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Blunting of rapid onset vasodilatation and blood flow
restriction in arterioles of exercising skeletal muscle with
ageing in male mice
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Exercise capacity and skeletal muscle blood flow are diminished with ageing but little is
known of underlying changes in microvascular haemodynamics. Further, it is not clear how
the sympathetic nervous system affects the microcirculation of skeletal muscle with ageing or
whether sex differences prevail in the regulation of arteriolar diameter in response to muscle
contractions. In the gluteus maximus muscle of C57BL/6 mice, we tested the hypothesis that
ageing would impair ‘rapid onset vasodilatation’ (ROV) in distributing arterioles (second-order,
2A) of old (20-month) males (OM) and females (OF) relative to young (3-month) males (YM) and
females (YF). Neither resting (∼17 μm) nor maximum (∼30 μm) 2A diameters differed between
groups. In response to single tetanic contractions at 100 Hz (duration, 100–1000 ms), ROV
responses were blunted by half in OM relative to OF, YM or YF. With no effect in YM, blockade
of α-adrenoreceptors with phentolamine (1 μm) restored ROV in OM. Topical noradrenaline
(1 nm) blunted ROV in YM and YF to levels seen in OM and further suppressed ROV in OM
(P < 0.05). To evaluate arteriolar blood flow, red blood cell velocity was measured in 2A of
OM and YM; respective heart rates (353 ± 22 vs. 378 ± 15 beats min−1) and carotid arterial
blood pressures (76 ± 3 vs. 76 ± 1 mmHg) were not different. Blood flows at rest (0.6 ± 0.1 vs.
1.6 ± 0.2 nl s−1) and during maximum dilatation (2.0 ± 0.8 vs. 5.4 ± 0.8 nl s−1) with sodium
nitroprusside (10 μm) were attenuated >60% (P < 0.05) in OM. Blood flow at peak ROV was
blunted by 75–80% in OM vs. YM (P < 0.05). In response to 30 s of rhythmic contractions at
2, 4 and 8 Hz, progressive dilatations did not differ with age or sex. Nevertheless, resting and
peak blood flows in YM were 2- to 3-fold greater (P < 0.05) than OM. We suggest that ageing
blunts ROV and restricts blood flow to skeletal muscle of OM through subtle activation of
α-adrenoreceptors in microvascular resistance networks.

(Resubmitted 10 March 2010; accepted 6 April 2010; first published online 12 April 2010)
Corresponding author S. S. Segal: Department of Medical Pharmacology and Physiology, MA415 Medical Science
Building, University of Missouri – Columbia, Columbia, MO 65212, USA. Email: segalss@health.missouri.edu

Abbreviations αAR, α-adrenoreceptor; EFS, electrical field stimulation; GM, gluteus maximus; NA, noradrenaline;
ROV, rapid onset vasodilatation; SNA, sympathetic nerve activity.

Introduction

A reduction in physical work capacity with ageing has long
been attributed to the loss of muscle mass and function
(Lexell, 1995). At the same time, physical activity requires
adequate blood flow to support the contractile activity
of muscle fibres. Human studies have demonstrated that
the ability to increase blood flow to exercising skeletal

muscle is impaired with ageing even when accounting for
lean body mass (Proctor & Joyner, 1997; Proctor et al.
1998; Dinenno et al. 1999; Lawrenson et al. 2003). As this
perfusion deficit is more pronounced in the legs than in
the arms (Donato et al. 2006), the effect of ageing on
blood flow appears to be greatest for muscles used for
locomotion. In response to submaximal bicycling (Proctor
& Joyner, 1997; Proctor et al. 1998) or single-leg rhythmic
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knee extension (Lawrenson et al. 2003; Parker et al. 2008),
a restricted increase in vascular conductance to active
muscles of ‘older’ (typically ∼60–70 years) vs. ‘younger’
(typically ∼20–30 years) subjects reflects an increase in
the resistance to blood flow, thereby implicating changes
in the microcirculation. Studies of limb blood flow in
humans are based primarily upon methods employing
limb plethysmography, thermal dilution in venous effluent
or Doppler ultrasound in proximal conduit arteries.
While these data reflect regulatory events originating
within the microcirculation, measurements performed for
entire limbs and conduit vessels cannot ascertain where
vasomotor responses occur or how they are regulated
within microvascular resistance networks. In contrast,
animal models have enabled more invasive approaches to
investigate the effects of ageing on the microcirculation
and the isolation of individual resistance vessels for
in vitro studies has provided valuable insight into how
key signalling events that underlie blood flow control are
affected (Csiszar et al. 2002; Muller-Delp et al. 2002b;
Woodman et al. 2002). However, surgical isolation for
in vitro study eliminates key physiological interactions
between microvessels, muscle fibres and the autonomic
nervous system that are manifest in the intact organism
(Thomas & Segal, 2004).

A characteristic response to the stress of physical
exertion is an increase in muscle sympathetic nerve
activity (SNA) (Seals, 1989), which is integral to the
redistribution and augmentation of cardiac output to
support the metabolic demands of active musculature
(Rowell, 1974). An increase in SNA can impose restrictions
on muscle blood flow (Thomas & Segal, 2004) and this
effect appears to be augmented with ageing (Dinenno
& Joyner, 2006; Proctor & Parker, 2006), even under
resting conditions (Dinenno et al. 1999). Moreover,
sex differences in how SNA changes with ageing are
apparent. For example, although male subjects exhibited
heightened SNA at an earlier age than did females, the
increase in SNA with age increased more rapidly in
females (Matsukawa et al. 1998; Narkiewicz et al. 2005).
How the sympathetic nervous system affects the micro-
circulation of skeletal muscle with ageing, and whether
sex differences prevail in the regulation of arteriolar
diameter in response to muscle contractions, remain
inadequately defined. Indeed, more subtle actions of
sympathetic neuroeffector signalling may be manifest
than previously recognized. Further insight into these
relationships requires an experimental model that allows
direct observation of arterioles in response to the contra-
ctile activity of skeletal muscle involved in locomotion.

Studies concerned with how the regulation of muscle
blood flow is affected by ageing have focused primarily
on cardiovascular responses to well-defined submaximal
levels of rhythmic contractions of leg or forearm

musculature. Thus our current understanding of how
ageing impacts muscle perfusion reflects regulatory events
occurring during steady-state levels of activity. In contrast,
daily activities are more typically characterized by short
bursts of activity with frequent transitions between
different levels of energy expenditure. As reported in the
human forearm (Corcondilas et al. 1964) and supported
by ensuing studies (Shoemaker et al. 1998; Tschakovsky
et al. 2004; Kirby et al. 2007) muscle blood flow can
increase within the first cardiac cycle following the onset of
muscle contraction. Direct observations of arterioles in the
hamster cremaster (Mihok & Murrant, 2004) and cheek
pouch retractor (VanTeeffelen & Segal, 2006) muscles
confirm that dilatation can begin within the first 1–2 s
of muscle contraction. Recent evidence from the human
forearm indicates that such rapid vasodilatory responses to
muscle contraction can be attenuated with ageing (Carlson
et al. 2008). In turn, complementary observations of vaso-
motor kinetics in arterioles of the mouse gluteus maximus
(GM) muscle have illustrated that both the initial increase
in hyperaemia and the ability to sustain hyperaemia upon
cessation of activity are impaired with ageing (Bearden
et al. 2004; Bearden, 2007) with such effects predominating
in males. Nevertheless, how ageing impacts both rapid
and steady-state control of muscle blood flow within the
microcirculation remains poorly understood, particularly
in light of sympathetic regulation and the role of sex.

The goal of the present study was to provide new
insight with respect to how ageing and sex interact
to affect the ability of the microcirculation to increase
muscle blood flow in response to contractile activity.
Experiments were performed using intravital microscopy
to study the mouse GM and thereby investigate arterio-
lar responses to contractile activity within a skeletal
muscle that is actively recruited during locomotion,
adapts to exercise conditioning (Bearden et al. 2004)
and is common to both sexes. Moreover, activation of
a single muscle minimizes requirements for adjustments
in cardiac output, the demand for systemic cardiovascular
regulation, or the possibility of activating baroreflexes and
thereby emphasizes behaviour intrinsic to the peripheral
circulation. We focused on second-order (2A) arterioles
based upon their strategic location between proximal feed
arteries and terminal arterioles as well as their essential
role in controlling blood flow distribution within the
muscle (Bearden et al. 2004). We tested the hypothesis that
ageing would impair rapid onset vasodilatation (ROV) and
the magnitude of arteriolar blood flow. Complementary
experiments determined whether vasomotor responses
were sex-specific, whether they were manifest for distinct
forms of contractile activity, and whether an underlying
role for sympathetic regulation could be resolved for any
differences that emerged between groups according to age
or sex.
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Methods

Animal care and use

Experimental procedures were approved by the Animal
Care and Use Committees of the John B. Pierce Laboratory
(New Haven, CT, USA) and of the University of Missouri
(Columbia, MO, USA) and were performed in accord with
the National Institutes of Health Guide for the Care and Use
of Laboratory Animals. Experiments were performed using
C57BL/6 mice with two age groups studied for each sex.
The total number and body mass of mice studied in each
group were as follows: old (20-month) males (OM: n = 18,
35 ± 3 g) and females (OF: n = 6, 35 ± 5 g) and young
(3-month) males (YM: n = 23, 27 ± 2 g) and females (YF:
n = 9, 23 ± 2 g). Mice were housed in animal care facilities
of the John B. Pierce Laboratory or the University of
Missouri, respectively, at ∼24◦C on a 12 h–12 h light–dark
cycle with food and water ad libitum. Mice were obtained
from Jackson Laboratories (Bar Harbor, ME, USA) or
Charles River Laboratories (Wilmington, MA, USA) and
housed on site for at least 1 week before being studied.
Body mass was measured prior to each experiment. Upon
completion of experimental procedures each day, the
anaesthetized mouse was killed by an overdose of pento-
barbital sodium (intraperitoneal injection) and cervical
dislocation.

Anaesthesia and muscle preparation

A mouse was anaesthetized with an intraperitoneal
injection of pentobarbital sodium (50 mg kg−1) which was
supplemented as needed. During experiments, the depth
of anaesthesia was maintained at a level that preserved
sympathetic modulation of arterioles as confirmed by
transient vasoconstriction in response to a firm toe
pinch. The mouse was placed in the prone position
on a heating plate to maintain oesophageal temperature
at 37–38◦C and viewed through a stereomicroscope to
prepare the left GM for intravital microscopy. After
carefully shaving the surgical area, the skin overlying the
muscle was removed and exposed tissue was superfused
continuously (3–5 ml min−1) with bicarbonate-buffered
physiological salt solution (PSS; 35◦C, pH 7.4) of the
following composition (mM): NaCl 137, KCl 4.7, MgSO4

1.2, CaCl2 2, NaHCO3 18 and equilibrated with 5%
CO2–95% N2. The origin of the GM was cut free from its
insertion along the spine with great care taken to preserve
the integrity of its neurovascular supply. Free edges of
the muscle were gently reflected, spread evenly onto a
transparent silicone rubber pedestal (Sylgard 184; Dow
Corning, Midland, MI, USA) and pinned to approximate
in situ dimensions. Insertion of the GM onto the femur
remained intact.

Intravital microscopy

Upon completion of surgery, the mouse preparation
was transferred to the stage of an intravital microscope
(Zeiss ACM or Nikon E600FN). The superfused GM
was equilibrated for at least 30 min before experimental
observations. Using Köhler illumination, arterioles were
observed through a Zeiss UD40 objective (numerical
aperture = 0.41 or a Nikon 20× SLWD objective
(numerical aperture = 0.35), respectively, coupled to
a video camera (C2400; Hamamatsu, Japan). Final
magnification on the video monitor was ∼1000×. Inter-
nal vessel diameter was determined as the distance
between luminal edges using a video calliper with spatial
resolution ≤1 μm calibrated with a stage micrometer
(100 × 0.01 = 1 mm: Graticules Ltd, Tonbridge, Kent,
UK).

Second-order arterioles (2A) were chosen for study
for two reasons. First, these resistance microvessels are
positioned anatomically to control the distribution of
blood flow within the GM (Bearden et al. 2004). Second,
the consistency of arteriolar network architecture across
young and old animals enables data acquisition from
approximately the same region of each muscle (Bearden
et al. 2004). One arteriole was studied in each mouse.
Following equilibration, the resting (baseline) diameter
was recorded and arterioles were tested for oxygen
sensitivity as follows: superfusate O2 was elevated from
0 to 21% (with 5% CO2, balance N2) for 10 min,
arteriolar diameter was recorded, and equilibration with
5% CO2–95% N2 was restored for the duration of
experimental procedures. Changes in arteriolar diameter
(and blood flow in a subset of experiments; see
Haemodynamic measurements, below) were evaluated in
response to brief maximal tetanic contractions at 100 Hz
as well as 30 s of rhythmic muscle contractions at 2,
4, or 8 Hz (see Skeletal muscle contractions, below).
For these experiments, each muscle preparation under-
went both contraction protocols with order randomized
across experiments. At the end of each day’s procedures,
maximum arteriolar diameter was recorded by adding
sodium nitroprusside (SNP, 10 μM) to the superfusate
(Bearden et al. 2004; VanTeeffelen & Segal, 2006).

Skeletal muscle contractions

Contractions of the GM were evoked using electrical
field stimulation (EFS). For this purpose, wire electro-
des (90% Pt–10% Ir; diameter, 250 μm) were positioned
in the superfusion solution on either side of the exposed
muscle. Monophasic pulses (0.1 ms) were delivered at
10 V through a stimulus isolation unit (SIU5; Grass
Technologies; Quincy, MA, USA) driven by a square
wave stimulator (S48, Grass). Preliminary experiments
confirmed that this voltage elicited reproducible
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contractions of the GM and of arteriolar responses for
the duration of an experiment. Control experiments
(n = 3) confirmed that muscle fibre contractions resulted
from acetylcholine release from motor nerve terminals
as the addition of a nicotinic receptor antagonist
(d-tubocurarine, 10 μM) reversibly abolished muscle
contractions in response to EFS (Jacobs & Segal, 2000).
In the presence of d-tubocurarine, the absence of arterio-
lar constriction with EFS further serves to confirm that
EFS did not activate perivascular sympathetic nerves.

Haemodynamic measurements

Centreline red blood cell velocity (V rbc) was monitored
concomitant with diameter in 2A using an Optical
Doppler Velocimeter as described (Jacobs & Segal, 2000;
VanTeeffelen & Segal, 2006). To ensure fidelity of these
recordings, we confirmed that the V rbc signal was pulsatile
with the cardiac cycle. Mean red blood cell velocity
(V m) was calculated as = V rbc/1.6. Accurate velocimeter
readings were not possible during tissue movement. Thus,
for ROV experiments, peak V rbc was recorded (for 1.5 s)
during the peak of vasodilatation following a brief tetanic
contraction. For rhythmic contractions, peak V rbc was
taken as that recorded for a similar interval immediately
upon cessation of contractile activity (Welsh & Segal, 1997;
Jacobs & Segal, 2000; VanTeeffelen & Segal, 2006). Blood
flow was calculated as = π(D/2)2V m, where D is diameter
(Welsh & Segal, 1997; Jacobs & Segal, 2000; VanTeeffelen
& Segal, 2006). Wall shear rate (WSR) during this period
was calculated as = 8V m/D.

Experimental protocols

Rapid onset vasodilatation (ROV). Arteriolar responses
to muscle contraction were first evaluated for ROV.
Based upon preliminary experiments (data not shown)

performed in light of earlier findings (Bearden et al.
2004; VanTeeffelen & Segal, 2006), a brief maximal tetanic
contraction at 100 Hz was used to evoke ROV in each
experimental group. To characterize arteriolar dilatations
across a range of tetanic contraction durations, stimulus
train durations were 100, 200, 400, 600, 800 and 1000 ms
with the order randomized across experiments. The
arteriole consistently returned to the initial resting baseline
with 2–3 min of recovery between contractions. As tissue
displacement occurred during contraction, diameter was
recorded preceding each stimulus (resting baseline) and
immediately following contraction with a delay of 1–2 s
(Fig. 1) that reflected the time required to refocus and
reposition the video calliper.

The ROV responses were first evaluated under control
conditions. Steady-state vasodilatations to rhythmic
contractions were then assessed as described in the
next paragraph. In light of differences observed in ROV
for OM compared to other groups (see Results for
details), one of two pharmacological agents to inhibit
(phentolamine; 1 μM) or activate (noradrenaline; NA,
1 nM) α-adrenoreceptors (αARs) was investigated for an
effect on ROV. Following addition to the superfusion
solution, each agent was first equilibrated for 15 min with
no measureable effect on resting arteriolar diameter. It
should be recognized that a 10-fold range of tetanic contra-
ctions plus a 4-fold range of rhythmic contractions was
used to define 2A responses to exercise. Therefore only
one pharmacological agent could be investigated reliably
in a given preparation. To match these treatments by age,
phentolamine was tested in OM and OF while NA was
tested in YM and YF.

Steady-state vasodilatation to rhythmic contractions.
As the nature of vasodilatation can vary with the
pattern of muscle fibre activation (VanTeeffelen & Segal,
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Figure 1. Rapid onset vasodilatation in response to brief tetanic contraction
Representative traces of diameter responses to single tetanic contractions of 100 ms (left) and 1000 ms (right)
duration from a young male mouse. Vertical bars indicate stimulation at 100 Hz. As ROV was nearly instantaneous,
delays in diameter responses reflect time to refocus the microscope after contraction.
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2000; Murrant, 2005), vasomotor responses to 30 s of
rhythmic contractions at 2, 4 and 8 Hz (in randomized
order) were also evaluated in each experimental group.
Stimulation at these frequencies evokes unfused twitch
contractions that correspond to ∼40% of peak tetanic
tension (Bearden et al. 2004). Following each 30 s
period of rhythmic twitch contractions, resting base-
line was re-established consistently within 5 min. Arterio-
lar diameter was recorded preceding contractile activity,
during rhythmic contractions, and following contractions
throughout recovery.

Experimental emphasis on male mice. Throughout our
initial experiments, the order in which age and sex were
studied was varied across respective groups. However,
based upon the clear distinction of ROV responses
between YM and OM (see Fig. 2) and greater morbidity
encountered for OF compared to OM, our experimental
design was adjusted accordingly. To directly compare the
effects of both activation and inhibition of αARs on
ROV responses in the same GM preparations, a subset
of experiments was performed on YM and OM (n = 5
per group). To preserve the integrity of preparations
for these experiments, fewer tetanic contractions were
performed (400, 600, 1000 ms; randomized) under each
experimental condition. Thus, following equilibration,
responses to each contraction were recorded under
control conditions. The preparation was equilibrated
with NA (1 nM) for 5 min and ROV responses were
re-evaluated. After recovering from the final contraction,
the preparation was equilibrated with phentolamine for
15 min and ROV responses were evaluated a final time.

To provide further insight with respect to the impact of
ageing on skeletal muscle perfusion, arteriolar blood flow
was evaluated in subsets of OM and YM. In these animals,
arterial blood pressure was measured by cannulating a
carotid artery with polyethylene tubing (PE-10) connected
to a pressure transducer (CDX III; COBE; Arvada, CO,
USA) coupled to a Transbridge amplifier (World Precision
Instruments, Sarasota, FL, USA). Blood pressures were
averaged over 10 cardiac cycles to obtain a mean value for
each mouse.

Chemicals and solutions

All chemicals were obtained from Sigma-Aldrich (St Louis,
MO, USA) and dissolved in purified deionized water
(dH2O, 18.2 M�), with the exception of phentolamine,
which was first dissolved in 100% ethanol. Stock solutions
were prepared weekly, stored at 4◦C and diluted at
least 100-fold in PSS to final working concentrations
on the day of an experiment. Based upon preliminary
experiments, NA (1 nM) was added to the superfusion

solution at to subtly activate αARs without producing
arteriolar constriction. In accord with our earlier studies
of αAR inhibition in microvessels (Haug & Segal, 2005),
the concentration of phentolamine in the superfusion
solution was 1 μM (with 0.1% ethanol). Vehicle controls
confirmed that 0.1% ethanol in PSS was without affect on
baseline diameter or vasomotor responses.

Data acquisition, statistical analyses and presentation

Data were collected at 100 Hz using a PowerLab system
(AD Instruments; Colorado Springs, CO, USA) coupled to
a personal computer. Data were analysed using SigmaStat
software (v. 3.11; Systat Software Inc., Point Richmond,
CA, USA) and differences were accepted as statistically
significant with P < 0.05. For ROV data, one- and
two-way (age, sex) repeated measures analysis of variance
(RMANOVA) was used to test for the main effect of
tetanic contraction duration across the four experimental
groups. Linear regression was performed to evaluate
the correlation between the duration of contraction
and the magnitude of ROV for each animal. Slopes
of these responses were compared across groups using
ANOVA. The main effect of stimulus frequency during
rhythmic contractions was analysed using RMANOVA.
Where treatment conditions differed between Young (NA
exposure) and Old (phentolamine exposure), pair-wise
comparisons were performed using multiple t tests with
a Bonferroni correction to maintain total P < 0.05. To
compare OM and YM with respect to the effect of NA
and phentolamine on ROV in the same preparations, a
3-way (age, treatment, contraction duration) RMANOVA
was used. When significant F-ratios were obtained with
ANOVA or RMANOVA, Tukey’s tests were performed for
post hoc comparisons. Summary data are presented as
mean values ± standard error (S.E.).

Results

Arteriolar responses to O2 and haemodynamic
characteristics in Young and Old mice

Neither baseline nor maximum arteriolar diameters
differed significantly with age or sex (Table 1). However,
arteriolar constriction in response to elevating superfusate
O2 from 0 to 21% was significantly greater (P < 0.05)
in YM compared to other groups (Table 1), consistent
with earlier observations (Bearden et al. 2004). There
were no differences in respective heart rates (378 ± 15 vs.
353 ± 22 beats min−1) or mean arterial blood pressures
(76 ± 1 vs. 76 ± 3 mmHg) between YM and OM.
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Table 1. Diameters and oxygen response of second-order arterioles in mouse gluteus
maximus muscle

Baseline
diameter (μm)

Maximum
diameter (μm) O2 response (μm)

Age-group ♂ ♀ ♂ ♀ ♂ ♀
Young 17 ± 1 17 ± 1 31 ± 1 29 ± 1 −10 ± 1∗ −5 ± 1
Old 17 ± 1 17 ± 1 31 ± 1 30 ± 1 −6 ± 1 −4 ± 1

Baseline values were recorded under control conditions (superfusate equilibrated with
5% CO2–95% N2). Maximum values were recorded during superfusion with SNP (10 μM).
O2 response indicates the change in diameter in response to elevating superfusate O2

from 0 to 21%. ∗Arterioles of YM constricted more than other groups, P < 0.05 (n = 6–22
per cell).
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Figure 2. Blunting of ROV in old male mice
A, across the range of contraction durations, 2A diameter change in
response to single tetanic contractions was attenuated by nearly half
in OM as compared to YM, YF or OF, (n = 6–18 per group). ∗P < 0.05,
OM vs. YM and YF; #P < 0.05, OM vs. other groups. B, in each
experimental group, the duration of muscle contraction correlated
well with the change in arteriolar diameter (n = 6–18 per group).
However the slope of ROV responses to increasing stimulus duration
was blunted in OM. ∗P < 0.05, OM vs. other groups. Abbreviations:
YM, young male; YF: young female; OM: old male; OF: old female.

Rapid onset vasodilatation and blood flow

Vasomotor responses. The diameter change with ROV
increased consistently with the duration of tetanic
contraction (P < 0.01; Figs. 2–4). Across the entire range
of single tetanic contractions, there were no significant
differences in ROV responses between YM, YF or OF
(Fig. 2A), though a subtle effect was apparent for OF at
shorter durations. In striking contrast, ROV responses
of OM were attenuated by nearly half (P < 0.05) across
the entire range of contraction durations (Fig. 2A). The
slope of the regression line determined for mean responses
across the range of contractions was taken as an index of
the sensitivity of ROV responses for each experimental
group. As illustrated in Fig. 2B, there was a strong positive
correlation between increasing contraction duration and
the change in arteriolar diameter. Nevertheless, the
sensitivity of ROV to single tetanic contractions was
reduced significantly (P < 0.05) in OM as compared to
YM, YF and OF, which were not different from each other.

Given that SNA can inhibit vasodilatation (Thomas
& Segal, 2004), we tested the hypothesis that inhibition
of αARs would restore the magnitude of ROV responses
in OM. Remarkably, with no change in resting diameter,
superfusion with phentolamine (1 μM) increased ROV of
OM such that these responses were no longer different
from those of YM (Fig. 3A). For age-matched controls,
phentolamine had no effect on ROV in OF (Fig. 3B). In
complementary experiments, superfusion with NA (1 nM)
consistently depressed ROV in YM to levels observed
in OM (Fig. 3A) and did so without changing resting
diameter. Though less pronounced, the effect of NA in
YF was similar to that observed in YM (Fig. 3B).

Adrenoreceptor treatments compared between OM and
YM. Our initial experiments investigated the effect of
αAR inhibition or activation by testing phentolamine in
Old mice and NA in Young mice. These data are limited
as they did not determine whether inhibition of αARs
could affect ROV in Young mice or whether stimulation
of αARs could affect ROV in Old mice. Therefore a subset
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of experiments was performed to compare the effect
of both αAR inhibition and activation on ROV in the
same preparations of OM and YM (Fig. 4). Consistent
with findings in Fig. 2, control ROV responses of OM
were blunted consistently relative to those of YM. Despite
having no effect in YM, phentolamine again increased
ROV in OM (P < 0.05) to levels not different from
responses recorded in YM. In turn, NA blunted ROV
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Figure 3. Roles of α-adrenoreceptor inhibition and activation in
ROV
A, superfusion of phentolamine (1 μM) increased ROV in OM to levels
not different from those recorded in YM. Conversely, superfusion of
NA (1 nM) blunted ROV in YM to levels not different from those
recorded in OM. Resting diameters (Table 1) were not different
between conditions. ∗P < 0.05 for OM and YM + NA vs. YM and OM
+ phentolamine (n = 6–8 per group). B, superfusion of NA (1 nM)
blunted ROV in YF (consistent with its effect in YM, panel A),
particularly at longer durations of contraction. However, superfusion
of phentolamine (1 μM) had no effect on ROV responses in OF, which
were not different from those in YF. Resting diameters (Table 1) were
not different between conditions. ∗P < 0.05, YF + NA vs. other groups
(n = 4–6 per group). Abbreviations are defined in Fig. 2 legend.
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Figure 4. Effects of NA and phentolamine on ROV in Young and
Old male mice
A, young males: superfusion of NA (1 nM) blunted ROV (∗P < 0.01)
while superfusion of phentolamine (1 μM) had no significant effect on
ROV (n = 5). B, old males: superfusion of NA (1 nM) blunted ROV
(∗P < 0.01) while superfusion of phentolamine (1 μM) enhanced ROV
vs. OM under control conditions (#P < 0.01; n = 5). C, comparisons of
YM vs. OM (data in A and B re-plotted): under control conditions, ROV
was blunted in OM vs. YM (∗P < 0.01). For YM + NA, ROV was
blunted significantly below control (†P < 0.01) and these levels were
not significantly different from OM. For OM + NA, ROV was further
depressed for each contraction (#P < 0.01). Phentolamine had no
effect in YM yet increased ROV significantly in OM (‡P < 0.01). Note
that 1 OM had a particularly large response to 1000 ms contraction
with phentolamine that elevated the mean ± S.E. for this data point.
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Figure 5. Arteriolar haemodynamic responses during ROV were
blunted in OM vs. YM
A, at rest and during peak dilatation in response to single tetanic
contractions, blood flow was greatly attenuated in OM vs. YM.
∗P < 0.05, OM vs. YM. B, mean red blood cell velocity during peak
dilatation did not change with increasing stimulus duration in either
YM or OM. However, baseline and response values were blunted

in YM to levels not different from OM under control
conditions and attenuated ROV even further in OM
(P < 0.01) with responses to 400 and 600 ms contractions
nearly abolished.

Haemodynamic responses. At rest, 2A blood flow was
attenuated by >50% in OM vs. YM (Fig. 5A), as was
maximum blood flow during topical exposure to SNP
(2.0 ± 0.8 vs. 5.4 ± 0.8 nl s−1 respectively, P < 0.05; n = 6
per group). As shown in Fig. 5A, baseline blood flow
recovered consistently between each tetanic contraction.
Blood flow increased slightly but significantly with the
duration of contraction in both OM and YM. However,
the hyperaemic response to tetanic contraction was also
attenuated greatly in OM vs. YM (P < 0.05; Fig. 5A).

With no difference in resting diameter (Table 1), the
reduction in 2A blood flow in OM vs. YM is explained by
lower velocity of red blood cells. Baseline V m remained
stable during experiments but was reduced by more
than half (P < 0.05) in OM vs. YM (Fig. 5B). Recorded
during the peak of ROV diameter responses, there was no
significant effect of contractile activity on V m in either
YM or OM. Thus, V m was consistently reduced in OM
and this is consistent with flow restriction by vessels
located upstream from the exposed muscle (e.g. proximal
feed arteries; VanTeeffelen & Segal, 2003). Nearly identical
relationships were apparent for WSR (Fig. 5C), with OM
having consistently lower values relative to YM (P < 0.05)
at rest and in response to tetanic contraction.

Steady-state vasodilatation and blood flow with
rhythmic contractions

From similar baseline diameters (Table 1), arteriolar
dilatations consistently reached a stable plateau during 30 s
of rhythmic contractions at 2, 4 and 8 Hz. The magnitude
of dilatation increased with stimulation frequency for all
experimental groups (P < 0.05). In marked contrast to
ROV responses (Figs 2 and 3), neither age nor sex had a
significant effect on the magnitude of diameter changes to
rhythmic contractions (Fig. 6A) as arterioles of YM, YF,
OM and OF all exhibited similar dilatations under these
conditions.

Arteriolar blood flow increased with stimulation
frequency (P < 0.05) for both YM and OM. Peak responses
in YM (2.3 ± 0.6 to 3.5 ± 0.8 nl s−1) were 2- to 3-fold
greater (P < 0.05) than those recorded in OM (Fig. 6B)

consistently in OM vs. YM. ∗P < 0.05, OM vs. YM. C, wall shear
rate during peak dilatation did not change with increasing stimulus
duration in either YM or OM. However, WSR was consistently lower in
OM vs. YM. ∗P < 0.05, OM vs. YM. For all panels, n = 6 per group.
Abbreviations are defined in Fig. 2 legend.
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despite similar increases in arteriolar diameter, providing
additional evidence for an upstream restriction of blood
flow in OM compared to YM.

Discussion

The present study was undertaken using the C57BL/6
mouse as a model for investigating how ageing influences
the arteriolar control of blood flow within a mammalian
hindlimb locomotor muscle and to determine whether
such effects differ between sexes. In second-order arterio-
les (2A) of the gluteus maximus muscle, we demonstrate
that ROV in response to single tetanic contractions
was blunted consistently and selectively in 20-month-old
males relative to age-matched females and to 3-month-old
mice of both sexes. Remarkably, the inhibition of αARs
with phentolamine restored ROV in OM to levels seen in
the other three groups. In turn, the blunted ROV observed
in OM was reproduced in YM and YF by exposure to a
concentration of NA (1 nM) that had no effect on resting
diameter. Thus the blunting of ROV of 2A of OM can
be explained by a subtle elevation in the resting level
of arteriolar smooth muscle cell activation via αARs.
In distinct contrast, there were no differences between
respective groups for 2A dilatations during rhythmic
submaximal contractions. Nevertheless, arteriolar blood
flows were attenuated significantly under all conditions
for OM as compared to YM, which can be explained by a
blunted ability to evoke dilatation in proximal segments
of the resistance network.

Rapid onset vasodilatation and its impairment
with ageing

The present data are the first to demonstrate ROV in
the mouse microcirculation and do so in a hindlimb
muscle that is active during locomotion and adapts to
physical training (Bearden et al. 2004). Elucidating ROV
in response to a brief muscular contraction in humans
(Corcondilas et al. 1964) has stimulated ongoing interest
in understanding such rapid responsiveness of the peri-
pheral resistance vasculature. Direct observations of the
microcirculation in hamster cremaster (Mihok & Murrant,
2004; Armstrong et al. 2007b) and retractor (VanTeeffelen
& Segal, 2006) muscles have resolved rapid dilatation of
individual arterioles in response to single contractions,
providing a direct link between events described for intact
limbs in humans and the ability to resolve underlying
mechanisms of blood flow control in the microcirculation.

That ROV is impaired with ageing in human subjects
(Carlson et al. 2008) underscores the relevance of the
present findings in the mouse GM as a model that
enables direct insight into signalling events that modulate
such phenotypic changes in vasomotor control. In accord

with studies of the human forearm, where blood flow
increased linearly with the intensity of single contra-
ctions (Tschakovsky et al. 2004), we observed ROV in
the mouse GM to increase in direct proportion to the
duration of single tetanic contractions (Fig. 2). Moreover,
these dilatory responses were blunted selectively in OM
across a 10-fold range of contraction duration (Fig. 2A).
Attenuation of this relationship in OM relative to OF,
YM or YF (Fig. 2B) indicates a reduction in sensitivity of
ROV in OM. In turn, the difference between sexes that
emerged here with ageing suggests that the determinants
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Figure 6. With rhythmic contractions, arteriolar dilatations are
independent of age or sex yet blood flow is blunted in OM
A, with no difference in resting or maximal diameters (Table 1), the
magnitude of arteriolar dilatation increased with contraction frequency
in a similar manner for each experimental group. ∗Main effect of
stimulus frequency, P < 0.05 (n = 6–18 per group). B, blood flows at
rest (baseline) and in response to 30 s of rhythmic contractions were
restricted by more than half in OM compared to YM. ∗P < 0.05, OM
vs. YM (n = 6 per group). Abbreviations are defined in Fig. 2 legend.
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of ROV are similar in male and female mice until key
events associated with ageing occur in OM. As active
tension produced by the GM in male mice is maintained
with ageing throughout the frequency-force relationship
(Bearden et al. 2004), the blunting of ROV is not likely to
be explained by a loss of contractile function. Instead,
our findings suggest a subtle effect of αAR activation
in OM that was not present in other experimental
groups. Additional support for sex differences in the
kinetics of vasomotor responses with ageing comes from
demonstrating the slowing of vasodilatation onset (and
acceleration of recovery) in arterioles of OM relative to
other groups (Bearden, 2007). Such phenotypic changes
may contribute to the lag in oxygen uptake at the onset of
moderate cycling in older vs. younger subjects (DeLorey
et al. 2004).

Role for α-adrenoreceptor activation in blunting ROV
and arteriolar blood flow

A unique finding of this study is restoration of ROV in
OM when αARs were inhibited with phentolamine (Figs 3
and 4). This gain of function led us to test whether the
sympathetic neurotransmitter NA could mediate such an
effect and was tested in young animals of both sexes.
As illustrated in Fig. 3, ROV responses were attenuated
by NA in YM and YF without altering resting arterio-
lar diameter. While internal diameter was not changed
measurably by NA, arteriolar smooth muscle cells adopted
a ‘crinkly’ appearance similar to that observed for arterio-
les in OM. The present findings thereby indicate a subtle
yet constitutively higher level of arteriolar smooth muscle
cell activation via αARs in OM as compared to the other
groups studied here. In turn, exposing OM to NA resulted
in even greater attenuation of ROV (Fig. 4) despite no
effect on resting diameter.

The use of phentolamine as a non-selective αAR
antagonist precludes the ability to resolve specific roles
for α1- vs. α2-adrenoreceptors in modulating ROV.
Nevertheless, as shown in feed arteries of hamster skeletal
muscle, the two adrenoreceptor subtypes can interact
additively to suppress rapid dilatations. For example,
acetylcholine initiates hyperpolarization and rapid
relaxation of microvascular smooth muscle cells (Emerson
& Segal, 2000) through activating calcium-sensitive K+

channels (Domeier & Segal, 2007). Indeed, early studies
in the dog hindlimb (Mohrman et al. 1973; Mohrman &
Sparks, 1974) implicated a key role for K+ in rapid hyper-
aemic responses to single brief tetanic contractions. This
conclusion is supported by recent findings in the hamster
cremaster muscle illustrating the role of K+ in mediating
rapid arteriolar dilatation in response to single contra-
ctions of skeletal muscle fibres (Armstrong et al. 2007a).

Vasodilatation can ascend the resistance network into
proximal feed arteries in response to muscle contraction
(Hilton, 1959) and thereby increase muscle blood flow by
reducing vascular resistance located upstream from intra-
muscular arterioles (Folkow et al. 1971; Segal & Jacobs,
2001). In older humans, blood flow to exercising skeletal
muscle is attenuated (Dinenno & Joyner, 2006; Proctor
& Parker, 2006), though the site(s) of flow restriction
were not defined. As feed arteries supplying the GM were
not exposed in our surgical preparations, the elevated
activation of αARs that was apparent in arterioles was
also likely to be manifested in proximal branches of the
vascular supply. We therefore propose that the restriction
of arteriolar perfusion in OM reflects the impairment of
ascending vasodilatation by αAR activation, such that feed
artery tone remained high and thereby limited blood flow
into arterioles downstream. The attenuated V m (Fig. 5B)
and WSR (Fig. 5C) recorded at rest and during arterio-
lar responses in OM are consistent with such an effect
and supported by earlier findings. First, sympathetic
nerve stimulation reduced blood flow into contracting
skeletal muscle even during robust arteriolar dilatation
and was associated with inhibition of feed artery dilatation
(VanTeeffelen & Segal, 2003). Second, activation of αARs
inhibited the ability of vasodilatation to conduct along
feed arteries (Haug & Segal, 2005). Third, conducted vaso-
dilatation is impaired in OM relative to YM (Bearden
et al. 2004, 2007). Though the mechanism underlying the
inhibition of vasodilatation in proximal segments of the
resistance vasculature remains to be defined, we suggest
that it too is associated with higher levels of αAR activation
in vascular smooth muscle cells.

Rhythmic twitch contractions dilated arterioles to
similar steady-state levels irrespective of age or sex
(Fig. 6A). This similarity across experimental groups
contrasts with the selective blunting of ROV for OM
in response to single tetanic contractions. Thus the
effect of ageing on arteriolar dilatation depends upon
the nature of contractile activity. This conclusion is
consistent with the interpretation that signalling events
mediating sustained vasodilatation differ from those
mediating rapid vasodilatation (Haddy & Scott, 1975;
Morganroth et al. 1975). Even with similar arteriolar
dilatations across experimental groups, and consistent
with attenuated blood flow during ROV, peak blood
flow responses were consistently 2- to 3-fold greater in
YM versus OM (Fig. 5B). In accord with flow limitations
apparent during ROV, such behaviour during rhythmic
contractions (Fig. 6B) and during maximum dilatation
with topical SNP (see Results, Haemodynamic responses)
further implies that total blood flow into the arterio-
lar network was restricted by proximal segments of the
resistance network (Jacobs & Segal, 2000; VanTeeffelen &
Segal, 2003). As these conclusions are based entirely upon
haemodynamic measurements performed in male animals
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due to the greater morbidity we encountered with OF vs.
OM mice, future experiments are required to ascertain the
nature of microvascular blood flow in female animals and
how it may be affected by ageing.

Experiments performed on the cremaster muscle of
rats have shown that differences in the ability to evoke
dilatation in proximal vs. distal resistance microvessels
may also reflect corresponding differences in the regional
distribution of αAR subtypes (Anderson & Faber, 1991).
Whether regional distribution of αAR subtypes is manifest
in the mouse GM remains to be investigated. Nevertheless,
the present findings help to explain how augmented αAR
activation with ageing effectively blunts resting blood flow
as well as exercise hyperaemia in humans (Dinenno &
Joyner, 2006; Proctor & Parker, 2006). Indeed, a similar
mechanism may well contribute to delaying the attainment
of functional vasodilatation as well as the impaired ability
to sustain vasodilatation into the recovery period (Bearden
et al. 2004; Bearden, 2007).

Sympathetic neuroeffector signalling, muscle blood
flow and the role of sex

While there is general agreement that enhanced actions of
the sympathetic nervous system contribute to attenuated
blood flow responses with ageing (Dinenno & Joyner,
2006; Proctor & Parker, 2006), it remains controversial
as to whether vasomotor responsiveness to neuroeffector
signalling is altered. For example, when acute sympathetic
vasoconstriction (via cold pressor test) was evaluated
during bicycle ergometry, older men demonstrated greater
reduction in leg vascular conductance as compared to their
younger counterparts (Koch et al. 2003). In contrast, when
postjunctional αARs in the leg of male subjects at rest
were stimulated with tyramine to release NA, ageing was
associated with reduced responsiveness of both α1- and
α2-AR subtypes (Smith et al. 2007). These recent findings
support earlier observations showing attenuated forearm
blood flow reductions of older vs. young subjects (both
male and female) at rest during infusions of NA into the
brachial artery (Hogikyan & Supiano, 1994). In accord
with the present data, lower basal vascular conductance
in the legs of older vs. younger males (Dinenno et al.
1999; Smith et al. 2007) reflected greater tonic vaso-
constriction mediated by enhanced SNA recorded from
the peroneal nerve (Dinenno et al. 1999). However, when
the responsiveness of isolated skeletal muscle arterioles
to adrenergic receptor agonists has been evaluated directly
in vitro, vasoconstriction to NA was similar between vessels
isolated from young (4-month) and aged (24-month) rats
(Muller-Delp et al. 2002a). Similarly, in the mouse GM,
constriction to phenylephrine (an α1-selective adreno-
receptor agonist) was not different between YM and OM
(Bearden et al. 2004). Thus age-related differences in vaso-
motor responsiveness that have been identified in awake

human subjects at rest or during exercise may involve
cardiovascular reflexes that are avoided in isolated vessels
or individual muscles of anaesthetized animals as studied
here.

Consistent with the present findings, recent
observations in older humans indicate that ROV in
the forearm was blunted relative to younger subjects
(Carlson et al. 2008). However, unlike the present study,
this effect of ageing was apparent for both sexes. Leg
blood flow during moderate cycling has been reported
to be reduced in both older male subjects (Proctor et al.
1998) and female subjects (Proctor et al. 2003a) even
when accounting for active muscle mass. Nevertheless,
impaired blood flow in older men relative to their younger
counterparts has not been consistently observed (Proctor
et al. 2003b) and more recent findings emphasize that
attenuated vasodilatation during rhythmic single-leg knee
extensions (which minimize central limitations of cardiac
output) is greater in older women than in older men
(Parker et al. 2008). Thus apparent differences between
sexes may also depend upon the nature of exercise used
for evaluating muscle blood flow and whether or not
systemic cardiovascular reflexes are invoked. As oestrogen
therapy was found to reverse augmented sympathetic
vasoconstriction in postmenopausal women (Fadel et al.
2004), the role of oestrogen in maintaining arteriolar
perfusion (and ROV) with ageing also remains to be
ascertained.

The present data showing selective blunting of arterio-
lar blood flow in the GM of OM (Figs 5A and 6B) are
supported by earlier studies in the hindlimb of Fischer
344 rats, where the ability to increase blood flow during
muscle contractions as well as during vasodilator infusion
was depressed in 24-month vs. 12-month males (Irion
et al. 1987) but not in females (Irion et al. 1988). In these
studies, greater muscle fatigue was associated with the
reduction in muscle blood flow. As neuropeptide Y (NPY)
is a co-transmitter released with NA from sympathetic
nerve terminals, evidence from adult Sprague–Dawley rats
suggests that such sex differences in muscle blood flow
may be related to a greater role for NPY in mediating
sympathetic actions on the vasculature for males as
compared to females (Jackson et al. 2005a,b). However,
the effects of ageing on the contributions of NPY to
noradrenergic vasoreactivity also remain to be elucidated.

Summary and perspective

The present study provides evidence that ageing is
associated with microvascular dysfunction that is selective
for male C57BL/6 mice. Deleterious effects of ageing on
dynamic blood flow control in the GM of OM were
highlighted by blunted ROV in response to single tetanic
contractions when compared to the GM of OF, YM or YF.
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As blockade of αARs with phentolamine restored ROV
in OM and topical NA attenuated ROV in YM and YF,
we suggest that ageing is associated with constitutively
elevated levels of αAR activation in resistance microvessels
of OM. Furthermore, arteriolar blood flow was attenuated
in OM relative to YM at rest, during ROV, during steady
state dilatations to rhythmic twitch contractions and
during maximal dilatation with topical SNP. As these
effects were manifest despite no significant differences
in systemic arterial blood pressure, resting or maximal
arteriolar diameters between experimental groups, we
propose that even without overt vasoconstriction or
vascular remodelling, subtle levels of αAR activation can
effectively compromise rapid adjustments in tissue blood
flow and could thereby impair daily activities. Moreover,
blunted red blood cell velocity with no difference in
arteriolar diameters implicates proximal segments of the
resistance network as key sites for restricting muscle blood
flow with ageing.
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