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Under resting conditions, sympathetic vasoconstrictor

outflow to skeletal muscle increases progressively with

advancing age in humans, as evidenced by elevated basal

systemic noradrenaline spillover rates and muscle

sympathetic nerve activity (MSNA) (Seals & Esler, 2000).

However, there appears to be a corresponding de-

sensitization of arterial a-adrenergic receptors, such that

blunted vasoconstrictor responses to acute sympathetic

stimulation are observed. Although in vitro studies of

human arterial a-adrenergic responsiveness have given

mixed results, with some showing no change (Scott &

Reid, 1982; Docherty, 1990) and others showing decreased

sensitivity in arteries isolated from older individuals

(Hatake et al. 1992; Nielsen et al. 1992), studies using in
vivo approaches generally support an age-related decrease

in responsiveness (Elliott et al. 1982; Hogikyan & Supiano,

1994; Sugiyama et al. 1996; Davy et al. 1998). Recent

evidence in humans (Dinneno et al. 2002) suggests that a

major component of this age-associated decrease in

vascular responsiveness involves blunted a1, but not a2,

adrenergic receptor responsiveness.

During dynamic exercise involving a large muscle mass,

the sympathetic nervous system mediates vasoconstriction

in non-active muscle and in visceral regions, which

contributes to an increase in arterial perfusion pressure

and facilitates redistribution of blood flow to exercising

muscles (Rowell, 1993). However, sympathetic vaso-

constrictor outflow is also directed to active skeletal

muscle to balance active muscle vasodilatation with the

rise in cardiac output so that systemic arterial pressure can

be maintained. Although the vasculature of exercising

muscle displays a reduced sensitivity to a-adrenergic stimuli,

a phenomenon referred to as ‘functional sympatholysis’,

sympathetic restraint of active muscle blood flow is still a

quantitatively important contributor to systemic blood

pressure maintenance during large-muscle exercise in

humans (Buckwalter & Clifford, 2001).

In this context, most healthy older (> 60 years) adults

demonstrate a reduced absolute cardiac output response

during submaximal and especially during maximal

exercise (Fagard et al. 1993), but a relatively well-preserved

skeletal muscle vasodilator capacity (Jasperse et al. 1994;
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Martin et al. 1995). These results suggest that sympathetic

restraint of active muscle vasodilatation during exercise

may become even more important for older adults. Thus

the need for increased sympathetic restraint of active

muscle blood flow in older adults vs. the blunted vaso-

constrictor responses seen in aged limbs is a potential

paradox that has not previously been explored.

To gain insight into this issue, we measured changes in leg

blood flow and vascular conductance during cycle

ergometer exercise at a similar relative intensity (60 %

peak oxygen consumption (◊ Jpeak)) in non-endurance-

trained younger and older men before, during, and after

immersion of one hand in ice water (cold pressor test,

CPT). Local cold stimulation was chosen because it is a

robust sympathetic stimulus capable of doubling MSNA

within 1–2 min (Victor et al. 1987; Seals, 1990), and its

effects appear to be independent of age (Ng et al. 1994). We

hypothesized that during moderate intensity exercise, the

leg vasculature of older men would exhibit less vaso-

constriction in response to acute sympathetic stimulation

in comparison with younger men, as has been observed

under resting conditions.

METHODS 
Subject screening and preliminary tests
Thirteen younger (20–30 years) and seven older (62–74 years)
men from State College, PA, USA and surrounding communities
completed all phases of this study. Each subject was informed of
potential risks and discomforts and signed an informed consent
form approved by the Institutional Review Board of the
Pennsylvania State University and the General Clinical Research
Center (GCRC) at the University Park campus. All studies were
performed in accordance with the Declaration of Helsinki. All
subjects were recreationally active, but none had participated in
moderate- or high-intensity aerobic exercise > 3 days week_1 during
the previous 12 months or had a treadmill ◊ Jmax > 80th percentile
according to age group norms (American College of Sports
Medicine, 2000). Additionally, lower body-strength-trained subjects
(> 1 day week during the previous 12 months) were excluded
from participation.

All subjects were non-obese (<30 % body fat and body mass
index < 30), non-smokers, and had clinically normal haemo-
globin concentrations (12.5–16.6 g dl_1) and resting supine
ankle–brachial index ratings (ABI < 0.90; American College of
Sports Medicine, 2000). No subject had a history or symptoms of
cardiac, vascular, pulmonary, metabolic, or neurological disease.
Hypertensive individuals (resting blood pressure > 140/90 mmHg)
were also excluded because their central (Fagard et al. 1995) and
peripheral (Tanaka et al. 1998) haemodynamic responses to exercise
differ compared with normotensive age-matched controls. No
subjects were taking medications having significant haemo-
dynamic effects, but four older men did take aspirin on a regular
basis. Subjects underwent a treadmill test to maximal exertion to
rule out exercise-induced electrocardiograph or blood pressure
abnormalities.

After screening, subjects returned to the laboratory on two
separate days, once for a preliminary cycle ergometer exercise

session and once for the invasive leg blood flow study. All exercise
testing for both sessions was performed in the upright posture
using a Lode electronically braked cycle ergometer with toe clips.
A padded forearm rest was attached above the handlebars to
prevent the subject from leaning forward and to facilitate blood
sampling from the radial artery catheter. Pulmonary gas exchange
(◊ J, ◊ CO2

, and minute ventilation, VE) was measured on both days
using the TrueMax 2400 metabolic system (Parvomedics, Salt
Lake City, UT, USA; Bassett et al. 2001). Heart rate was recorded
from an electrocardiograph, and ratings of perceived exertion were
assessed using the Borg 6 to 20-point scale. Room temperature was
maintained between 19 and 22 °C, and subjects were encouraged to
drink water between exercise bouts to remain well hydrated.

The purpose of the preliminary cycle ergometer exercise session
was to familiarize the subject with the cycle ergometer and
pulmonary gas exchange apparatus (i.e. mouthpiece, nose clip).
Subjects completed two incremental tests to establish submaximal
and peak ◊ J, heart rate, and rating of perceived exertion responses.

Subject preparation for invasive leg blood flow study
Subjects were instructed to abstain from products containing
caffeine or aspirin for 12 h prior to testing. Subjects were provided
a standardized dinner the evening before (~18.00 h) and a breakfast
on the morning of (06.00 h) the study. Therefore, all subjects were
tested in the post-absorptive state. Subjects were also encouraged
to drink 6–8 glasses of water the day before the study.

At the beginning of the study day, indwelling catheters were
placed in the femoral vein and the radial artery for direct
measurement of leg blood flow, mean arterial pressure (MAP),
blood lactate and O2 content, and plasma adrenaline and
noradrenaline concentrations. Preparation for catheter placements
typically began between 07.00 and 10.00 h. Subjects shaved their
right groin region and applied a topical anaesthetic (Emla crème).
Catheters were placed by a physician using aseptic procedures and
local anaesthetic (2 % lignocaine (lidocaine)). A thermister wire
(IT-18, Physitemp Instruments, Clifton, NJ, USA) and an 18-gauge
infusion catheter with 10 side ports (Cook royal flush II 4.0 Fr)
were placed approximately 15 cm apart in the right femoral vein
(anterograde and retrograde, respectively) for leg blood flow
measurement and blood sampling. A 20-gauge Teflon catheter
(Arrow arterial catheterization set FA-04020) was inserted into
the radial artery for MAP measurements and blood sampling.

Experimental protocol
At the beginning of the protocol, subjects performed two sub-
maximal exercise bouts to collect data for another study (Proctor
et al. 2003). Briefly, subjects began with an incremental protocol
with workloads ranging from 20–100 W. Next, subjects rested in
the supine position for an hour to allow sympathetic and haemo-
dynamic variables to return to baseline. At the end of the resting
period, subjects were placed back on the cycle ergometer and
exercised at a moderate intensity eliciting a ◊ J of approximately
1.1 l min_1 (60–70 W) for 6 min, followed by 10 min of active
recovery at a very light workload (20 W). Subjects resumed exercise
at a workload eliciting 60 % ◊ Jpeak until steady-state heart rate and◊ J were reached (~4 min). Next, subjects were asked to perform a
cold pressor test (CPT), which consisted of placing the left hand in
ice water (0–1 °C) for 2–4 min while continuing to exercise at the
same workload. Subjects continued pedalling at the same workload
for 4 min after removing their hand from the ice water (post-
CPT). Leg blood flow, MAP, lactate, and catecholamines were
measured before, during, and after the CPT. Specifically, leg blood
flow and MAP were measured 2–3 times before the CPT (during
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the 3rd and 4th minute or 2nd, 3rd, and 4th minutes), 2–3 times
during the CPT (within the first 30 s and then approximately
every minute thereafter) and 2–3 times following the CPT (during
the 1st and 3rd minute or during the 1st, 2nd, and 3rd minutes).
Arterial and venous blood samples were drawn for measurement
of lactate and catecholamines during the 30 s immediately before
the CPT (pre-CPT), during the last 30 s of the CPT (CPT), and
during the last 30 s of the exercise bout (post-CPT). Following an
hour of rest, subjects performed a maximal graded exercise test on
the cycle ergometer, and peak plasma adrenaline and noradrenaline
responses were measured.

Measurements
Measurement of leg blood flow and arterial pressure. Whole-leg
blood flow was measured during exercise by using the constant
infusion femoral vein thermodilution technique as described
previously (Proctor et al. 2003). Leg blood flow was calculated by
using the thermal balance equation detailed by Andersen & Saltin
(1985) and doubled to estimate two-leg blood flow (l min_1).
Simultaneous recordings from the radial artery pressure transducer
(Baxter PX-MK099) were displayed, recorded, and analysed using
WinDaq software. The transducer was zeroed at the aortic arch
(intercostal space 4) for each subject. Leg vascular conductance
was calculated as leg blood flow w 2/MAP.

Measurement of catecholamines and lactate. Arterial and venous
plasma catecholamine concentrations (5 ml each) were measured
using high-performance liquid chromatography with electro-
chemical detection (Weicker, 1988). Arterial and venous lactate
concentrations were measured using a commercially available
analyser (Yellow Springs Instruments 2300 stat-plus).

Body composition. Total body fat, fat-free mass, and leg tissue
composition were estimated on a separate laboratory visit using
dual-energy X-ray absorptiometry (DXA; Hologic QDR 4500-W,
software version 9.80D, Waltham, MA, USA). Weekly calibrations
were performed on the DXA scanner to ensure accuracy.

Data analysis
For haemodynamic variables (i.e. leg blood flow, MAP, and leg
conductance) the values reported for steady-state cycling exercise
(pre-CPT) represent the average of the last two measurements
before the hand was immersed in ice water. Responses reported

during CPT represent the highest MAP measurement and its
corresponding leg blood flow measurement. Age group
comparisons of subject characteristics (Table 1) and various
haemodynamic and blood variables (Tables 2 and 3) during
exercise and CPT were analysed using two-tailed two-sample
t tests assuming unequal variances (Mini-tab version 13.1). All
data are presented as means ± S.E.M. Statistical significance was
accepted when P ≤ 0.05.

RESULTS
Subject characteristics
Table 1 presents subject characteristics of both the older

and younger (control) men. Older men had a higher

percentage of body fat and a lower arterial haemoglobin

concentration and treadmill ◊ Jmax (P < 0.05). Height,

weight, and plasma cholesterol did not differ between age

groups, although the older men tended to be heavier

(P = 0.14).

Baseline resting measurements
At rest, there were no age group differences observed for

blood pressure (Table 1). Although arterial noradrenaline

concentrations were ~75 % higher in the older men, these

differences were not significant (Table 1).

Responses to submaximal leg cycling
Absolute responses to steady-state cycle ergometer exercise

are shown in Table 2. Although younger and older men

exercised at similar relative workloads eliciting 61 ± 2 %

and 63 ± 3 % of peak oxygen uptake, respectively (P > 0.05),

the older men cycled at a significantly lower absolute

workload and systemic ◊ J due to their lower peak oxygen

uptake. Heart rate and lactate concentrations were also

significantly lower in the older men. There was a strong

trend toward lower leg blood flow responses in the older

men (younger (Y): 9.2 ± 0.5; older (O): 7.2 ± 0.4 l min_1;

P = 0.07) (Fig. 1), but MAP responses were identical

Ageing and active limb vasoconstrictionJ Physiol 551.1 339
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(Y: 116 ± 3; O: 116 ± 6 mmHg). Therefore, leg vascular

conductance was lower in the older men (Y: 80 ± 5; O:

63 ± 9 ml min_1 mmHg_1), although this did not reach

statistical significance (P = 0.14). It should be noted that

the absolute MAP values measured for one of our older

subjects were much higher than expected (Fig. 1B). These

data were retained in this analysis because the primary

focus of this study was on the change in MAP during CPT

rather than absolute values and because no systematic drift

of the blood pressure transducer was noted during this

subject’s study. Also, this subject’s resting MAP was

normotensive.

Increases in MAP from baseline during submaximal cycling

exercise averaged 20–25 mmHg in both age groups, while

D. W. Koch, U. A. Leuenberger and D. N. Proctor340 J Physiol 551.1

Figure 1. 
Leg blood flow (A), mean arterial pressure (B), and leg vascular
conductance (C) before (Pre-CPT) and during (CPT) cold pressor
test in younger and older men. Thin lines represent individual
subject responses, and thick lines represent group means ± S.E.M.
for 13 younger and 7 older men.

Figure 2. 

Change (D) in leg vascular conductance with addition of cold

pressor stimulation to steady-state leg cycling exercise at 60 %◊Jpeak, as a function of the absolute change in arterial noradrenaline

(A) and the change in arterial noradrenaline expressed as a

percentage of peak (B) in 13 younger (1) and 7 older (0) men.



Jo
u

rn
al

 o
f P

hy
si

ol
og

y

heart rate increased to a lesser extent in older men. Arterial

noradrenaline increased by 3.0 ± 0.5 nM and 4.1 ± 0.9 nM

in younger and older men, respectively (P > 0.05).

Responses to local cold stimulation
The sympathetic responses to local cold stimulation are

shown in Table 3. When subjects immersed their hand in

ice water, arterial noradrenaline rose to a similar degree in

both age groups. Systemic ◊ J increased slightly in both

age groups. Arterial lactate increased significantly more in

the younger men, while venous lactate showed a trend in

the same direction (Table 3).

The haemodynamic responses to local cold stimulation are

highlighted in Fig. 1. Leg vascular conductance showed

almost no change in the younger men (_1.5 ± 4 %),

whereas it decreased by ~14 % in the older men (P = 0.04

between age groups). In the younger men, there was little

change in leg vascular conductance because MAP increased

by 10 ± 2 mmHg, but two leg blood flow also increased by

0.5 ± 0.3 l min_1. In contrast, MAP tended to increase to a

larger degree in older men than in young  men (P = 0.08),

but there was no corresponding increment in leg blood

flow. Finally, the percentage change in leg vascular

conductance per unit change in arterial noradrenaline

concentration was much more pronounced in the older

men, whether expressed in absolute terms (Fig. 2A) or

expressed as a percentage of the peak noradrenaline response

found during maximal exercise (Fig. 2B).

DISCUSSION
There were three major new findings in the present study.

First, cold pressor stimulation applied during submaximal

dynamic leg exercise evoked a rapid and marked increase

in arterial blood pressure in healthy older men and younger

men. Increases in mean arterial pressure (~10–15 mmHg)

were physiologically significant, but consistently less than

those previously reported under resting conditions

(~20 mmHg; Victor et al. 1987; Ng et al. 1994). Second,

increases in sympathetic outflow to the exercising legs

during local cold stimulation, as estimated by arterial

noradrenaline concentrations, were similar in the younger

and older men. Our third, and most significant finding was

that the older men demonstrated a larger percentage

reduction in leg vascular conductance in response to local

cold stimulation applied during exercise. These results

suggest that vasoconstrictor responsiveness to acute

sympathetic stimulation is not reduced, but may be

augmented in the exercising legs of healthy non-endurance-

trained older men. These findings have important

implications for the regulation of active limb vasomotor

tone and systemic blood pressure regulation during

dynamic exercise in older humans.

Ageing and active limb vasoconstrictionJ Physiol 551.1 341
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Age and vasoconstrictor responsiveness in
exercising muscle
Previous studies have attempted to alter vascular tone in

exercising muscles through acute sympathetic stimulation.

Strange (1999) found a reduction in leg vascular

conductance in young men during one leg knee extensor

exercise at both light and moderate intensities when the

sympathetic nervous system was stimulated by ischaemic

handgrip. Leg blood flow was not affected by the

sympathetic stimulus, but MAP was significantly elevated

(Strange, 1999). Pawelczyk et al. (1992) reported a decrease

in leg vascular conductance during baroreflex unloading

achieved through b1-adrenoreceptor blockade. To the best

of our knowledge, however, the present study is the first to

test for possible age-associated differences in responsiveness

to sympathetic stimulation in active skeletal muscle. Our

major new finding was that older men demonstrated a

larger percentage reduction in exercising leg vascular

conductance during cold pressor stimulation than was

observed in younger men. The percentage change in

vascular conductance was used because it is the most

appropriate index for comparing changes in vascular tone

when differences in baseline blood flow exist (e.g. pre-cold

stimulation) (Buckwalter & Clifford, 2001). When evaluated

in relation to individual changes in arterial noradrenaline

concentrations (Table 3), the augmented vasoconstrictor

responsiveness to sympathetic stimulation in the older

men was even more evident. Collectively, these results

provide the first evidence of an age-related augmentation

of vascular responsiveness to sympathoexcitation in active

limbs in healthy humans.

The decrease in leg vascular conductance in response to

local cold stimulation in our older subjects relative to their

younger counterparts could be due to age differences in the

sensitivity, density, or distribution of various adrenergic

receptor subtypes. b2-adrenoreceptors cause local vaso-

dilatation in vascular smooth muscle through both cAMP

and nitric oxide mechanisms (Dawes et al. 1997). Because

adrenaline readily binds to b2-adrenoreceptors, a larger

increase in circulating adrenaline in younger men could

offset a potential a-mediated vasoconstriction. However,

increases in both arterial and venous adrenaline

concentration with cold stimulation did not significantly

differ between younger and older men in this study

(Table 3). If anything, increases in circulating adrenaline

during CPT were larger in older men (Table 3). We cannot

exclude the possibility that an age-related decline in

vascular b2 responsiveness could explain our results (van

Brummelen et al. 1981; Pan et al. 1986).

Another possible explanation for the reduced leg vascular

conductance seen in our older men during dynamic leg

exercise would be an increase in the density or sensitivity ofa-adrenoreceptors relative to younger men. In this context,

Rudner et al. (1999) found an increased a1-adreno-

receptor density in mammary arteries isolated from older

patients. However, Dinenno et al. (2002) reported a

decrease in a1 responsiveness in the forearms of older men

at rest, evidenced by a smaller decrement in forearm blood

flow in response to phenylephrine (a specific a1 agonist). If

these results can be extrapolated to the legs, this would

argue against an increase in density or sensitivity ofa-adrenoreceptors in our older men.

Our results could also be due to age group differences in

myogenic responsiveness. Although an age-related increase

in myogenic responsiveness to a large change in MAP

could explain the augmented vasoconstriction in older

men, there is recent evidence suggesting that myogenic

responsiveness is diminished, rather than augmented, in

rat soleus and gastrocnemius arterioles (Mueller-Delp et
al. 2002).

Although this was not directly tested in the current

investigation, an age-related decrease in metabolic

modulation of sympathetic vasoconstriction could also

explain the decrease in exercising leg vascular conductance

in older men during cold stimulation. Recently, Chavoshan

et al. (2002) provided evidence that nitric oxide plays a

major role in modulating vasoconstrictor responsiveness

to acute sympathetic stimulation in the microcirculation

of exercising forearm muscle. In the context of ageing,

Taddei et al. (2000) found that healthy untrained older

humans demonstrate reduced nitric oxide-mediated vaso-

dilatation in the forearm. If there is a similar age-related

reduction in nitric oxide availability in exercising leg

muscles, this could impair the metabolic modulation of

sympathetic activity and increase the vasoconstrictor

responsiveness of exercising leg muscles to an acute

sympathetic stimulus.

Implications for blood pressure regulation during
exercise in older adults
Why would the leg vasculature of older non-endurance-

trained men demonstrate an augmented responsiveness to

sympathetic stimulation during dynamic exercise? As

mentioned in the Introduction, vasoconstriction in active

skeletal muscle is necessary for maintaining arterial blood

pressure during large-muscle dynamic exercise in humans.

Cardiac output measured in these subjects at an intensity

of 60 % of ◊ Jpeak averaged 3.7 l min_1 lower in the older

than in the younger men (authors’ unpublished data).

Therefore, to achieve the same arterial blood pressure

response, the older men would need to maintain a higher

level of systemic vascular resistance than the younger men.

Taylor et al. (1992) speculated that inactive muscle

(i.e. forearm muscle) might be an important contributor

to the augmented systemic vascular resistance seen in

older men during moderate intensity leg exercise. The

results of the present study suggest that active leg muscle

D. W. Koch, U. A. Leuenberger and D. N. Proctor342 J Physiol 551.1
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is likely to be another major target for sympathetic

vasoconstriction to generate a pressor response of this

magnitude during moderate-intensity exercise involving a

large muscle mass.

Experimental considerations
One alternative explanation for the augmented vaso-

constrictor responses seen in our older subjects is that

the sympathoexcitatory stimulus was greater than that of

the younger subjects. This possibility cannot be excluded

because calculations of leg noradrenaline spillover (Savard

et al. 1987) were negative in several subjects due to the

limitations associated with our plasma adrenaline

measurements (i.e. venous adrenaline concentrations higher

than arterial). We also decided against the use of deep

venous noradrenaline concentrations as a measure of the

sympathetic stimulus because two of these samples from

our older men could not be obtained, and another showed

a questionable 2.5 nM reduction during cold pressor

stimulation. For these reasons, we opted to estimate the

strength of the sympathetic stimulus using arterial

noradrenaline concentrations. It should be noted that this

provided similar estimates to what would have been

obtained using venous noradrenaline concentrations after

missing and questionable measurements were excluded.

Although arterial noradrenaline concentrations were used

to estimate sympathetic outflow, we believe that local cold

stimulation evoked a similar degree of sympathetic outflow

in our younger and older subjects for the following

reasons: first, although there were trends toward higher

arterial noradrenaline concentrations in the older men

pre-stimulation (i.e. 60 % ◊ Jpeak), the absolute increases in

both adrenaline and noradrenaline concentrations with

cold stimulation were similar between groups (Table 3).

Secondly, under resting conditions, Ng et al. (1994)

reported similar absolute increases in MSNA in similar

groups of younger and older men during 2.5 min of hand

immersion in ice water. Together, these findings suggest

that the increase in sympathetic outflow to the legs under

the conditions of the present study was equivalent between

the two age groups. Our results are also in agreement with

accumulating evidence indicating that sympathoadrenal

responsiveness to several types of acute laboratory stress is

not exaggerated with age in healthy humans (Ng et al.
1994; Mazzeo et al. 1997).

It is also possible that our results could be explained by

differences in the amount of metabolites available to

interfere with sympathetic vasoconstriction. In an attempt

to match the degree of sympathetic activation between age

groups prior to the application of local cold stress, we had

subjects exercise at the same relative oxygen consumption

(~60 % ◊ Jpeak) (Fleg et al. 1985; Lehmann & Keul, 1986;

Mazzeo & Grantham, 1989). This resulted in our older

subjects exercising at a lower absolute workload (Table 2).

Presumably, then, the active muscle mass was smaller in

the older men, which would account for the tendency

toward lower absolute limb blood flows in the older men

during exercise at 60 % ◊ Jpeak. The lower arterial and

venous lactate concentrations observed in the older men

during exercise at 60 % ◊ Jpeak both before (Table 2) and

during cold stimulation (data not shown) suggest that the

amount of metabolites available to interfere with sympathetic

vasoconstriction may have been lower in the older men.

Whether similar age group differences in leg vascular

conductance would be observed if subjects were tested at

the same absolute workload cannot be determined.

Despite the acknowledged limitations of this investigation,

we believe the key consideration is that the cold pressor test

produced a similar increase in sympathetic vasoconstrictor

neural outflow (i.e. increase in arterial noradrenaline

concentrations, Table 3) without increasing the metabolic

demand appreciably in either subject group (i.e. systemic◊ J, Table 3). Because metabolic demand showed a similar

small increase in both subject groups, while conductance

declined only in the older men, it is reasonable to conclude

that the larger percentage reduction in leg vascular

conductance seen in the older men compared to the

younger men in this study reflects an age-associated increase

in vascular responsiveness to sympathetic stimulation in

exercising skeletal muscle.

Conclusions
In summary, the present study demonstrated an augmented

vasoconstrictor response to sympathoexcitation in the

arterial vasculature of exercising skeletal muscle of healthy

older men compared to younger men. These findings add

to the accumulating evidence in the literature suggesting

that active limb vasomotor tone is actively regulated by the

sympathetic nervous system during exercise. Moreover,

these findings have important implications for blood

pressure regulation in older humans and support the need

for further study of the underlying mechanisms.
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