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Key points

� Human ageing is associated with attenuated skeletal muscle blood flow during exercise. It is
unknown whether elevated sympathetic nervous system activity with ageing limits skeletal
muscle blood flow during exercise. Determining the role of the sympathetic nervous system
in regulating blood flow in healthy ageing is clinically relevant as age-related changes in the
sympathetic nervous system are exacerbated with many diseases associated with impaired tissue
perfusion.

� In the present study, compared to young adults, older adults demonstrate impaired skeletal
muscle blood flow during graded handgrip exercise, and this is due to reductions in vascular
conductance.

� Second, the increase in muscle blood flow and vascular conductance during exercise after
removal of sympathetic α-adrenergic vasoconstrictor tone in older adults was lower compared
to young adults, similar to what was observed under control conditions.

� As such, the age-associated impairment in exercising muscle blood flow and vascular
conductance persisted during local adrenoreceptor blockade.

Abstract In healthy humans, ageing is typically associated with reduced skeletal muscle blood
flow and vascular conductance during exercise. Further, there is a marked increase in resting
sympathetic nervous system (SNS) activity with age, yet whether augmented SNS-mediated
α-adrenergic vasoconstriction contributes to the age-associated impairment in exercising muscle
blood flow and vascular tone in humans is unknown. We tested the hypothesis that SNS-mediated
vasoconstriction is greater in older than young adults and limits muscle (forearm) blood flow
(FBF) during graded handgrip exercise (5, 15, 25% maximal voluntary contraction (MVC)). FBF
was measured (Doppler ultrasound) and forearm vascular conductance (FVC) was calculated in
11 young (21 ± 1 years) and 12 older (62 ± 2 years) adults in control conditions and during
combined local α- and β-adrenoreceptor blockade via intra-arterial infusions of phentolamine
and propranolol, respectively. Under control conditions, older adults exhibited significantly lower
FBF and FVC at 15% MVC exercise (22.6 ± 1.3 vs. 29 ± 3.3 ml min−1 100 g forearm fat-free
mass (FFM)−1 and 21.7 ± 1.2 vs. 33.6 ± 4.0 ml min−1 100 g FFM−1 100 mmHg−1; P < 0.05)
and 25% MVC exercise (37.4 ± 1.4 vs. 46.0 ± 4.9 ml min−1 100 g FFM−1 and 33.7 ± 1.4
vs. 49.0 ± 5.7 ml min−1 100 g FFM−1 100 mmHg−1; P < 0.05), whereas there was no age
group difference at 5% MVC exercise. Local adrenoreceptor blockade increased FBF and FVC
at rest and during exercise in both groups, although the increase in FBF and FVC from rest to
steady-state exercise was similar in young and older adults across exercise intensities, and thus
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the age-associated impairment in FBF and FVC persisted. Our data indicate that during graded
intensity handgrip exercise, the reduced FVC and subsequently lower skeletal muscle blood flow
in older healthy adults is not due to augmented sympathetic vasoconstriction, but rather due
to impairments in local signalling or structural limitations in the peripheral vasculature with
advancing age.
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Abbreviations Ach, acetylcholine; DEXA, dual-energy X-ray absorptiometry; FAV, forearm volume; FBF, forearm
blood flow; FFM, forearm fat-free mass; FVC, forearm vascular conductance; HR, heart rate; MAP, mean arterial pressure;
MBV, mean blood velocity; MVC, maximal voluntary contraction; SNP, sodium nitroprusside; SNS, sympathetic nervous
system.

Introduction

The regulation of skeletal muscle blood flow and oxygen
delivery to contracting skeletal muscle is complex and
involves the mechanical effects of muscle contraction,
local metabolic and endothelial-derived substances, and
the sympathetic nervous system (SNS; Saltin et al. 1998).
With advancing age in humans, skeletal muscle blood
flow is reduced during dynamic exercise and this is due
to a lower vascular conductance, which could ultimately
contribute to age-associated reductions in aerobic exercise
capacity (Poole et al. 2003; Proctor et al. 2004; Fleg et al.
2005; Burtscher, 2013), a primary predictor of mortality in
both healthy and diseased ageing populations (Kokkinos
et al. 2008). This lower muscle blood flow in older
adults has been observed in studies involving both large
(e.g. upright cycling) and small (e.g. handgrip and knee
extensor) muscle mass exercise, the latter of which occurs
independent of any limitations in central circulatory
capacity (i.e. cardiac output) (Proctor et al. 1998; Poole
et al. 2003; Lawrenson et al. 2004; Kirby et al. 2009,
2012; Barrett-O’Keefe et al. 2014). Although the majority
of studies have demonstrated impaired blood flow and
vascular conductance during exercise in older adults
compared to their younger counterparts, the mechanisms
underlying this impairment have yet to be fully elucidated.

With human ageing, several changes in both autonomic
nervous system and peripheral vascular function occur
that could conceivably lead to a net decline in skeletal
muscle blood flow during exercise due to impaired local
regulation of vascular tone. One such change is the marked
�2- to 3-fold increase in basal SNS activity observed in
older adults (Sundlof & Wallin, 1978; Davy et al. 1997), and
one primary target of this sympathoexcitation with age is
the skeletal muscle resistance vessels of both the upper
(Dinenno et al. 2002a) and the lower limbs (Dinenno
et al. 1999). How this elevated basal sympathoexcitation
with age impacts muscle blood flow regulation during
steady-state dynamic exercise is presently unknown.

Recently, Jackson et al. (2010) observed sympathetic
α-adrenergic modulation of the rapid vasodilatation
in response to single contractions in ageing mice.
Under control conditions, these investigators found that
contraction-induced rapid vasodilatation was significantly
blunted in older male mice, similar to what we originally
demonstrated in humans (Carlson et al. 2008; Kirby
et al. 2009). Following α-blockade with phentolamine,
the age group differences in male mice were abolished.
An interesting observation in this study was that there
were no age group differences in basal vasoconstrictor
tone, and when low doses of noradrenaline were applied
to vessels of young mice to stimulate α-adrenoreceptors
in the absence of significant vasoconstriction, the rapid
dilatory response was blunted similar to what was observed
in the older mice. In a study designed to translate
these findings to humans, Casey and Joyner (2012) also
demonstrated that tonic sympathetic α-vasoconstriction
limits the rapid dilatation to a single muscle contraction
in the forearm of older men, explaining the majority of
the impairment with age in humans. Thus, it appears
that greater sympathetic outflow and tonic stimulation
of post-junctional α-adrenoreceptors may attenuate the
rapid vasodilatory and hyperaemic response to muscle
contraction independent of greater vasoconstrictor tone,
perhaps by interfering with signals associated with
ascending vasodilatation from the microvascular network
(Jackson et al. 2010). Whether age-related changes in
sympathetic regulation of vascular tone limit muscle blood
flow during steady-state exercise in older adults is currently
unknown.

With this information as a background, the purpose of
the present study was to test the hypothesis that compared
to young adults, the lower forearm blood flow and vascular
conductance during graded handgrip exercise in older
adults is due to elevated α-adrenergic vasoconstrictor tone
that restrains exercising muscle haemodynamics with age.
To do so, we determined forearm blood flow and vascular
conductance at rest and during graded exercise prior to
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and during local (intra-arterial) adrenoreceptor blockade
to eliminate α-mediated vasoconstrictor influences on
vascular control in young and older healthy adults.

Methods

Subjects

With Institutional Review Board approval and following
written informed consent, 11 young (7 male, 4 female) and
12 older (8 male, 4 female) healthy subjects participated in
the present study. All subjects were free from overt cardio-
vascular disease as assessed from a medical history, were
sedentary to moderately active, non-smokers, non-obese,
normotensive and not taking any medications including
over-the-counter supplements (Table 1). Older subjects
were further evaluated for clinical evidence of cardio-
pulmonary disease with a physical examination and
resting and maximal exercise electrocardiograms. Females
were studied during the placebo phase of birth control or
during the early follicular phase of their menstrual cycle to
minimize any potential vascular effects of sex hormones
and all older females were post-menopausal not taking
hormone replacement. All studies were performed in the
Human Cardiovascular Physiology Laboratory located at
Colorado State University following a 12-h fast with the
subjects in the supine position. The experimental arm
of the subject was slightly elevated above heart level to
minimize any potential influence of the muscle pump on
forearm haemodynamics (Tschakovsky et al. 1996). All
studies were performed according to the Declaration of
Helsinki.

Arterial catheterization

The non-dominant arm was chosen to be the experimental
arm and after local application of anaesthesia (2%
lidocaine), a 20-guage, 7.6 cm catheter was inserted into
the brachial artery via an aseptic technique. The catheter
was connected to a pressure transducer for continuous
monitoring of mean arterial pressure (MAP) as well as
a three-port connector to allow for drug infusions and
blood sampling (Dinenno et al. 2002b; Crecelius et al.
2011). Throughout the duration of the study, heparinized
saline (2 U ml−1) was continuously infused at a rate of
3 ml min−1. Heart rate (HR) was monitored via three-lead
ECG.

Body composition and forearm volume

Dual-energy X-ray absorptiometry (DEXA; Hologic,
Bedford, MA, USA) was used to determine body
composition. A regional analysis of the experimental
forearm area (proximal to distal radio-ulnar joint) from

the whole body DEXA scan was performed to determine
both forearm volume (FAV) and forearm fat-free mass
(FFM). Drug doses were normalized according to FAV
(Dinenno et al. 2002a). Body mass index was calculated as
body weight (kg) divided by height (metres) squared.

Graded handgrip exercise

Maximum voluntary contraction (MVC) was determined
from the experimental arm for each subject as the
average of at least three maximal squeezes of a handgrip
dynamometer (Stoelting, Chicago, IL, USA) that were
within 3% of each other. Using a pulley system with
weights attached, graded handgrip exercise was performed
whereby individuals contracted at 5, 15 and 25% of their
MVC for 4 min at each workload. Handgrip exercise
was performed for a total of 12 min with a duty cycle
of 1 s contraction and 2 s relaxation using both audio
and visual cues to ensure correct timing of contraction
and relaxation (Dinenno & Joyner, 2003, 2004). These
workloads represent approximately 15, 40 and 70% of
maximum work rate (WRmax) as assessed by a graded
maximal handgrip exercise test to fatigue.

Forearm blood flow (FBF) and vascular conductance
(FVC)

Brachial artery mean blood velocity (MBV) was
determined using a 4 MHz pulsed Doppler ultrasound
probe (model 500M; Multigon Industries, Mt Vernon,
NY, USA) which was securely fixed to the skin and the
probe insonation angle was 45 deg relative to the skin
(Dinenno & Joyner, 2003, 2004; Markwald et al. 2011).
Brachial artery diameter was determined using a 7 MHz
ultrasound probe (Sonos 4500; Hewlett Packard, Andover,
MA, USA) and measurements were made in duplex mode
at end-diastole in triplicate during steady-state conditions
(Dinenno & Joyner, 2003, 2004; Markwald et al. 2011).
FBF was calculated as FBF = MBV × π (brachial artery
diameter/2)2 × 60, where FBF is in ml min−1, MBV is in
cm s−1, the brachial diameter is in centimetres and 60 was
used to convert from ml s−1 to ml min−1. As an index of
vascular tone, FVC was calculated as (FBF/MAP)×100,
and expressed as ml min−1 100 mmHg−1. All studies
were performed in a cool (20°C) temperature-controlled
environment with a fan directed toward the forearm to
minimize the contribution of skin blood flow to forearm
haemodynamics.

Regional adrenoreceptor blockade

To eliminate α-adrenergic-mediated vasoconstriction at
rest and during graded handgrip exercise, we locally
infused phentolamine mesylate (Bedford Laboratories,
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Bedford, OH, USA), a non-selective α-adrenoreceptor
antagonist, for 10 min prior to exercise (12 μg dl−1

FAV min−1) and maintained the infusion throughout the
exercise trial (5 μg dl−1 FAV min−1) (Dinenno et al. 2001,
2002aa). Administering a non-selective α-adrenergic
antagonist can inhibit α2-adrenergic receptors on
sympathetic nerve endings and facilitate noradrenaline
release, which is able to bind β-adrenoreceptors located
on the endothelium and vascular smooth muscle and
elicit vasodilatation (Saeed et al. 1982). Therefore, to
limit any contribution of β-adrenoreceptor-mediated
vasodilatation, we locally infused propranolol hydro-
chloride (Baxter, Deerfield, IL, USA), a non-selective
β-adrenoreceptor antagonist, for 10 min prior to exercise
(10 μg dl FAV−1 min−1) and continued the infusion at
a maintenance rate (5 μg dl FAV−1 min−1) throughout
the exercise trial (Dinenno et al. 2001, 2002a,b). Doses
of both α- and β-adrenoreceptor antagonists were pre-
viously demonstrated to be highly effective at blocking
any vasoconstriction and vasodilatation to both α- and
β-adrenoreceptor agonists, respectively (Johnsson, 1967;
Dinenno et al. 2001, 2002a,b). Further, we recently
demonstrated that a slightly lower (�10%) loading
and maintenance dose of phentolamine is effective at
eliminating α-adrenoreceptor vasoconstriction over a 3-h
time frame in the human forearm (Markwald et al.
2011).

Endothelium-dependent and
endothelium-independent dilatation

To characterize resistance vessel function of the
participants and to determine if α-adrenergic vaso-
constrictor signalling limited endothelium-dependent or
endothelium-independent vasodilatation, acetylcholine
(Ach; Miochol-E; Novartis Inc., Basel, Switzerland) and
sodium nitroprusside (SNP; Nitropress; Hospira Inc., Lake
Forest, IL, USA) were locally administered at 16 and 4 μg
100 ml FAV−1 min−1 for 3 min each, respectively (Kirby
et al. 2009). Drug order was randomized and a minimum
of 10 min of rest occurred between drug administrations.
Due to time constraints for a few participants, these
infusions were performed in 8 young and 11 older
subjects.

Experimental protocol

The overall study timeline is presented in Fig. 1. All
participants arrived in the morning after an overnight
fast. All measurements were performed with the subjects
in the supine position within a temperature-controlled
room with a fan directed towards the arm to reduce skin
blood flow. The order of all measures was randomized
in both control and under adrenoreceptor blockade

conditions. All study drugs were administered via
brachial artery catheter and were dosed according to
forearm volume and infused via a Harvard infusion
syringe pump. Briefly, �30 min post-catheterization,
endothelium-dependent and endothelium-independent
vasodilatation was assessed, with a 10 min break between
dilator infusions. Subsequent to vasodilator infusions
and after a 20 min break, all subjects performed the
graded exercise protocol under control (saline) conditions,
consisting of 2 min of rest followed by 4 min of exercise at
each workload (5, 15, and 25% MVC). During regional
adrenoreceptor blockade, both the graded exercise
protocol and assessment of endothelium-dependent and
endothelium-independent vasodilatation were repeated in
random order and in a similar time frame as described for
the control (pre-blockade) trials.

Data acquisition/analysis

Data were collected and stored on a computer at 250 Hz
and later analysed off-line with signal processing software
(Windaq; DATAQ Instruments, Akron, OH, USA). MAP
was determined from the brachial artery pressure wave-
form. FBF, FVC, HR and MAP represent an average of the
last 30 s of each time period. For the exercise trials, FBF and
FVC were normalized per 100 g FFM. A repeated measures
ANOVA was used to determine differences within and
between groups, with our primary interest in age group
differences. When appropriate, post hoc comparisons were
made using Tukey’s HSD and significance was set at
P < 0.05. All values are presented as means ± SEM.

Results

Subject characteristics

The mean age difference between young and older sub-
jects was 41 years. There were no significant age group
differences in any measure of whole body anthropometrics
or regional tissue composition. MVC was not different
between groups, and thus absolute exercise workloads
were similar in young and older adults. Triglycerides
and high-density lipoprotein-cholesterol were also not
different between groups. Although within a normal
range, older adults had significantly greater total and
low-density lipoprotein-cholesterol (Table 1).

FBF and FVC at rest and during graded handgrip
exercise in control conditions

In the control trial, there were no differences in resting
FBF between older and young adults (Older: 4.8 ± 0.3
vs. Young: 3.7 ± 0.3 ml min−1 100 g FFM−1). During
exercise, FBF was significantly lower in older adults during
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Table 1. Subject characteristics

Variable Young Older

Male: female 7:4 8:4
Age 21 ± 1 62 ± 2∗

Height (cm) 172.6 ± 3.5 173.0 ± 2.8
Weight (kg) 77.5 ± 4.4 77.6 ± 4.7
BMI (kg m–2) 25.8 ± 1.2 25.3 ± 0.8
% Body fat 25.7 ± 3.8 31.1 ± 2.4
Whole body fat free mass

(kg)
54.1 ± 2.9 49.7 ± 2.7

Forearm volume (ml) 933.2 ± 67.4 908.4 ± 60.3
Forearm fat free mass (g) 764.7 ± 82.5 710.2 ± 64.1
Maximal voluntary

contraction (kg)
39 ± 2 36 ± 4

5% Workload (kg) 1.8 ± 0.2 1.8 ± 0.2
15% Workload (kg) 5.5 ± 0.6 5.4 ± 0.5
25% Workload (kg) 9.2 ± 0.9 9.0 ± 0.8
Triglycerides (mmol l−1) 2.2 ± 0.3 2.4 ± 0.3
Cholesterol (mmol l−1) 3.4 ± 0.1 4.2 ± 0.2∗

HDL (mmol l−1) 1.1 ± 0.1 1.2 ± 0.1
LDL (mmol l−1) 1.8 ± 0.1 2.4 ± 0.1∗

HDL, high-density lipoprotein; LDL, low-density lipoprotein.
Values are mean ± SEM. ∗P < 0.05 vs. Young.

both 15% MVC (22.6 ± 1.4 vs. 29.0 ± 3.3 ml min−1

100 g FFM−1; P < 0.05) and 25% MVC (37.4 ± 1.4
vs. 46.0 ± 4.9 ml min−1 100 g FFM−1; P < 0.05)
handgrip exercise, whereas there was no age-associated
impairment at 5% MVC (Older: 10.7 ± 0.8 vs. Young:
10.5 ± 1.3 ml min−1 100 g FFM−1; Fig. 2A). While MAP
was not significantly different between old and young at
rest (Older: 94 ± 2 vs. Young: 88 ± 3 mmHg; P = 0.06),
older adults had significantly elevated MAP across all
exercise intensities (Table 2).

Similar to FBF, there were no differences in resting FVC
between older and young adults in control conditions
(Older: 5.1 ± 0.4 vs. Young: 4.2 ± 0.4 ml min−1 100 g
FFM−1 100 mmHg−1). Older adults exhibited significantly
lower FVC during both 15% MVC (21.7 ± 1.2 vs.

33.6 ± 4.0 ml min−1 100 g FFM−1 100 mmHg−1; P < 0.05)
and 25% MVC (33.7 ± 1.4 vs. 49.0 ± 5.7 ml min−1

100 g FFM−1 100 mmHg−1; P < 0.05) exercise, whereas
there was no age-associated impairment at 5% MVC
(Fig. 3A).

Effect of local adrenoreceptor blockade on FBF and
FVC conductance at rest and during graded handgrip
exercise

During local adrenoreceptor blockade, resting FBF
increased significantly from control rest as expected in
both groups (both P < 0.05), although there were no
significant differences between older and young adults
(Older: 8.3 ± 0.6 vs. Young: 10.3 ± 1.6 ml min−1

100 g FFM−1; P = 0.23; Fig. 2B). During graded
handgrip exercise in both groups, steady-state hyper-
aemia was augmented compared to control conditions
(all P < 0.05), but the age-associated impairment in
exercising FBF persisted at both 15% MVC (28.0 ± 1.8
vs. 37.2 ± 3.4 ml min−1 100 g FFM−1; P < 0.05)
and 25% MVC (42.8 ± 2.5 vs. 54.9 ± 4.7 ml min−1

100 g FFM−1; P < 0.05, Fig. 2B). There were no significant
differences in FBF during 5% MVC exercise between
older and young adults (Older: 14.7 ± 1.0 vs. Young:
18.4 ± 2.0 ml min−1 100 g FFM−1; P = 0.11). Additionally,
MAP was significantly elevated in the older group at rest
and across all exercise intensities (Table 2).

During adrenoreceptor blockade, resting FVC increased
significantly from control rest as expected in both
groups (both P < 0.05), but there were no significant
differences between older and young adults (Older:
8.6 ± 0.8 vs. Young: 11.5 ± 1.7 ml min−1 100 g FFM−1

100 mmHg−1; P = 0.07). During handgrip exercise, FVC
was significantly lower at all workloads in older adults:
5% (14.9 ± 1.2 vs. 20.7 ± 2.3 ml min−1 100 g FFM−1

100 mmHg−1), 15% (26.8 ± 1.9 vs. 41.7 ± 4.3 ml min−1

100 g FFM−1 100 mmHg−1) and 25% MVC (40.3 ± 2.8
vs. 58.1 ± 5.6 ml min−1 100 g FFM−1 100 mmHg−1; all
P < 0.05) (Fig. 3B).

  Time (minutes)     60    90                     115   135                                             150                 170                195     215                                            230 

Catheter/Setup Ach/SNP  Ach/SNP  Trial 2- Graded HG  Trial 1- Graded HG  

Local α+β-adrenoreceptor blockade 

Figure 1. Study timeline
Following insertion of the brachial artery catheter, subjects rested quietly for 30–45 min and then either exercise or
vasodilator infusion began (randomized). Endothelium-dependent and endothelium-independent vasodilatation
was determined in random order utilizing local infusions of acetylcholine (Ach) and sodium nitroprusside (SNP),
respectively. During the graded handgrip (HG) exercise trials, participants exercised for 4 min each at 5, 15 and
25% of their maximal voluntary contraction (MVC). The last 30 s of haemodynamics for baseline within a given
trial, vasodilator infusion and each exercise workload was used to determine steady-state levels for each variable.
Following the completion of control trials, phentolamine and propranolol were administered via the catheter and
continuously infused to eliminate local sympathetic vasoconstriction, and the trials were repeated in random order.
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Sympathetic restraint of FBF and FVC

In an effort to quantify the degree of sympathetic
α-adrenergic restraint of exercising muscle blood flow and
vascular tone, we calculated the increase in absolute FBF
and FVC from rest to steady-state exercise at each exercise
intensity in both control and α-blockade conditions.
In control conditions, older adults had a significantly
smaller increase in FBF from rest to both 15% (�FBF:
144 ± 12 vs. 182 ± 10 ml min−1; P < 0.05) and
25% MVC handgrip exercise (�FBF: 246 ± 16 vs.
298 ± 17 ml min−1; P < 0.05) (Fig. 4A). During local
adrenoreceptor inhibition, older adults still exhibited
smaller increases in blood flow at both 15% MVC (�FBF:
159 ± 16 vs. 194 ± 15 ml min−1; P < 0.05) and 25% MVC
(�FBF: 264 ± 27 vs. 313 ± 21 ml min−1; P < 0.05).

Additionally, the increase in FVC from rest to exercise in
control conditions was significantly lower in older adults
at both 15% MVC (�FVC: 135 ± 13 vs. 205 ± 14 ml min−1

100 mmHg−1; P < 0.05) and 25% MVC (�FVC: 216 ± 14
vs. 308 ± 20 ml min−1 100 mmHg−1; P < 0.05,

Fig. 4B). During local adrenoreceptor inhibition, this
age-associated impairment persisted at both 15% MVC
(�FVC: 150 ± 14 vs. 204 ± 20 ml min−1 100 mmHg−1;
P < 0.05) and 25% MVC (�FVC: 250 ± 27 vs.
315 ± 23 ml min−1 100 mmHg−1; P < 0.05). The increase
in FVC from rest to exercise was not different from control
conditions in either group, indicating that α-adrenergic
vasoconstrictor tone did not limit skeletal muscle vaso-
dilatation during exercise (Fig. 4B).

Endothelium-dependent and
endothelium-independent vasodilatation

Absolute FBF and FVC at rest and in response to Ach
and SNP prior to and during sympathetic blockade are
shown in Table 3. Compared to young adults, older adults
demonstrated a smaller increase in FBF and FVC to
Ach (�FBF: 80 ± 18 vs. 228 ± 69 ml min−1; �FVC:
85 ± 19 vs. 274 ± 84 ml min−1 100 mmHg−1; both
P < 0.05), whereas the responses to SNP were similar
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Figure 2. Forearm blood flow
FBF per 100 g of forearm fat free mass (FFM) at rest
and during exercise in control conditions (A) and
during local adrenoreceptor blockade (B). In control
conditions (A) older adults had significantly lower FBF
at 15 and 25% MVC workloads. During local
adrenoreceptor blockade (B) resting and exercising
blood flows were greater in both groups compared to
control conditions, but the age-associated impairment
in exercising blood flow persisted at both 15 and 25%
MVC. ∗P < 0.05 vs. Young.
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Table 2. Heart rate and blood pressure at rest and during graded handgrip exercise in control and local adrenoreceptor blockade
conditions

Baseline 5% MVC 15% MVC 25% MVC

Young Older Young Older Young Older Young Older

Control
HR (beats min−1) 58 ± 3 57 ± 3 61 ± 3 64 ± 3 67 ± 4 65 ± 3 70 ± 5 71 ± 3
MAP (mmHg) 88.2 ± 2.9 94.0 ± 2.1 87.4 ± 2.6 100.1 ± 2.4∗ 89.9 ± 2.9 103.9 ± 3.4∗ 96.5 ± 3.1 110.4 ± 3.0∗

α + β-Adrenoreceptor blockade
HR (beats min−1) 56 ± 4 56 ± 3 57 ± 3 58 ± 3 62 ± 4 62 ± 3 68 ± 67 ± 4
MAP (mmHg) 89.3 ± 2.7 96.8 ± 4.0∗ 89.9 ± 2.6 100.6 ± 3.5∗ 93.1 ± 3.1 102.4 ± 3.0∗ 96.5 ± 2.7 104.0 ± 3.6∗

Values are mean ± SEM. ∗P < 0.05 vs. Young.

in older and young adults (�FBF: Older: 133 ± 20 vs.
Young: 170 ± 26 ml min−1; �FVC: Older: 169 ± 25 vs.
Young: 228 ± 34 ml min−1 100 mmHg−1). During local
adrenoreceptor inhibition, despite having a significantly
greater increase in FBF and FVC to each vasodilator,
the age-associated impairment to Ach persisted (�FBF:

178±27 vs. 312±54 ml min−1 mmHg−1;�FVC: 184±32
vs. 356 ± 63 ml min−1 100 mmHg−1; both P < 0.05)
whereas the increase to SNP remained similar between
older and young adults (�FBF: Older: 206 ± 26 vs. Young:
263 ± 37 ml min−1, P = 0.20; �FVC: Older: 250 ± 31 vs.
Young: 350 ± 40 ml min−1 100 mmHg−1, P = 0.08).
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Figure 3. Forearm vascular conductance
FVC per 100 g of forearm fat free mass (FFM)
at rest and during exercise in control
conditions (A) and during local
adrenoreceptor blockade (B). In control
conditions (A) older adults had significantly
lower FVC at 15 and 25% MVC workloads.
During local adrenoreceptor blockade (B)
resting and exercising FVC were greater in
both groups compared to control conditions,
but the age-associated impairment in
exercising FVC persisted at both 15 and 25%
MVC, and was also evident at 5% MVC.
∗P < 0.05 vs. Young.
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Discussion

The primary findings of the present study are as follows.
First, compared to young adults, older adults demonstrate
impaired skeletal muscle blood flow during graded
handgrip exercise, and this is due to reductions in vascular
conductance. Second, the increase in muscle blood flow
and vascular conductance during exercise after removal
of sympathetic α-adrenergic vasoconstrictor tone in older
adults was lower compared to young adults, similar to
what was observed under control conditions. As such,
the age-associated impairment in exercising muscle blood
flow and vascular conductance persisted during local
blockade of sympathetically mediated vasoconstriction.
Third, older subjects exhibited significantly lower
endothelium-dependent vasodilatation that persisted
during local blockade of α-adrenoreceptors. The collective
data indicate that the age-related impairments in skeletal

muscle blood flow and vascular conductance are not due
to greater sympathetic vasoconstriction during graded
forearm exercise in older adults.

Age and basal forearm sympathetic α-adrenergic
vasoconstrictor tone

Previous studies in the forearm circulation have
demonstrated either reduced or similar basal levels of
sympathetic vasoconstriction in older compared to young
healthy humans, despite greater SNS activity (Hogikyan
& Supiano, 1994; Dinenno et al. 2002a; Casey & Joyner,
2012). In the present study, local α-adrenoreceptor
blockade via intra-arterial phentolamine increased resting
FBF and FVC in both young and older subjects,
and the older subjects tended to have lower FBF
(P = 0.2) and FVC (P = 0.07) upon removal of
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Figure 4. Changes in forearm
haemodynamics
Increase in forearm haemodynamics from
rest to steady-state exercise in control
conditions (A) and during local
adrenoreceptor blockade (B). In control
conditions, older subjects had a significantly
smaller increase in FBF (A) and FVC (B) from
rest compared to young adults at both 15
and 25% MVC workloads. During
adrenoreceptor blockade, older adults still
had a significantly smaller increase in FBF
(A) and FVC (B) from rest at both 15 and
25% MVC workloads. ∗P < 0.05 vs. Young.
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Table 3. Heart rate, blood pressure and forearm haemodynamics during infusion of acetylcholine and sodium nitroprusside

Baseline Ach Baseline SNP

Young Older Young Older Young Older Young Older

Control
HR (beats min−1) 52 ± 3 59 ± 3 52 ± 3 60 ± 3 52 ± 3 61 ± 3 64 ± 4 66 ± 4
MAP (mmHg) 86.4 ± 3.0 94.0 ± 2.3∗ 84.7 ± 3.2 93.6 ± 2.6∗ 86.9 ± 3.4 94.2 ± 4.2∗ 75.6 ± 2.3 81.8 ± 3.2
FBF (ml min−1) 30.9 ± 4.4 39.1 ± 4.2 258.8 ± 71.0 119.0 ± 20.1∗ 30.1 ± 4.2 33.9 ± 3.6 200.1 ± 28.6 167.0 ± 21.6
FVC (ml min−1

100 mmHg−1)
35.8 ± 5.0 41.2 ± 4.2 309.9 ± 86.4 125.9 ± 20.4∗ 34.7 ± 4.7 36.4 ± 3.4 263.2 ± 36.5 205.8 ± 27.5

α + β-Adrenoreceptor blockade
HR (beats min−1) 52 ± 3 60 ± 3 55 ± 3 64 ± 3 52 ± 2 60 ± 3 61 ± 3 68 ± 3
MAP (mmHg) 89.5 ± 3.8 98.9 ± 2.7∗ 87.6 ± 2.8 99.7 ± 3.1∗ 92.1 ± 3.1 99.1 ± 3.4∗ 78.1 ± 2.1 86.2 ± 2.8∗

FBF (ml min−1) 93.1 ± 17.5 75.2 ± 7.5 405.5 ± 60.5 252.7 ± 29.4∗ 82.6 ± 7.9 74.0 ± 7.1 346.0 ± 41.3 279.8 ± 30.2
FVC (ml min−1

100 mmHg−1)
102.0 ± 16.5 75.7 ± 7.5 457.7 ± 68.3 259.7 ± 34.4∗ 89.3 ± 7.8 74.4 ± 6.4 439.6 ± 50.2 324.0 ± 34.5∗

Values are mean ± SEM. ∗P < 0.05 vs. Young. Young: n = 8, Older: n = 11.

sympathetic vasoconstrictor tone. Although not the
primary purpose of this experiment, these data are in
general agreement with previous studies on this topic, and
are consistent with experimental data indicating reduced
post-junctional α-adrenoreceptor responsiveness to end-
ogenous noradrenaline release in the face of elevated
skeletal muscle sympathetic outflow with advancing age
in humans (Hogikyan & Supiano, 1994; Dinenno et al.
2002a; Smith et al. 2007).

Sympathetic α-adrenergic vasoconstriction during
graded handgrip exercise

To our knowledge, this is the first study to determine
the role of sympathetic α-adrenergic vasoconstriction
in modulating blood flow to active skeletal muscle
during graded, steady-state handgrip exercise in both
young and older adults. Previously, Joyner et al. (1992)
employed stellate ganglionic blockade to remove efferent
sympathetic outflow in young adults and measured
FBF (venous occlusion plethysmography) in response
to incremental, rhythmic isometric handgrip exercise to
exhaustion (1 min stages; 4 min total). The investigators
found that the change in FBF above resting values
was similar at mild to moderate workloads, but
was significantly increased at the highest workloads,
indicating that sympathetic vasoconstriction restrained
blood flow. One consideration, beyond use of a
different handgrip exercise modality and protocol (e.g.
non-steady-state conditions), is the use of venous
occlusion plethysmography to measure blood flow during
exercise, a technique that requires the subjects to stop
exercising during the measurement period and thus can
overestimate blood flow to the muscle (Lutjemeier et al.

2005). In contrast, use of Doppler ultrasound permits
the continuous measure of active muscle blood flow,
including both anterograde and retrograde flows, while
subjects continue to contract their muscles. In the present
study, during local adrenoreceptor blockade, blood flow
and vascular conductance were elevated at rest and during
exercise in a parallel fashion (Figs 2 and 3), indicating that
there was not an exercise intensity-dependent degree of
sympathetic restraint in young adults during handgrip
exercise. In fact, the increase in FBF and FVC from
rest to steady-state exercise did not significantly differ
between control and blockade conditions (Fig. 4). These
data are consistent with observations by Wilkins et al.
(2008) who demonstrated similar changes in FBF and
FVC after local α-blockade during two separate trials of
dynamic handgrip exercise (10 and 20% MVC). Note
that the workloads utilized in our study (5, 15 and
25% MVC) represent a range of �15–70% of maximum
work rate as determined by a maximal graded handgrip
exercise to fatigue (Table 4). Thus, in this model of
small muscle mass steady-state forearm exercise, there
does not appear to be any sympathetic restraint of
muscle blood flow and vascular conductance across a wide
range of workloads beyond what is present under resting
conditions.

Age and sympathetic α-adrenergic vasoconstriction
during graded handgrip exercise

The primary purpose of the present investigation was
to determine whether elevated sympathetic α-adrenergic
vasoconstriction in older adults explains the impaired
muscle blood flow and vascular conductance during
graded, steady-state handgrip exercise with age. Consistent
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Table 4. Maximal work rate (WRmax) during handgrip exercise

Sex MVC (kg) MVC (lb) WRmax (lb) %WRmax (5% MVC) %WRmax (15% MVC) %WRmax (25% MVC)

F 30 66 23.4 14 42 70.5
F 32 70.4 23.4 14.9 45.1 75.2
M 43 94.6 40 12.5 37.8 63.06
F 30 66 28.4 11.6 34.9 58.1
M 40 88 28.4 15.4 46.4 77.4
M 42 92.4 33.4 13.7 41.4 69.1

Mean 36.17 79.57 29.50 13.68 41.27 68.89
SD 6.15 13.52 6.36 1.43 4.34 7.28
SE 2.51 5.52 2.60 0.59 1.77 2.97

In 6 young adults (3 female, 3 male), using the same pulley system utilized in the study, graded handgrip exercise to fatigue was
performed whereby individuals contracted to a duty cycle of 1 s contraction and 2 s relaxation using both audio and visual cues to
ensure correct timing of contraction and relaxation. The starting weight was 5 lbs and increased by 2.5 lbs each minute until the
subject was no longer able to perform a full contraction. The average test duration was 12 min, similar to that obtained during cycle
ergometer or treadmill-based graded exercise tests. MVC, maximum voluntary contraction.

with prior observations from our laboratory (Kirby et al.
2009, 2012), FBF and FVC were similar at rest and during
mild exercise (5% MVC), but were significantly reduced
in older adults during higher intensity exercise (15 and
25% MVC; Fig. 2A). Upon removal of sympathetic vaso-
constriction, blood flow was similar in young and older
adults during mild exercise, but remained significantly
lower at the two higher exercise intensities in older
adults (Fig. 2B). In slight contrast, FVC was lower in
older adults during all exercise intensities after local
α-adrenoreceptor blockade (Fig. 3B). Further, the change
in FBF and FVC above resting values in response to
exercise were similar across all workloads in both groups
of subjects prior to and during adrenoreceptor inhibition
(Fig. 4), and this increase above rest was impaired in
the older adults at the two higher exercise intensities.
Taken together, the collective data clearly indicate that
augmented sympathetic vasoconstriction or ‘restraint’
does not explain the age-related impairment in muscle
blood flow and vascular conductance during graded
handgrip exercise in humans.

Our findings during steady-state handgrip exercise
contrast recent observations in response to single muscle
contractions in both mice and humans. Specifically,
Jackson et al. (2010) reported that the rapid onset
vasodilatation of second-order (2A) arterioles in the
mouse gluteus maximus muscle in response to a single
tetanic muscle contraction was significantly blunted
with age in males, corroborating original findings
from our laboratory in humans (Carlson et al. 2008;
Kirby et al. 2009). Interestingly, α-adrenergic blockade
via phentolamine normalized the responses in older
male mice. Casey and Joyner (2012) followed up
these observations in the human forearm and also
found that local α-adrenoreceptor blockade appeared
to normalize single contraction-induced vasodilatation

and hyperaemia in older adults. Note here that both of
these observations regarding sympathetic modulation of
contraction-induced dilatation occurred in the absence
of greater basal vasoconstrictor tone. It is also of
interest that topical noradrenaline in the young mice
and acute sympathetic activation in young adults
blunted rapid vasodilatation similar to older male
mice and older humans, and this occurred in the
absence of resting arteriolar diameter changes or changes
in forearm haemodynamics, respectively (i.e. vaso-
constriction), leading to the conclusion that subtle
tonic activation of α-adrenoreceptors with age impairs
rapid vasodilatation. Neither of these studies determined
the role of sympathetic vasoconstriction during graded
steady-state exercise, and thus our study is the first
to directly assess this in ageing humans. This differing
ability of tonic sympathetic α-adrenoreceptor activation
to modulate vasodilatory signalling probably reflects
differential control mechanisms involved in response to
a brief, single contraction versus steady-state exercise
(i.e. repeated contractions). For example, our laboratory
has previously demonstrated that the age-associated
impairment in rapid vasodilatation that occurs following a
single muscle contraction is not impacted by intra-arterial
infusion of ascorbic acid (vitamin C), whereas the blood
flow impairment during steady-state exercise was reversed
with infusion of ascorbic acid (Kirby et al. 2009) due to
improvements in nitric oxide bioavailability (Crecelius
et al. 2010). Thus, although there is clear interest in
understanding multiple components of the hyperaemic
response to exercise from both a basic physiology and
ageing and disease standpoint, the collective data indicate
that the ability of tonic sympathetic α-adrenoreceptor
activation to modulate vasodilatory signalling in older
humans differs for a single contraction and continuous,
steady-state exercise.
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Endothelium-dependent and
endothelium-independent vasodilatation

Older subjects exhibited attenuated vasodilatation to
the endothelium-dependent agonist Ach. Endothelial
function declines with age and numerous studies note
a significant decline in vasodilatation to Ach with ageing
(Taddei et al. 2001; Kirby et al. 2009). Following local
adrenoreceptor blockade we repeated the infusions of
Ach and SNP to determine whether sympathetically
mediated vasoconstrictor signalling limited the degree of
endothelium-dependent or -independent vasodilatation.
Both young and older adults demonstrated greater
forearm vasodilatation to each agonist following local
adrenoreceptor blockade, although the age impairment
to Ach persisted. Thus, our data indicate that
impaired endothelial vasodilator function with age
is independent of α-adrenergic vasoconstriction in
humans. Although not statistically significant, older
adults also exhibited attenuated vasodilatation to the
endothelium-independent vasodilator SNP, and this
appeared more pronounced after α-blockade. Our
laboratory has previously observed an age-associated
impairment in the responsiveness to SNP (Kirby et al.
2009), and thus it is possible that both impairments
in endothelial-dependent signalling and altered smooth
muscle responsiveness to local vasodilating substances
could be involved in the impaired vascular control during
exercise with age.

Ageing and impaired control of skeletal muscle
vascular tone during exercise

Potential mechanisms. In the present study, older adults
exhibited lower FBF and elevated MAP during handgrip
exercise (15 and 25% MVC), a model of exercise that
clearly does not press the limits of central circulatory
capacity. Despite this elevated perfusion pressure in older
adults, net skeletal muscle blood flow remained lower and
therefore the impairment is probably due to altered local
regulation of skeletal muscle vascular tone. Indeed, FVC
was significantly lower in older adults during handgrip
exercise in both the control and the α-adrenergic blockade
conditions. Thus, it appears that impairments in the
bioavailability of, or responsiveness to, local vasodilating
substances are probably contributing to the reductions
in vascular conductance during exercise with age. In this
context, studies have demonstrated that the contribution
of endothelial-derived vasodilator substances such as
nitric oxide (NO) and prostaglandins are reduced during
exercise with advancing age (Schrage et al. 2007), and
acute increases in NO bioavailability can improve exercise
hyperaemia via local vasodilatation (Kirby et al. 2009;
Crecelius et al. 2010). Another local vasodilator that
could be involved in the age-related decline in exercise

hyperaemia is intravascular ATP. ATP can be released from
erythrocytes and endothelial cells in response to stimuli
associated with active muscle, including mechanical forces
(e.g. resistance vessel compression and shear stress) and
haemoglobin deoxygenation (Ellsworth & Sprague, 2012;
Crecelius et al. 2013; Kirby et al. 2013), and we have
recently demonstrated that in contrast to young adults,
plasma ATP draining contracting muscle does not increase
in older humans and this could be due to impaired ATP
release from erythroctyes (Kirby et al. 2012).

In addition to attenuated bioavailability of local vaso-
dilatory signalling substances, elevated production of local
vasoconstrictors may occur with age. In this context,
there is an increase in the production of vasoconstricting
prostaglandins (Taddei et al. 1995) and endothelin
(Donato et al. 2009; Barrett-O’Keefe et al. 2014), the
latter which has recently been shown to limit skeletal
muscle blood flow during dynamic knee extensor exercise
in older adults (Barrett-O’Keefe et al. 2014). Thus, this
potential shift in the balance between vasodilatory and
vasoconstrictor substances at the local level may limit the
ability of older adults to adequately vasodilate and increase
blood flow and oxygen delivery during exercise. Finally,
it is possible that structural changes in the peripheral
vasculature may limit the local vasodilatation during
exercise with age (Bearden et al. 2004).

Traditionally, muscle blood flow and oxygen delivery
during dynamic exercise are determined by tissue
metabolic demand and in the present study both relative
and absolute workloads were similar between young
and older adults. During dynamic exercise, it has been
demonstrated that the lower skeletal muscle perfusion
and oxygen delivery during submaximal exercise is
compensated for by greater oxygen extraction in older
adults, thus maintaining ‘normal’ oxygen consumption for
the work performed (Poole et al. 2003). Interestingly, some
reports have shown that the metabolic cost of walking is
�30% greater in older adults across a variety of walking
speeds (Mian et al. 2006), and recent work utilizing
magnetic resonance spectroscopy reports that the ATP
cost of dynamic plantar flexion is significantly elevated
in older adults compared to young adults (Layec et al.
2014). Thus, during dynamic exercise, it appears that the
impaired local vasodilatation and subsequent blood flow
and oxygen delivery with age is not due to a reduction
in metabolic demand, and if anything may occur in the
face of greater metabolic cost of contractions for a given
workload.

Experimental considerations and limitations

In the present study, we utilized the forearm model to
investigate the role of the SNS in modulating active
muscle blood flow and vascular tone in young and older
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adults. Use of the forearm model allows for the study
of muscle blood flow regulation during graded exercise
that is not limited by central circulatory factors (e.g.
cardiac output). Therefore, the attenuated blood flow
observed in older adults is attributed to an impaired
local regulation of vascular tone with age. Additionally,
examining the steady-state blood flow response during
graded exercise with this model provides insight into
whether impairments in local vascular control and sub-
sequent attenuated blood flow and oxygen delivery may
contribute to the age-related decline in aerobic capacity,
a predictor of mortality among healthy and diseased
older adults. From a practical standpoint, our findings
could have implications for blood flow and oxygen and
nutrient delivery to active muscle of older adults during
structured exercise that most individuals perform at
moderate intensities for prolonged periods of time (e.g.
walking/jogging or cycling at a given pace or intensity).

Given recent work indicating that tonic sympathetic
activation with age limits the vasodilator and hyperaemic
responses to a single forearm contraction in older adults
(Casey & Joyner, 2012), we believed it was important to
extend these observations to graded, steady-state exercise
in humans. It is important to note that, similar to prior
studies from our laboratory and others (Kirby et al. 2009,
2012; Casey & Joyner, 2012), findings from the present
study of impaired blood flow and vascular conductance
during handgrip exercise with age cannot be explained
by differences in absolute work performed by young and
older adults (Table 1), nor can they be explained by
age-related changes in forearm muscle mass. Nonetheless,
our conclusion that the age-associated impairment in the
regulation of skeletal muscle blood flow is not due to
elevated sympathetic vasoconstrictor tone may not be
applicable to the lower limb. Thus, future studies are
needed to directly determine the role of sympathetic vaso-
constriction in regulating vascular tone and thus blood
flow delivery to skeletal muscle during lower limb exercise
(e.g. knee extensor or cycling) in young and older adults.

One limitation of our study is the inability to
determine how local adrenoreceptor inhibition affects
the distribution of blood flow to the forearm during
handgrip exercise. Recently, Heinonen et al. (2013)
assessed the distribution of blood flow via positron
emission tomography during knee extensor exercise in
young adults both in control conditions and following
local α-adrenergic blockade. The investigators observed
that although total thigh blood flow was increased
during α-blockade, blood flow to contracting muscle
was unchanged whereas there was an increase in blood
flow to inactive regions of the exercising limb (Heinonen
et al. 2013). In the present study, despite increases in
resting bulk FBF during α-blockade, the increase in
blood flow (and vascular conductance) from baseline to
steady-state exercise was not different between the two

conditions, suggesting that the SNS did not limit the
increase in blood flow during exercise handgrip in either
young or older adults. Despite our inability to assess
the regional distribution of blood flow to the forearm
during α-adrenergic blockade, our findings are in general
agreement with Heinonen et al. (2013) such that the SNS
does not appear to limit the blood flow response during
exercise with a relatively small muscle mass (forearm and
quadriceps, respectively).

Conclusion

Skeletal muscle blood flow during exercise is typically
reduced with age in humans and this is associated with
lower vascular conductance. The collective findings from
the present study indicate that elevated sympathetic vaso-
constriction is not mechanistically linked to impaired
muscle vasodilatation and perfusion during graded,
steady-state handgrip exercise in older healthy humans. As
such, following local α- and β-adrenoreceptor inhibition,
muscle blood flow and vascular conductance remained
�20–30% lower in older compared to young adults. This
is of interest given recent data in humans indicating that
greater tonic stimulation of α-adrenoreceptors can limit
the dilatory and hyperaemic responses to single contra-
ctions in older adults, and indicates different and/or
possibly more complex regulatory mechanisms during
steady-state exercise. Furthermore, our data suggest that in
this model of exercise, the impairment in vascular control
appears to be due to alterations in local vasodilatory, local
vasoconstricting or perhaps structural changes in the peri-
pheral vasculature that occur with age.
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