, and the order of exercise intensity (10 or 20%) was randomized.

Tyramine was administered for the final 3 min at rest and at each exercise intensity. Forearm
vasoconstriction to endogenous norepinephrine was assessed at rest and during exercise under
both normoxic and hypoxic conditions. The dose of tyramine was calculated based on forearm
volume and blood flow obtained between minutes 4 and 5 of rest and at each exercise intensity
(pretyramine; Fig. 1). After completion of the baseline and exercise trials, adenosine (6.25 and
12.5 pg-di~-min~1) was administered under normoxic conditions for 8 min. As with the
baseline and exercise trials, tyramine was administered for the final 3 min of each adenosine
dose and the tyramine dose was calculated based on forearm volume and blood flow obtained
between minutes 4 and 5 at each adenosine dose (Fig. 1).

At rest, arterial blood was sampled for blood-gas analysis, and plasma catecholamines were
analyzed from both arterial and venous blood samples (hormoxia and hypoxia). During
exercise, arterial and venous blood was sampled before tyramine administration for both blood-
gas analysis and plasma catecholamine analysis (normoxia and hypoxia). Arterial and venous
blood was again sampled at the third minute of tyramine administration for analysis of plasma
catecholamines.

Data acquisition and analysis

Data were collected and stored on a computer at 200 Hz and analyzed offline using signal
processing software (WinDag, DATAQ Instruments, Akron, OH). Mean arterial pressure was
determined from the brachial artery arterial waveform, and heart rate was determined via
electrocardiogram. Values for minute ventilation, end-tidal CO,, and O, saturation were
obtained by averaging minutes 4 and 5 at rest and at each exercise bout. Forearm blood flow
and mean arterial pressure values were obtained by averaging minutes 4 and 5 at rest and at
each exercise bout (pretyramine). Vasoconstrictor effects caused by endogenous
norepinephrine release were determined by averaging forearm blood flow values from the final
30 s of tyramine administration. Forearm vascular conductance was calculated as forearm
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blood flow divided by mean arterial pressure, and expressed as milliliters per minute per 100
mmHg. The percentage reduction in forearm blood flow during tyramine infusion was
calculated as:

Forearm blood flow tyramine — forearm blood flow pretyramine =

Forearm blood flow pretyramine 100

This calculation was also used to determine the percent reduction in forearm vascular
conductance during tyramine administration. The percent change in forearm blood flow or
forearm vascular conductance has been used previously in our laboratory (11,28,41) to compare
interventions that cause vasoconstriction or vasodilation where there may be large differences
in baseline blood flow. Arteriovenous O, difference during forearm exercise was calculated

by the difference between arterial and venous O, content. Exercising O, consumption (VOZ)

was calculated using the Fick equation (VOZ = forearm blood flow x arteriovenous O,
difference) at 10 and 20% forearm exercise. Norepinephrine release was calculated as the
difference between venous and arterial norepinephrine concentration immediately before
(pretyramine) and again during tyramine infusion.

Results were compared with a two-way repeated-measures ANOVA between condition
(normoxia/hypoxia) and across exercise intensity (rest, 10%, and 20%). Appropriate post hoc
analysis was used to determine where statistical differences existed. Values are presented as
means + SE. Statistical difference was set a priori at P < 0.05.

Eleven of the 14 subjects participating in the study completed the entire protocol. The subjects
who did not complete the protocol had symptoms of vasovagal syncope (precipitous fall in
heart rate and blood pressure) at some point during hypoxia. These symptoms only occurred
in subjects who received continuous hypoxia, and data from these subjects were not included
in the group analysis. Responses from other subjects receiving continuous hypoxia did not
differ from those in whom the normoxia and hypoxia was alternated. Therefore, data from
these subjects (n = 3) were grouped with data from those subjects receiving alternating
normoxiaand hypoxia (n = 8). Table 1 shows the subject characteristics of those who completed
the protocol (n = 11).

Effects of hypoxia on systemic hemodynamics and ventilation (Table 2)

We accomplished our goal of maintaining O, saturation at ~80%, monitored via pulse
oximetry. Systemic isocapnic hypoxia increased heart rate at rest and at each intensity of
exercise (P <0.01). Exercise increased heart rate during both normoxia and hypoxia (P < 0.01),
and the increase was similar (P = 0.92). Mean arterial pressure was similar between normoxia
and hypoxia (P = 0.84). However, there was a small but statistically different increase in mean
arterial pressure with increasing exercise intensity (P < 0.01). Systemic hypoxia increased
minute ventilation at rest and each level of exercise (P <0.01). Interestingly, minute ventilation
rose steeply with increasing exercise intensity under hypoxic conditions compared with
normoxia (P < 0.01). Despite the large changes in minute ventilation, end-tidal CO, was
maintained throughout rest and each level of exercise under both normoxic and hypoxic
exercise (P = 0.41; Table 2).
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Effects of hypoxia on blood gases (Table 3)

Avrterial hemoglobin concentration was similar at rest and at each level of exercise during
normoxia and hypoxia (P = 0.95). As expected, arterial PO, (P < 0.01) and arterial O, content
(P < 0.01) was lower during hypoxia at rest and each level of exercise. Venous O, content at
10% exercise was 73 + 4 ml/l during normoxia and 69 + 4 ml/I during hypoxia (P = 0.15). At
20% exercise, venous O, content was greater (75 + 5 ml/l) during normoxia compared with
hypoxia (67 = 3 ml/l; P = 0.04), suggesting greater extraction of O, during hypoxic exercise
at 20% exercise. The arteriovenous O, difference was higher during normoxic exercise (112
+ 6 and 110 =5 ml/l for 10 and 20%, respectively) compared with hypoxic exercise (87 £ 4
and 91 £ 4 ml/I for 10 and 20%, respectively; P < 0.01). Because our goal was to “clamp” end-
tidal CO», arterial PCO, was similar at rest and each level of exercise during normoxia and
hypoxia (P = 0.56). Despite maintaining arterial PCO, throughout the protocol, there was a
small but statistical increase in arterial pH with hypoxia (main effect; P < 0.01). There was no
effect of increasing exercise intensity on arterial pH (P = 0.59) and no interaction between
condition (normoxia vs. hypoxia) and exercise (rest, 10%, and 20%; P = 0.68). Therefore, the
physiological significance of the statistical difference in arterial pH appears negligible.

Effects of hypoxia on plasma catecholamines (Table 4, Fig. 2)

Systemic hypoxia increased arterial epinephrine at rest (56 + 9 vs. 32 + 4 pg/ml for hypoxia
and normoxia, respectively; P <0.01). Inaddition, arterial epinephrine was considerably higher
during hypoxic exercise at 10% (P < 0.01) and 20% (P < 0.01; Fig. 2). Because of the large
degree of variability among subjects, there was not a statistical interaction between conditions
(normoxia vs. hypoxia) and exercise (rest, 10%, and 20%; P = 0.12). The absolute arterial and
venous norepinephrine concentrations under each condition are presented in Table 4. VVenous
norepinephrine concentrations tended to be higher with hypoxia, although there was not a
statistical difference (P = 0.18). As an index of norepinephrine release, we calculated the
difference between venous and arterial norepinephrine concentration. Norepinephrine release
was similar at rest and at each level of exercise (P = 0.47; Table 4).

Effects of hypoxia on forearm vasodilation (Fig. 3)

At rest, systemic hypoxia increased forearm blood flow 26 + 6% (P < 0.04). Forearm blood
flow increased with exercise intensity (P < 0.01), and the combination of hypoxia and exercise
elicited a greater forearm blood flow at each level of exercise compared with normoxia (Fig.
3A; P <0.01). Similar changes were observed in both forearm blood flow and FVC (Fig. 3).
The change in forearm blood flow tended to be progressively higher (P = 0.06) with increasing
exercise intensity during hypoxic exercise compared with normoxic exercise. However, blood
pressure progressively increased with exercise intensity (Table 2); therefore, the rise in forearm
vascular conductance with increasing exercise intensity during hypoxic exercise was similar
to normoxia (P = 0.14).

Effect of hypoxia on exercising forearm O, consumption

Forearm O, consumption, calculated from the Fick equation, at 10% exercise was 24.0 + 2.9
ml Oo/min under normoxic conditions and 23.3 + 2.9 ml O,/min under hypoxic conditions. At
20% exercise, O, consumption was 42.3 + 2.8 ml O,/min under normoxic conditions and 42.7
+4.2 ml Ox/min during hypoxia. There was no difference in O, consumption between normoxic
and hypoxic exercise at either exercise intensity (P = 0.97). Therefore, the increased forearm
blood flow during hypoxic exercise compensated for the reduced arteriovenous O, difference,
maintaining muscle O, consumption during hypoxic exercise.
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Forearm vasoconstrictor responses to endogenous norepinephrine release (Fig. 4)

The absolute decrease in forearm blood flow to tyramine infusion was greater during hypoxia
(P = 0.05) at rest (normoxia: —25 = 7 ml/min vs. hypoxia: —34 + 8 ml/min), at 10% exercise
(normoxia: =52 + 11 ml/min vs. hypoxia: —83 £ 20 ml/min), and at 20% exercise (normoxia:
—60 + 19 ml/min vs. hypoxia: —108 £ 25 ml/min). The absolute decrease in forearm vascular
conductance tended to be greater (P = 0.07) with hypoxia at rest (normoxia: —29 + 9 vs. hypoxia:
—39 £ 10), at 10% exercise (normoxia: —62 + 13 vs. hypoxia: —96 + 23), and at 20% exercise
(normoxia: =77 = 21 vs. hypoxia: —116 + 27). The absolute decrease in forearm blood flow
(P < 0.01) and forearm vascular conductance (P < 0.01) became greater with increasing
exercise intensity. Most importantly, vasoconstrictor responsiveness, expressed as a percent
decrease in forearm blood flow (P < 0.01) and vascular conductance (P < 0.01), was blunted
in an intensity-dependent manner during exercise (Fig. 4). Although there was no statistical
difference, vasoconstrictor responsiveness (%change) tended to be greater during combined
systemic hypoxia and exercise compared with normoxic exercise (P = 0.06 for forearm blood
flow and vascular conductance). Absolute venous norepinephrine concentration was
substantially higher during tyramine administration (P < 0.01). Tyramine evoked
norepinephrine release (venoarterial norepinephrine concentration; P < 0.01) was similar at
rest and with increasing exercise intensity (P = 0.3). In addition, there was no statistical
difference between normoxia and hypoxia (P = 0.14; Table 4).

To control for the potential influence of increased blood flow on vasoconstrictor
responsiveness, we attempted to match forearm blood flow during exercise to intra-arterial
adenosine infusion. The low dose of adenosine (6.25 pg-dI~1-min~1) increased forearm blood
flow to 314 + 49 ml/min and vascular conductance increased to 351+ 56 ml-min~1.100
mmHg L.

The high dose of adenosine (12.5 pg-dI~1-min~1) increased forearm blood flow to 428 + 61 ml/
min, and vascular conductance increased to 479 + 76 ml-Min~1.100 mmHg L. The percent
reduction in forearm blood flow with tyramine infusion was —50 + 7% during low-dose
adenosine and —59 + 5 during high-dose adenosine administration. The percent reduction in
forearm vascular conductance with tyramine infusion was —52 + 7% during low-dose adenosine
and —61 + 5% during high-dose adenosine (Fig. 4). This demonstrated that, consistent with the
work of others (10,41), increasing blood flow under resting conditions does not blunt
vasoconstrictor responsiveness per se.

DISCUSSION

The primary finding from this study was that the higher forearm blood flow observed from the
combination of hypoxia and exercise was not due to an augmented functional sympatholysis
in humans. Consistent with the findings of others (10,28,41), forearm exercise during normoxia
blunted vasoconstrictor responsiveness to endogenous norepinephrine release. We also showed
that postjunctional vasoconstrictor responsiveness was not blunted when baseline flow was
increased via adenosine administration in resting muscle. Therefore, our data do not provide
any evidence for reduced vasoconstrictor responsiveness (augmented functional
sympatholysis) during hypoxic exercise. In fact, trends from our data suggest that o-mediated
vasoconstriction may actually be enhanced during hypoxic exercise (Fig. 4). Nevertheless, our
results suggest that the greater blood flow during hypoxic exercise is due to an enhanced
vasodilator signal and not to blunted vasoconstriction.

To our knowledge, only one study has examined sympathetic vasoconstrictor responses in
exercising muscle during hypoxia in humans. Hansen et al. (17) used near-infrared
spectroscopy as a surrogate measure for blood flow and demonstrated a reduced vasoconstrictor
responsiveness, to lower body negative pressure, during hypoxic exercise (20%) compared
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with exercise alone. These authors suggested that an enhanced metabolic signal accompanying
hypoxic exercise inhibited vasoconstriction to the sympathetic stimulus, contributing to
augmented muscle blood flow during hypoxic exercise. Our data suggest that the source of the
blunted vasoconstrictor response is not postjunctional a-adrenergic receptor responsiveness.
The attenuated vasoconstriction in the study of Hansen et al. (17) could be from a reduced
sympathetic outflow and/or a reduction in the release of neurotransmitters from sympathetic
vasoconstrictor nerve terminals (norepinephrine, ATP, and neuropeptide Y). Furthermore,
lower body negative pressure can elicit systemic physiological responses, such as increased
circulating epinephrine (a potential vasodilator during hypoxic exercise), not associated with
hypoxia or exercise alone (33,42). Hansen et al. (17) used —20 mmHg lower body negative
pressure to primarily unload the cardiopulmonary baroreceptors, which would not elicit
increased epinephrine release during normoxia (13,33). However, Rowell and Seals (33) found
that combined lower body negative pressure and hypoxemia increased epinephrine levels at
—20 mmHg in some subjects. Epinephrine concentrations were not evaluated in study of Hansen
et al. (17), and the possible B-receptor activation with lower body negative pressure during
hypoxic exercise could partially mask the overall vasoconstriction to the sympathetic stimulus.

Muscle O, consumption is maintained during hypoxic exercise

Hypoxia decreased the arterial O, content and therefore substantially decreased arteriovenous
O, difference compared with exercise under normoxic conditions (Table 3). In addition, the
venous O, content was slightly lower under hypoxic exercise at 20%, suggesting an increased
muscle extraction of O at this workload. The decreased arteriovenous O, difference was
compensated for by an increased muscle blood flow during hypoxic exercise compared with
exercise under normoxic conditions (Fig. 3). This increased muscle blood flow maintained
muscle O, consumption during hypoxic exercise. Although this is not a novel finding (15,18,
32), our data provide one of the most obvious examples of this phenomenon. The novel finding
from our study is that blunted vasoconstrictor responsiveness does not contribute to the increase
in blood flow that maintains overall O, delivery to the contracting muscles during hypoxic
exercise.

Epinephrine as a potential vasodilator during hypoxic exercise

Weisbrod et al. (43) demonstrated that the increased sympathetic activation that accompanies
systemic hypoxia partially limits a substantial vasodilation in human limbs. At rest, B-receptor
activation accounts for ~50% of hypoxia-mediated vasodilation, which is largely accounted
for by Bo-mediated nitric oxide release (43). In the present study, circulating epinephrine
increased with increasing exercise intensity under hypoxic conditions but not during normoxic
exercise (Fig. 2). This increased epinephrine release likely accounts for, at least some portion,
of the greater forearm blood flow during hypoxic exercise. In fact, p-blockade reduced the
augmented exercising leg blood flow during acute altitude exposure, but it did not effect
exercising leg blood flow after chronic altitude exposure (after significant reductions in
circulating epinephrine had occurred) (23). Combined with our findings of higher circulating
epinephrine during hypoxic exercise, this suggests a substantial contribution for ,-mediated
vasodilation during hypoxic exercise.

Experimental considerations

Our study examined postjunctional responsiveness of a-receptor-mediated vasoconstriction
during hypoxic exercise. We cannot exclude the possibility that the increased forearm blood
flow and vascular conductance during hypoxic exercise is due to blunted sympathetic outflow
and/or a reduction in norepinephrine release from sympathetic nerve terminals (presynaptic
sympatholysis). In addition, reduced corelease of ATP and neuropeptide Y from sympathetic
nerve terminals may contribute to the enhanced vasodilation during hypoxic exercise. Along
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these lines, an attenuated vasoconstriction to direct sympathetic nerve stimulation has been
demonstrated in hypoxic rats (6,7). The present investigation, as well as other reports (12,31),
failed to detect a difference in norepinephrine spillover in venous blood samples. However,
altered clearance of norepinephrine with hypoxia (22) may limit conclusions drawn from
venous spillover measurements. During tyramine infusion in the present study, we found
norepinephrine release during hypoxia to be as high as normoxia (P = 0.14), suggesting that
prejunctional inhibition of norepinephrine release (via ay-receptors) did not occur. Therefore,
our data suggest that a-receptor-mediated vasoconstriction to a given amount of norepinephrine
is not reduced during hypoxic exercise.

In conclusion, our data do not support a role for augmented functional sympatholysis during
hypoxic exercise compared with exercise alone. Therefore, the increase in forearm blood flow
that compensates for reduced arterial O, delivery during hypoxia to maintain O, delivery to
the contracting muscles and O, consumption during hypoxic exercise was not due to blunted
postjunctional a-receptor-mediated vasoconstriction. This suggests that a direct vasodilator
signal during hypoxic exercise enhances blood flow independent of postjunctional
vasoconstrictor responsiveness. Based on our data and work by others, we hypothesize a role
for B,-mediated vasodilation alone or in combination with other substances as key mediators
of the augmented vasodilator responses during hypoxic exercise; however, the precise nature
of this augmented vasodilator signal is unclear at this time.
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Fig 1. Schematic diagram of the experimental protocol

Subjects completed a baseline trial under normoxic and hypoxic conditions (randomized),
followed by 10 and 20% forearm exercise (randomized) under normoxic and hypoxic
conditions (randomized). Adenosine (Ado) doses (randomized) were always administered last.
Tyramine was infused for the final 3 min of each stage.
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Fig 2. Effects of hypoxia and hypoxic exercise on catecholamine release

Avrterial epinephrine concentration was higher at rest and with increasing exercise intensity
during hypoxia compared with normoxia. Values are means + SE. *P < 0.01 vs. normoxia.
tMain effect of exercise, P < 0.01.
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Fig 3. Effects of hypoxia, hypoxic exercise, and Ado infusion on forearm blood flow and vascular
conductance

A: forearm blood flow was higher during hypoxia at rest and with increasing exercise intensity
compared with normoxia. Forearm blood flow was lower with tyramine infusion at rest, during
exercise (normoxia and hypoxia), and during Ado infusion (normoxia only). B: forearm
vascular conductance was higher during hypoxia at rest and with increasing exercise intensity
compared with normoxia. Forearm vascular conductance was lower with tyramine infusion at
rest, during exercise (normoxia and hypoxia), and during Ado infusion (normoxiaonly). VValues
are means + SE. *Main effect of exercise, P < 0.01. tMain effect of hypoxia, P < 0.01. # Main
effect of Ado dose, P < 0.01. $Main effect of tyramine, P < 0.05.
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Fig 4. Effects of hypoxia, hypoxic exercise, and Ado infusion on vasoconstrictor responsiveness to
endogenous norepinephrine release

A: change (A) in forearm blood flow (%decrease) was blunted with increasing exercise
intensity. However, A in forearm blood flow was similar between hypoxic exercise and
normoxic exercise. The A in forearm blood flow during adenosine infusion was greater than
both normoxic and hypoxic exercise. B: A in forearm vascular conductance (%decrease)
decreased with increasing exercise intensity. However, A in forearm vascular conductance was
similar between hypoxic exercise and normoxic exercise. The A in forearm vascular
conductance during Ado infusion was greater than both normoxic and hypoxic exercise. Values
are means + SE. *Main effect of exercise, P < 0.01. TP < 0.01 vs. 10% and 20% exercise.
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Table 1
Subject characteristics
Age, yr 221
Height, cm 182+3
Weight, kg 78+4
Body mass index, kg/m? 23+1
Forearm volume, ml 1,106+58
Hematocrit, % 41+1

Values are means + SE for 11 subjects.
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