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Abstract The distribution of blood flow to skeletal muscle during exercise is altered with
advancing age. Changes in arteriolar function that are muscle specific underlie age-induced
changes in blood flow distribution. With advancing age, functional adaptations that occur in
resistance arterioles from oxidative muscles differ from those that occur in glycolytic muscles.
Age-related adaptations of morphology, as well as changes in both endothelial and vascular smooth
muscle signalling, differ in muscle of diverse fibre type. Age-induced endothelial dysfunction
has been reported in most skeletal muscle arterioles; however, unique alterations in signalling
contribute to the dysfunction in arterioles from oxidative muscles as compared with those
from glycolytic muscles. In resistance arterioles from oxidative muscle, loss of nitric oxide
signalling contributes significantly to endothelial dysfunction, whereas in resistance arterio-
les from glycolytic muscle, alterations in both nitric oxide and prostanoid signalling underlie
endothelial dysfunction. Similarly, adaptations of the vascular smooth muscle that occur with
advancing age are heterogeneous between arterioles from oxidative and glycolytic muscles. In
both oxidative and glycolytic muscle, late-life exercise training reverses age-related microvascular
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dysfunction, and exercise training appears to be particularly effective in reversing endothelial
dysfunction. Patterns of microvascular ageing that develop among muscles of diverse fibre
type and function may be attributable to changing patterns of physical activity with ageing.
Importantly, aerobic exercise training, initiated even at an advanced age, restores muscle blood
flow distribution patterns and vascular function in old animals to those seen in their young
counterparts.
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Abstract figure legend In the skeletal muscle resistance vasculature, muscle-specific signals from nerves, muscle
metabolites, intraluminal flow and transmural pressure change with age and declining activity. Resulting vascular
adaptations in the endothelium include changes in signalling through nitric oxide, prostanoids and reactive oxygen
species. In the vascular smooth muscle, age induces hyperplasia, reduced expression of contractile proteins and alterations
in receptor expression. These changes in both the endothelium and the vascular smooth muscle are muscle and fibre
type specific.

Introduction

Exercise capacity decreases with advancing age (Ogawa
et al. 1992; Fitzgerald et al. 1997) and although this
decline is, in part, attributable to a diminution of
maximal cardiac output (Lakatta, 1995), age-induced
reductions in muscle blood flow during exercise (Proctor
et al. 1998; Lawrenson et al. 2003; Donato et al. 2006)
also contribute to this age-related functional decline.
The regulation of blood flow to skeletal muscle during
exercise is critically dependent upon the function of the
resistance vasculature (Fronek & Zweifach, 1975). During
exercise, rapid increases in arteriolar diameter are
necessary to increase flow to active muscle in which oxygen
demand is high, whereas concurrent vasoconstriction
of arterioles in inactive muscle is needed, thereby
maintaining appropriate and efficient distribution of
blood flow. The distribution of blood flow to skeletal
muscle during exercise changes with advancing age,
possibly due both to primary ageing mechanisms and
to reduced physical activity with advancing age. This
review focuses on findings, obtained primarily from
animal studies, indicating that alterations of resistance
vessel morphology and function underlie age-related
perturbations of muscle blood flow distribution. In
addition, this review highlights work indicating that
age-induced alterations of resistance arteries and arterio-
les within skeletal muscles are fibre type specific. Finally,
recent reports indicating that age-related changes in
arteriolar morphology and function can be reversed by
exercise training in late life will be discussed.

Muscle blood flow distribution at rest

At rest, skeletal muscle receives approximately 25% of
cardiac output, with flows to individual muscles ranging
between 5 and 10 ml min−1 (100 g)−1. With advancing age,
muscle mass decreases in rodents; however, the percentage

of resting cardiac output delivered to skeletal muscle
does not change (Delp et al. 1998). At rest, blood flow
to the total hindlimb musculature and individual hind-
limb muscles does not change with age in either male
or female rats (Tuma et al. 1985; Musch et al. 2004),
regardless of fibre type composition. Resting blood flow to
the spinotrapezius, a postural muscle, is also unaltered in
aged rats (McCullough et al. 2011). Distribution of blood
flow within the gastrocnemius muscle is similar in young
and old rats at rest (Behnke et al. 2006, 2012). Thus, in
the absence of the demands created by stress or exercise,
blood flow to skeletal muscle is well maintained in old
age.

Muscle blood flow during exercise

During the transition from rest to exercise, an
instantaneous redistribution of peripheral blood flow
is necessary to rapidly elevate cardiac output (Crowell
& Guyton, 1962; Guyton et al. 1962) and increase
oxygen delivery to the active musculature, and thus meet
the immediate increase in oxygen consumption. Within
muscle groups, blood flow during exercise varies between
muscles composed of different fibre types (Laughlin &
Armstrong, 1985; Armstrong et al. 1987) and correlates
with muscle recruitment and metabolic patterns. Studies
performed using radioactive microspheres to evaluate
blood flow to individual muscles indicate that the pattern
of blood flow distribution that occurs during exercise
in young animals is not maintained with advancing
age. In spinotrapezius muscle, a muscle of mixed fibre
type, functional hyperaemia is significantly reduced with
age, although resting blood flow and arteriolar tone are
unaltered (Hammer & Boegehold, 2005). In old rats as
compared with young rats, blood flow during steady-state
exercise is reduced in several oxidative muscles of the
hindlimb, whereas blood flow is higher in a number of
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Table 1. Age-induced changes in distribution of muscle blood flow during exercise

Muscle � Blood Flow Fibre Composition

Soleus ↓↓ Slow-twitch, high-oxidative
Vastus intermedius ↓↓ Slow-twitch, high-oxidative
Gastrocnemius, red ↓ Slow-twitch, high-oxidative
Vastus lateralis, red ↓ Mixed
Vastus lateralis, red ↑↑ Fast-twitch, glycolytic
Vastus lateralis, white ↑↑ Fast-twitch, glycolytic
Semimembranosus, white ↑↑ Fast-twitch, glycolytic
Tibialis posterior ↑ Mixed

With age, exercising blood flow decreases to muscles composed primarily of high-oxidative fibres, but increases to muscles composed
primarily of glycolytic fibres; modified from Musch et al. (2004) and Behnke et al. (2012).

glycolytic muscles in old animals (Musch et al. 2004)
(Table 1). Indeed, Behnke et al. have reported that ageing
alters the distribution of blood flow during exercise within
the gastrocnemius muscle; in aged rats blood flow to
the highly oxidative, red portion of the gastrocnemius
muscle is reduced, whereas blood flow to the glycolytic,
white portion of the muscle is elevated, as compared with
young rats (Behnke et al. 2012). Nitric oxide-mediated
vasodilatation in highly oxidative muscles is markedly
diminished during exercise in old rats, resulting in greater
reliance on other vasodilatory mechanisms during the
transition from rest to exercise in old rats (Hirai et al.
2011). This reduction of the contribution of nitric oxide
to vasomotor control with advanced age is associated
with blood flow redistribution from highly oxidative
to glycolytic muscles during exercise. Thus, it is likely
that with advancing age, chronic changes in activity
patterns (Behnke et al. 2006) lead to alterations in
muscle recruitment during exercise, with an overall effect
of increasing perfusion to less oxidative muscles while
reducing blood flow to highly oxidative muscles. If blood
flow delivery and distribution are altered in skeletal
muscle of old animals, the matching of blood flow to
metabolic demand in actively contracting muscle may be
compromised, contributing to reduced exercise capacity
with age (Behnke et al. 2005).

Age-induced alterations of vascular control

Regulation of skeletal muscle blood flow cannot be
attributed to a single mechanism. Indeed, the matching
between oxygen demand of skeletal muscle and blood flow
suggests that the distribution of skeletal muscle blood flow
is precisely regulated by a variety of control mechanisms.
Changes in sympathetic control, production of muscle
metabolites, and circulating hormones and cytokines are
all potential contributors to age-induced alterations in
the function of the aged resistance vasculature,
contributing to redistribution of muscle blood flow either
at rest or during exercise. For example, whereas Musch

et al. reported higher blood flows during exercise in several
glycolytic muscles in old animals (Musch et al. 2004),
Jackson and colleagues showed that rapid vasodilatation
induced by contraction of the gluteus maximus muscle
was blunted by increased activation of α-adrenoceptors in
old mice (Jackson et al. 2010). Older men exhibit a greater
lower limb vasodilatory response to endothelin receptor
blockade, suggesting an increased endothelin contribution
to basal vascular tone in old age (Thijssen et al. 2007),
and exercise-induced release of ET-1 has been implicated
as a mechanism regulating skeletal muscle blood flow
and arterial pressure during exercise (Barrett-O’Keefe
et al. 2015). These reports indicate that both sympathetic
and metabolic regulation of vascular resistance change
with age in skeletal muscle, probably contributing to
the redistribution of flow within muscle and the over-
all reduction in functional hyperaemia. Future studies
are needed to determine of the effects of advanced
age on the interaction between myogenic, metabolic
and neurohumoral mechanisms of vascular control in
the intact resistance vasculature within skeletal muscle.
If these studies are designed to study muscle-specific
adaptations of the resistance vasculature, they will need to
be performed in animal models; however, they can provide
preclinical data for testing of mechanisms in humans.

Age-induced arterial remodelling

Histological studies indicate that age-induced remodelling
of the resistance vessels within skeletal muscle is fibre
type specific. In aged rats, approximately 0.7 fewer feed
arteries perforate the soleus muscle and approximately
1.3 fewer feed arteries penetrate into the gastrocnemius
muscle (Behnke et al. 2006). In the soleus muscle and the
oxidative portion of the gastrocnemius muscle, muscles in
which blood flow is reduced during exercise in aged rats,
an increase in feed artery diameter accompanies the
reduction in the number of feed arteries (Behnke et al.
2006). In contrast, in the glycolytic portion of the gastro-
cnemius muscle, in which perfusion during exercise
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increases with age, no decrease in the number of
penetrating feed arteries occurs, and the existing arteries
increase in diameter, presumably contributing to the
elevation of blood flow to this muscle during exercise
(Musch et al. 2004; Behnke et al. 2006).

Remodelling of the vascular wall of resistance arteries
and arterioles also occurs in a muscle- and fibre
type-specific manner. Inner diameter of maximally dilated
soleus muscle 1A arterioles does not change with age;
however, in 1A arterioles from the superficial gastro-
cnemius muscle, maximal inner diameter increases with
age (Muller-Delp et al. 2002a,c; Spier et al. 2004, 2007).
The wall thickness and wall:lumen ratio of soleus muscle
arterioles is significantly increased in aged animals
(Muller-Delp et al. 2002a). As a result of this increase, the
maximal wall stress recorded in soleus muscle arterioles is
reduced compared with arterioles from young animals. In
contrast, wall thickness does not change with age in gastro-
cnemius muscle arterioles (Muller-Delp et al. 2002a). In
feed arteries located just proximal to the muscle tissue,
wall-to-lumen ratio does not change with age in either
the soleus or gastrocnemius muscle (Behnke et al. 2006).
Thus, morphological alterations of resistance arteries
and arterioles are likely to contribute to compromised
muscle blood flow distribution during steady-state and/or
maximal exercise in old age.

Vasodilatory responsiveness

Intramuscular arterioles are the major site of resistance
to muscle blood flow (Fronek & Zweifach, 1975), and
thus the reactivity of these arterioles (the capacity to
dilate or constrict) is critical to control of muscle blood
flow. Evaluation of the effects of age on vasoreactivity
of the resistance vasculature in specific muscles has been
approached by in vitro assessment of the vasodilator
and/or vasoconstrictor responses of isolated resistance
arteries and arterioles. In locomotory skeletal muscle,
vasodilatory responses differ between arterioles of highly
oxidative muscle and arterioles of highly glycolytic muscle
(McCurdy et al. 2000; Wunsch et al. 2000; Aaker &
Laughlin, 2002). The preponderance of data indicate that
age-induced alterations of vasodilatory responses occur
due to changes within the endothelium, whereas vaso-
dilatory responses of the vascular smooth muscle that are
endothelium independent are generally preserved with age
(Muller-Delp et al. 2002c; Woodman et al. 2002; Spier
et al. 2004, 2007; Sindler et al. 2009; McCullough et al.
2011; Trott et al. 2011, 2013). Because the endothelium is
the interface between the flowing blood and the vascular
smooth muscle, it is especially important to consider
the haemodynamics present at varying points along
the vascular tree within muscle and the haemodynamic
signals created within muscles with different functional
responses during activity or exercise. Several studies have

shown that age-induced changes in vasodilatory responses
differ between resistance vessels from the soleus (pre-
dominantly type I fibres) and the superficial portion of the
gastrocnemius (predominantly Type IIB fibres) muscles
(Muller-Delp et al. 2002c; Woodman et al. 2002; Spier
et al. 2004). For example, exogenous acetylcholine (ACh)
produces endothelium-dependent vasodilatation that is
impaired with age in soleus muscle feed arteries and 1A
arterioles, but not in gastrocnemius muscle feed arteries
and 1A arterioles (Muller-Delp et al. 2002b). In resistance
arterioles of the gluteus maximus muscle, a locomotory
muscle of mixed fibre type (Armstrong & Phelps, 1984;
Delp & Duan, 1996), endothelium-dependent vaso-
dilatation to ACh was preserved in old rats as compared
with young rats; however, contraction-induced vaso-
dilatation was attenuated with age (Bearden et al. 2004).
Along the vascular tree of the gluteus maximus muscle,
vasodilatory responses to acetylcholine are not altered in
larger resistance vessels (feed arteries and 1A arterioles)
from aged mice; however, smaller arterioles (2A and 3A)
from aged mice actually exhibit increased vasodilatation
to acetylcholine (Sinkler & Segal, 2014). In old age, not
only is the magnitude of endothelium-dependent vaso-
dilatation reduced, the rate of vasodilatation (change in
diameter per second) is also significantly blunted (Behnke
& Delp, 2010). In arterioles from the soleus muscle and
red portion of the gastrocnemius muscle, the onset of
flow-induced vasodilatation is 2–3 times longer in vessels
from old versus young rats. After the onset of dilatation,
the rate of change in diameter is decreased by greater than
80% in vessels from old versus young rats. This reduced
rate of vasodilatation reported by Behnke and Delp is
qualitatively similar to that reported in smaller arterioles
from the gluteus maximus of old male and female mice
(Bearden, 2007).

The mechanisms of age-induced impairment of
endothelium-dependent vasodilatation are also muscle
specific. In soleus muscle arterioles, reduced availability of
the co-factor tetrahydrobiopterin with related uncoupling
of nitric oxide synthase contributes to impairment of
nitric oxide-mediated, flow-induced vasodilatation (Delp
et al. 2008; Sindler et al. 2009). In soleus muscle
feed arteries from old rats, scavenging of superoxide
radical, inhibition of NAD(P)H oxidase and scavenging
of hydrogen peroxide improved endothelium-dependent
dilatation, suggesting that an age-related increase in
production of reactive oxygen species contributes
to endothelial dysfunction in these arteries (Trott
et al. 2011). Similarly, in soleus muscle 1A arterioles,
age-induced imbalance in signalling mediated by reactive
oxygen species, including superoxide radicals, hydrogen
peroxide and peroxynitrite contributes to impairment
of endothelium-dependent dilatation to acetylcholine
(Sindler et al. 2013). Impairment of PI3-kinase activity
also appears to contribute to age-induced loss of
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endothelium-dependent, NO-mediated vasodilatation in
soleus muscle feed arteries (Trott et al. 2013). In
contrast, loss of prostacyclin-mediated vasodilatation is
an important contributor to age-induced impairment
of flow-induced vasodilatation in gastrocnemius muscle
arterioles (Spier et al. 2007). Thus, although age-induced
endothelial dysfunction may be common in the resistance
vasculature of many skeletal muscles, the vasodilatory
responses and endothelial pathways that are altered by age
are specific for fibre type and position within the vascular
bed (Fig. 1). Future studies are needed to determine
the age-induced differences in haemodynamic, neural
and metabolic signals that drive these muscle-specific
adaptations of the endothelium.

Vasoconstrictor responsiveness

Within muscle, the control of vascular resistance depends
upon regulation of arteriolar tone by the vascular
smooth muscle within the arteriolar wall. Although
considerable attention has been focused on age-induced
alterations of endothelium-dependent vasodilatation in
the skeletal muscle resistance vasculature, a number of
recent studies indicate that age-induced adaptations of
vascular smooth muscle and contractile function may
contribute importantly to regulation of muscle blood
flow at rest and during exercise in aged animals. Contra-
ctile responses of skeletal muscle resistance vessels to

sympathetic neurotransmitters, neurohumoral agents and
intraluminal pressure have all been reported to change
with advancing age.

Although vasoconstriction to noradrenaline is not
changed by age in the resistance vasculature of several
muscles, evidence from several recent studies indicates
that vasoconstrictor responses mediated through specific
α-adrenergic receptor subtypes are, in fact, altered with
advancing age, possibly due to heterogeneous changes in
receptor distribution in resistance arteries and arterioles
from specific muscles. In rat cremaster muscle arterioles,
noradrenaline-induced contractions in arterioles of any
size (1st through 4th order arterioles) remain unaltered
in old age (Cook et al. 1992). Contractile responses to
noradrenaline do not change with age in 1A arterio-
les isolated from rat soleus and gastrocnemius muscles
(Muller-Delp et al. 2002d), and noradrenaline-induced
constriction is similar in 2A arterioles of the gluteus maxi-
mus muscle in young (2–3 months), adult (12–14 months)
and senescent (18–20 months) mice (Bearden et al. 2004).
These studies did not distinguish between responses
mediated through α1- and α2-adrenoceptors, nor did
they differentiate between endothelial and smooth muscle
effects. The role of β-adrenergic activation in modulation
of noradrenaline constrictor responses was also not
evaluated. More recently, Sinkler & Segal (2014) reported
that vasoconstriction to the α1-adrenergic receptor agonist
phenylephrine was similar in feed arteries and 1A
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Figure 1. Mechanisms of age-induced endothelial
dysfunction differ in arterioles from the soleus muscle,
primarily composed of high-oxidative fibres, and the
white portion of the gastrocnemius muscle, primarily
composed of glycolytic fibres
In soleus muscle arterioles, endothelial dysfunction is largely
attributable to loss of availability of BH4, eNOS uncoupling,
and imbalance between NO and O2

− generation. In
gastrocnemius muscle arterioles, loss of both COX and eNOS
signalling leads to impaired endothelial dilatation and loss of
endothelial modulation of vasoconstrictor signalling. BH4:
tetrahydrobiopterin; eNOS: endothelial nitric oxide synthase;
O2

−: superoxide anion.
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arterioles from the gluteus maximus of young and old
mice; however, in 2A and 3A arterioles, phenylephrine-
induced constrictor responses were blunted compared
with those of arterioles from young mice. Vasoconstriction
to UK 14304, an α2-adrenergic receptor agonist, was
reduced in all arterioles (1A–3A) from the gluteus
maximus of old mice compared with those from young
mice (Sinkler & Segal, 2014). Donato et al. (2007)
reported that in the presence of β-adrenergic receptor
blockade, soleus muscle 1A arterioles from aged rats
constricted more to phenylephrine than those from young
rats; however, the age-induced increase in the contra-
ctile response was eliminated by removal of the end-
othelium, suggesting that the contractile response of
the vascular smooth muscle to phenylephrine was not
changed by age. Phenylephrine-induced constriction of
gastrocnemius muscle 1A arterioles did not change with
age, in either intact or endothelium-denuded vessels
(Donato et al. 2007). Alternatively, vasodilatory responses
to isoproterenol were reduced in both soleus muscle
and gastrocnemius muscle 1A arterioles (Donato et al.
2007). These results suggest that, whereas composite
responses to adrenergic stimulation do not change with
age, specific adrenergic mechanisms (including possible
changes in receptor distribution) that contribute to
noradrenaline-mediated vasoconstriction are altered by
age in a muscle-specific manner.

Work performed by Donato et al. (2005) has shown an
increase in endothelin-induced constriction of resistance
arterioles from the gastrocnemius muscle of old rats
as compared with young rats; however, this increased
responsiveness that occurred in gastrocnemius muscle
arterioles was not present in soleus muscle arterioles. Thus,
in arterioles from glycolytic muscle, which constitutes
the largest portion of muscle mass in the body of the
rat (Delp & Duan, 1996), reactivity to endothelin is
increased with advancing age (Fig. 2). This increase in
responsiveness to endothelin that occurs in gastrocnemius
muscle arterioles appears to be due to age-induced changes
in ETA receptor-mediated signalling in the vascular
smooth muscle because the heightened sensitivity to end-
othelin remains in arterioles denuded of endothelium and
treated with an ETB receptor antagonist (Donato et al.
2005). The age-induced stimulus for the altered sensitivity
to endothelin is not currently known, but it appears to
be unique to glycolytic muscle, since age did not alter
responsiveness to ET in soleus muscle arterioles. Park et al.
(2012) reported an age-induced increase in the contractile
responses to angiotensin II in both gastrocnemius and
soleus muscle arterioles; however, the magnitude of the
increase in vasoconstriction to angiotensin II was greater
in gastrocnemius muscle arterioles as compared to soleus
muscle arterioles. In arterioles from both muscles, removal
of the endothelium or blockade of nitric oxide synthase
increased angiotensin II-induced constrictor responses

and eliminated age-related differences in constriction,
suggesting that the effect of age was related to decreased
nitric oxide release in arterioles from old rats (Fig. 1).

Autoregulation of skeletal muscle blood flow depends
on the ability of the resistance arteries and arterioles
to actively respond to changes in transmural pressure
(Johnson, 1986; Davis & Hill, 1999); thus, an age-related
decline in the ability of these vessels to respond to
changing transmural pressure could significantly impact
control of muscle blood flow during changes in activity
or during orthostatic challenges. Muller-Delp et al.
(2002a) demonstrated that the myogenic reactivity of both
soleus and gastrocnemius muscle arterioles is significantly
impaired in old rats. The age-related impairment of
the myogenic response in these arterioles does not
appear to be due to changes in mechanical behaviour
(Muller-Delp et al. 2002d), since passive diameter changes
that occurred in response to elevations in pressure were
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dysfunction differ in arterioles from the soleus muscle,
primarily composed of high-oxidative fibres, and the white
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In soleus muscle arterioles, increased signalling through Kv and KCa
channels and remodelling of the vascular wall contribute to impaired
myogenic constriction. In gastrocnemius muscle arterioles, increased
signalling through Kv, but not KCa channels, contributes to impaired
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arterioles from both the soleus and gastrocnemius muscles, reduced
signalling through β-adrenergic receptors leads to reduced
isoproterenol-mediated vasodilatation. Kv: voltage-gated potassium
channel; KCa: Ca2+-activated potassium channel; ETA: endothelin
type A receptor.
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not altered with age. Although both soleus and gastro-
cnemius muscle arterioles from old rats show depressed
myogenic constriction, the mechanisms that contribute to
the loss of myogenic tone differ between arterioles from
these muscles (Kang et al. 2009). Kang et al. reported
that both large-conductance Ca2+-activated (BKCa) and
voltage-dependent (KV) K+ channels mediate negative
feedback control of the myogenic response in arterio-
les from soleus and gastrocnemius muscles (Kang et al.
2009); however, the contribution of these channels to
regulation of myogenic constriction changes with age
in a muscle-specific fashion. KV channel blockade with
4-aminopyridine enhanced myogenic constriction to a
greater degree in both soleus and gastrocnemius muscle
arterioles from old rats as compared with arterioles from
young rats (Kang et al. 2009). In contrast, inhibition of
BKCa by iberiotoxin revealed a significant modulation of
the myogenic response by BKCa in soleus muscle arterio-
les from old, but not young, rats. Iberiotoxin treatment
did not alter myogenic constriction in gastrocnemius
muscle arterioles from either young or old rats. Thus,
in soleus muscle arterioles from aged rats, both Kv-
and BKCa-mediated modulation of myogenic constriction
increases, contributing to an overall reduction of myogenic
constriction. In gastrocnemius muscle arterioles, only
increased Kv-mediated modulation appears to contribute
to reduced myogenic responsiveness with advancing age.
Thus, myogenic constrictor responses decline with age in
arterioles from both oxidative and glycolytic muscles, but
the mechanisms that regulate myogenic tone, in particular
potassium channels, are differentially altered by age in
muscles of diverse fibre type (Fig. 2).

Previous reports in the literature indicate that end-
othelial removal does not alter myogenic responses in
cardiac and skeletal muscle arterioles from healthy young
animals, indicating that myogenic constriction is end-
othelium independent (Kuo et al. 1990; Falcone et al.
1991). In contrast, in arterioles from cardiac muscle and
soleus muscle of old rats, removal of the endothelium
enhances myogenic constriction, suggesting that a vaso-
dilatory factor released from the endothelium contributes
to age-related reduction of myogenic constriction (Shipley
& Muller-Delp, 2005; Ghosh et al. 2015). The vasodilatory
pathway that underlies this age-related attenuation of
myogenic tone has not been identified; however, in the pre-
sence of Kv1 channel blockade, age-related differences in
myogenic constriction persisted in intact vessels, and were
abolished in denuded vessels, indicating a link between
Kv channels and the endothelial factor that modulates
myogenic constriction in arterioles from old rats. These
studies suggest that age-related impairment of myogenic
reactivity of skeletal muscle arterioles may contribute to
the increased prevalence of orthostatic intolerance in age,
and that muscle-specific alterations of myogenic reactivity
may be important in altered distribution of blood flow

during exercise in older subjects. In humans, ageing
attenuates of the dynamic phases of vasoconstriction to
abrupt increases in transmural pressure in the forearm,
which may predispose the aged to orthostatic intolerance
(Lott et al. 2004). Future work will need to determine
whether lower limb responses to transmural pressure
changes are also attenuated with age.

Exercise training: reversal of age-related vascular
impairment

A number of reports in the literature indicate that
aerobic exercise training, initiated in late life, can reverse
age-related impairment of vascular reactivity in skeletal
muscle resistance arteries and arterioles. Behnke et al.
(2012) have reported that exercise training reverses
age-related redistribution of exercising blood flow within
the gastrocnemius muscle. During treadmill exercise,
blood flow to the white portion of the gastrocnemius
was increased in old rats as compared to young rats;
whereas flow to the red portion of the gastrocnemius was
reduced compared to that of young rats (Fig. 3). This
redistribution of flow was reversed by exercise training so
that the flows to the white and red portions of the gastro-
cnemius did not differ between old exercise-trained rats
and young sedentary rats. Similarly, in the spinotrapezius
muscle, exercise training ameliorated old age-associated
impairment of muscle mocrovascular pO2 and improved
blood-muscle O2 flux relative to age-matched counter-
parts (McCullough et al. 2011). Improvements in both
vasodilatory and vasoconstrictor functions appear to
contribute to the exercise training-induced improvement
of microvascular flow delivery.

Morphological adaptations induced by exercise
training

Modulation of arterial morphology by exercise training
is well documented and involves both systemic and local
effects (Rowley et al. 2011; Thijssen et al. 2011). Although
it is likely that morphological alterations of the resistance
vasculature of skeletal muscles contribute to improvement
of vascular control by exercise training in old rats, relatively
little is known of how exercise training impacts arterio-
lar morphology in old age. Exercise training increases
the maximal diameter of gastrocnemius muscle arterio-
les from old rats, but does not alter maximal diameters
of soleus muscle arterioles (Spier et al. 2004; Ghosh et al.
2015). Exercise training reverses the age-related increase
in wall:lumen ratio in coronary arterioles (Hanna et al.
2014), but these findings cannot be extrapolated to skeletal
muscle arterioles. Important considerations for future
studies are to determine how exercise training affects both
morphology and structural components of skeletal muscle
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arterioles in animal models of ageing, and if possible, in
aged humans.

Reversal of age-related endothelial dysfunction

Decreased NO availability, related to age-induced declines
in eNOS expression and BH4 availability, contributes
significantly to endothelial dysfunction in the skeletal
muscle resistance vasculature of aged rats (Muller-Delp
et al. 2002c; Woodman et al. 2002, 2003; Spier
et al. 2004; Delp et al. 2008; Sindler et al. 2009,
2013). Exercise training increases expression of eNOS
(Spier et al. 2004), superoxide dismutase (Trott et al.
2009; Sindler et al. 2013) and glutathione peroxidase
(Sindler et al. 2013), contributing to improvement of
endothelium-dependent vasodilatation in soleus muscle
arterioles and feed arteries from old rats. Sindler et al.
reported that age-related loss of BH4 availability and
flow-mediated NO signalling is reversed by exercise
training in soleus muscle arterioles (Sindler et al. 2009).
Sindler et al. also demonstrated that in soleus muscle
arterioles, as NO-mediated vasodilatation decreases with
age, the dependence on H2O2 signalling increases
(Sindler et al. 2013). This age-induced dependence
of acetylcholine-induced vasodilatation on H2O2 was
reversed by exercise training; the contribution of NO
and ONOO− to endothelium-dependent vasodilatation
of soleus muscle arterioles from old rats increased

with exercise training, restoring overall responsiveness to
acetylcholine to a level not distinguishable from that of
arterioles from young sedentary rats. In soleus muscle
feed arteries, exercise training reverses age-induced end-
othelial dysfunction (Woodman et al. 2003; Trott et al.
2011) by increasing NO bioavailability and endothelial
antioxidant capacity (Trott et al. 2009). Donato et al.
(2007) reported that exercise training of old rats attenuated
α-adrenergic vasoconstriction in arterioles from both the
soleus and the gastrocnemius muscles, and that removal
of the endothelium and inhibition of nitric oxide synthase
eliminated this training effect. In arterioles from the white
portion of the gastrocnemius muscle, exercise training
increases both nitric oxide synthase and cyclooxygensase
expression and signalling, reversing age-related end-
othelial dysfunction (Muller-Delp et al. 2002c; Spier
et al. 2004, 2007). Thus, in soleus muscle resistance
arteries and arterioles from old rats, exercise training
reverses endothelial dysfunction through mechanisms that
improve NO availability. In gastrocnemius muscle arterio-
les from aged rats, exercise training also ameliorates
endothelial function, but interactive alterations of NO
and prostanoid signalling underlie the improvement in
endothelium-dependent vasodilatation. Since a mixed
fibre type is present in much of human skeletal muscle,
both prostanoid and NO signalling may be important
contributors to improvement of vascular function that
occurs with exercise training in older subjects.
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Figure 3. Age induces redistribution of blood flow within the gastrocnemius muscle
In aged rats during exercise, blood flow is redistributed away from the red,oxidative portion of the muscle to
the white, glycolytic portion of the muscle. Exercise training reverses this redistribution of flow, so that in old
exercise trained rats, blood flow to the red and white portions of the gastrocnemius muscle during exercise are not
discernible from blood flow to these portions of the gastrocnemius muscle of young rats. Modified from Behnke
et al. (2012). Y RG, young red gastrocnemius; Y WG, young white gastrocnemius; O RG, old red gastrocnemius;
O WG, old white gastrocnemius; YEX RG, young exercise trained red gastrocnemius; YEX WG, young exercise
trained white gastrocnemius; OEX RG, old exercise trained red gastrocnemius; OEX WG, old exercise trained white
gastrocnemius.
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Reversal of age-related contractile dysfunction

Age-related impairment of myogenic constriction in
soleus and gastrocnemius arterioles (Muller-Delp et al.
2002a; Kang et al. 2009; Ghosh et al. 2015) is attributable
to diverse mechanisms that include changes in endothelial
signalling and potassium channel function. In soleus
muscle arterioles, exercise training reverses the loss of
myogenic constriction that occurs with age. In soleus
muscle arterioles from young rats, endothelial removal
does not alter myogenic constriction; however, in arterio-
les from old rats, endothelial removal increases myogenic
constriction, suggesting that with age, pressure-induced
release of an endothelial relaxing factor increases, reducing
the contractile response (Ghosh et al. 2015). Exercise
training eliminates this pressure-mediated relaxant factor;
thus, in arterioles from old exercise trained rats, as
in arterioles from young rats, removal of the end-
othelium does not alter myogenic constriction. These
results suggest that exercise training reverses the loss of
myogenic constriction in arterioles from old rats pre-
dominantly through restoration of a young endothelial
phenotype. In contrast, in gastrocnemius muscle arterio-
les, exercise training reverses loss of myogenic constrictor
function in old rats through changes in both the end-
othelium and vascular smooth muscle (unpublished
observations).

Ageing increases vasoconstrictor responses of
skeletal muscle arterioles to endothelin (Donato
et al. 2005), noradrenaline (Donato et al. 2007), and
angiotensin II (Park et al. 2012) through mechanisms
in both the endothelium and the vascular smooth
muscle. Exercise training appears to primarily reverse
age-induced mechanistic changes that are confined
to the endothelium. Age-induced alterations of
endothelin-mediated vasoconstriction occur through
changes in ETA-mediated signalling in the vascular
smooth muscle, and these changes are not reversed by
exercise training (Donato et al. 2005). In contrast, in
soleus muscle arterioles, the age-induced increase in
noradrenaline-induced constriction results from reduced
α-adrenergic receptor-mediated NO signalling, and
this increase in contractile responsiveness is reversed
by exercise training. In both soleus and gastrocnemius
muscle arterioles from old rats, contractile responses to
angiotensin II are increased due to a loss of modulatory
endothelial NO, and this modulatory effect of endothelial
NO is restored with exercise training, attenuating the
age-induced increase in angiotensin II vasoconstriction
(Park et al. 2012). Thus, although exercise training does
produce muscle-specific adaptations of the aged skeletal
muscle resistance vasculature, the predominant effect
of exercise training appears to be a restoration of a
young endothelial phenotype, and reversal of endothelial
dysfunction.

Conclusions

Age-induced changes in the function of the skeletal micro-
vasculature, and in particular the resistance vasculature,
contribute to the overall decrease in muscle blood flow
during exercise, and related loss of exercise capacity.
Work performed primarily in rodent models indicates that
changes in both endothelial and vascular smooth muscle
function, as well as morphology of resistance arterioles,
contribute to altered vascular reactivity and distribution of
blood flow between muscles during exercise. Importantly,
recent work performed in isolated arterioles indicates that
age-induced adaptations of the skeletal muscle resistance
vasculature are heterogeneous, differing between muscles
of diverse fibre types. As in large arteries, age-related
endothelial dysfunction has been documented in arterio-
les from most muscles; however, the mechanisms of
this dysfunction are muscle specific, likely to be related
to heterogeneous signals arising from metabolic and
haemodynamic profiles that are unique to specific muscles.
Similarly, some degree of arteriolar remodelling and
vascular smooth muscle dysfunction may also contribute
to alterations of vascular resistance between and within
skeletal muscles; however, the mechanisms that lead to
adaptations of the smooth muscle and the arteriolar
media are also muscle specific. In both oxidative and
glycolytic muscles of the hindlimb, age-related arterio-
lar dysfunction can be reversed by a programme of
aerobic exercise training. Exercise training in late life
appears to predominantly reverse age-related endothelial
dysfunction in skeletal muscle arterioles, but has also been
reported to reverse dysfunction of the vascular smooth
muscle. Thus, the patterns of microvascular ageing that
arise among muscles of diverse fibre type and function
appear to be attributable, at least in part, to changing
patterns of activity with ageing. Arterioles from muscles
that are recruited progressively less often as animals age
and engage less frequently in intense or prolonged activity
are likely to show the greatest degree of age-induced
dysfunction. Importantly, aerobic exercise training can
restore muscle blood flow distribution patterns and
vascular function in old animals to those seen in their
young counterparts.
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