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Aerobic exercise prevents rarefaction
of pial collaterals and increased stroke
severity that occur with aging

Wojciech Rzechorzek1, Hua Zhang1, Brian K Buckley1,
Kunjie Hua2, Daniel Pomp2 and James E Faber1,3,4

Abstract

Variation in extent of the brain’s collateral circulation is an important determinant of variation in the severity of stroke

and efficacy of revascularization therapies. However, the number and diameter of pial collateral ‘‘arterioles’’ decrease

with aging in associated with reduced eNOS and increased oxidative stress. We tested whether exercise reduces

this aging-induced rarefaction. Twelve-month-old mice were randomized to sedentary or voluntary wheel-running.

At 26 months’ age, permanent MCA occlusion was followed 72 h later by determination of infarct volume and vascular

casting after maximal dilation. The decline in collateral number and diameter and 2.4-fold increase in infarct volume

evident in 26-versus 3-month-old sedentary mice were prevented by exercise-training. In contrast, number and diameter

of the posterior communicating collateral ‘‘arteries’’ were unaffected by aging or exercise. Interestingly, diameter of the

primary intracranial arteries increased with aging. Mechanistically, genetic overexpression of eNOS inhibited age-induced

collateral rarefaction, and exercise increased eNOS and SOD2 and decreased the inflammatory marker NFkB assessed in

hindlimb arteries. In conclusion, exercise prevented age-induced rarefaction of pial collaterals and reduced infarct

volume. Aging also promoted outward remodeling of intracranial arteries. These effects were associated with increased

eNOS and reduced markers of inflammation and aging in the vascular wall.
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Introduction

Increased age is among the strongest predictors of infarct
size and poor functional outcome following acute ische-
mic stroke.1,2 While moderate-to-high levels of physical
activity reduce the risk of stroke in humans,3–5 little is
known regarding whether an extended history of regular
aerobic exercise (RAEx) affects infarct volume and func-
tional outcome. Studies in rodents reported that several
weeks of daily voluntary wheel-running reduced subse-
quent infarct volume and neurological sensory-motor
deficit post-stroke, findings supported by clinical
studies.6–8 However, no experimental studies have
investigated the impact on stroke severity of a prior
history of RAEx extending from the middle to senior
years of life when the incidence stroke becomes most
prominent. Moreover, the effects of exercise-training
are complex, thus mechanisms responsible for the
above benefits remain unclear.

The major determinants of infarct volume after large-
vessel occlusion are the location and duration of occlu-
sion and the amount of collateral-dependent blood
flow.9 In the absence of spontaneous or therapeutic
revascularization, collateral flow becomes paramount.
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Collaterals are anastomoses that interconnect arterial
trees supplying adjacent vascular territories. Wide vari-
ation in their number and lumen diameter (i.e. ‘‘extent’’
determined at maximal dilation) within the pial (lepto-
meningeal) circulation occurs among different mouse
strains and is a major determinant of their similarly
wide variation in infarct volume after permanent
middle cerebral artery occlusion (pMCAO).10 Large
variation in collateral extent is also seen in other tissues
of these strains that mirrors that seen in their pial circu-
lation. Collateral score measured in patients with
acute ischemic stroke also varies widely and correlates
indirectly with infarct volume, directly with efficacy of
revascularization therapies, and inversely with risk of
hemorrhagic transformation.11,12 Besides variation
in collateral extent, which depends strongly on genetic
factors at least in mice,13 environmental factors cause
rarefaction of pial collaterals, i.e. loss of number and/
or a decline in the diameter of those that remain, and
more severe strokes. For example, collaterals ‘‘age’’
faster than other vessels in brain and lower extremities
of mice, resulting in rarefaction from middle-age onward
which is not seen in nearby similarly-sized arterioles and
that is associated with decreased endothelial nitric oxide
synthase activity and bioavailability of nitric oxide
(eNOS-NO) and increased oxidative stress in endothelial
and smooth muscle cells of the collateral wall.14–16 In
fact, deficiency of eNOS in mice causes collateral rar-
efaction by even three months’ age that worsens by six
months’ age and results in a smaller penumbra and
larger infarct volume,17–19 findings indicating that
eNOS protects against age-induced collateral rarefac-
tion. Hypertension, diabetes, obesity and other cardio-
vascular/ stroke risk factors also cause rarefaction of
collaterals, in association with decreased eNOS and
increased oxidative stress.17

It is not known whether rarefaction of collaterals
can be slowed or prevented. Regular physical exercise
is well recognized to decrease the age-associated decline
in eNOS-NO and endothelial dysfunction in peripheral
arteries,20 and to reduce the increases in oxidative
stress, inflammation and DNA damage in vascular
wall cells that accompany aging.5,20–22 Moreover,
RAEx lessens the reduction in eNOS-NO and endothe-
lial dysfunction caused by hypertension, obesity and
other risk factors/co-morbidities.5 In addition, brady-
cardia and lower arterial pressure seen at rest in the
exercise-trained individual decrease mechanical stress
on the vascular wall.22

The present study tested the hypothesis that RAEx
reduces rarefaction of the collateral circulation that
occurs with aging. We examined the effect of RAEx
in mice, beginning at 12 and continuing through 26
months’ age (�40-to-70 human-year equivalents23), on
the extent of pial collaterals and severity of stroke.

Since collateral arterioles of the pial circulation and
collateral arteries of the circle of Willis differ both
developmentally and anatomically,24 and since their
extent is affected differently by genetic and environmen-
tal factors,25 we also examined the posterior communi-
cating collateral arteries (PComs).

Little is known concerning whether changes in diam-
eter of the primary intracranial arteries in humans
occur with aging or RAEx, and findings in rodents
are inconsistent.16,22,26–29 Lumen diameter of peripheral
conduit arteries increases with aging in humans.21 It is
well-established that exercise-training induces outward
remodeling (increase in anatomic lumen diameter) of
arteries supplying the muscles recruited during the exer-
cise.30 Interestingly, recent studies have found that
exercise-training also promotes, to a lesser extent, out-
ward remodeling of peripheral arteries to muscles not
engaged in the exercise.30,31 Shear-stressed induced
increase in eNOS activity is an important proximal
signal in the trophic pathway mediating outward
remodeling.18,20–22,30–33 Moreover, RAEx increases
eNOS-NO and endothelial function of the basilar
artery (BA), internal carotid artery (ICA) and posterior
cerebral artery (PCA) in rodents.22,32,33 Since remodel-
ing of intracranial arteries would favor increased vas-
cular conductance to the aging brain and thus increased
collateral-dependent blood flow following stroke, we
also examined the effect of aging and exercise-training
on lumen diameter of the BA, ICA, PCA, MCA and
anterior cerebral artery (ACA).

Methods

Detailed methods are in the online Supplement. We
randomized 30 male and 30 female, 12-month-old
C57BL/6J (B6) mice (�40 human-year equivalents23)
to sedentary (SED) or voluntary wheel-running (see
Supplement for average distance and time run per
day). Both sexes were included as required by the fund-
ing agency (NIH). The experimental design, allocation
of subjects, and reasons for loss of animals or data
points are in Supplemental Figure I. At 26 months’
age (�70 human-year equivalents23), pMCAO was per-
formed distal to the lenticulostriate branches, followed
three days later by determination of infarct volume
(2,3,5-triphenyltetrazolium chloride staining) and vas-
cular casting (after maximal dilation and fixation) for
subsequent measurement of number and lumen diam-
eter of the pial collaterals (between the MCA and ACA
trees), PComs and primary intracranial arteries.10,13,14

Controls for aging were approximately equal numbers
of three-month-old SED male and female B6 mice (�14
human-year equivalents23). eNOS, phospho-eNOS and
markers of anti-oxidative stress (SOD2, HO-1), aging
(8OHdG, p16INK4) and inflammation (NFkB) were
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assessed by immunohistochemistry in a non-cerebral
vessel, i.e. the proximal caudal femoral artery. This
was done because the number of computer-monitored
running cages (1 mouse per cage) available for
14 months of uninterrupted use was limited to 30,
and because the methods used to obtain infarct
volume and vascular morphometry precluded simultan-
eous use of the brains for immunohistochemistry of
cerebral vessels (that requires immediate fixation,
sucrose protection and freezing). However, changes in
the above proteins that occur with aging and exercise-
training in arteries supplying muscles recruited by the
exercise also occur in arteries supplying other tissues
including brain.14,15,17,20–22,26,27 Our experimental
design also specified examining this artery and its sur-
rounding adductor muscle to allow analysis of changes
in lumen diameter and wall thickness of an artery sup-
plying a muscle involved in the exercise (Supplemental
Figure II), as well as fiber type (ATPase isoform)
switching within the latter (Supplemental Figure III).
These endpoints are routinely assessed in exercise stu-
dies to document the level of training effect achieved by
the exercise regimen.17 Two additional routine end-
points, body weight and heart weight,17 were also
obtained (Supplemental Figure IV). eNOS transgenic
mice (eNOSTG, B6 background;34 see supplement for
details) were maintained SED, and morphometry of
their cerebral vessels was obtained at 3 and 26
months’ age. Morphometric and immunohistochemical
measurements were quantified with ImageJ (NIH). No
significant sex-dependent differences were identified.
However, dichotomizing for sex yielded n-sizes that
lacked the power required to detect any potential
changes in the endpoints,35 due to the above-mentioned
limitations in the number of mice that could undergo
exercise-training.

Experiments were performed in accordance with
the University of North Carolina’s Institutional
Animal Care and Use Committee, the NIH Guide for
the Care and Use of Laboratory Animals, the
ARRIVE guidelines, and the following suggested
STAIR criteria: n-sizes were specified based on our
previous studies demonstrating sufficient power to
test the endpoints measured herein; approximately
equal number of males and females were included;
mice were randomized to treatment groups; con-
trols and treatment groups were singly housed in
the same conditions with the exception of the presence
of running wheels; investigators were blinded during
data analysis; pMCAO was used to permanently
recruit pial collaterals; no data points were determined
to be outlier by statistical criterion and excluded;
negative results were reported; and the literature
was reviewed in support and in disagreement with
the results.

Statistics

Data are mean� SEM for the n-sizes given in the fig-
ures (number of animals), with significance defined as
p< 0.05 determined by ANOVA, Bonferroni protected
t-, Student’s t- and X2 tests. For all figures unless stated
otherwise in the legend: data were subjected to the
above tests with significance set at two-tailed p values;
each three-bar group (3-month-old Sed, 26-month-old
Sed, 26-month-old RAEx or eNOSTG) was tested, if
significant by ANOVA, for three post hoc comparisons
using Bonferroni-protected two-tailed t-tests, where
*,**,*** denotes p< 0.05,< 0.01,< 0.001 versus
3-month-old Sed and where #, ##, ### denotes
p< 0.05,< 0.01,< 0.001 versus 26-month-old Sed
mice. If a comparison was not p< 0.05 by the above
test, the two-tailed Bonferroni test was constrained to
comparison of two groups/bars among the following
groups: 3-month-old Sed, 26-month-old Sed,
26-month-old RAEx or 26-month-old eNOSTG, where
y, yy, yyy denotes p< 0.025,< 0.005,< 0.0005 versus
3-month-old Sed and where z, zz, zzz denotes
p< 0.025,< 0.005,< 0.0005 versus 26-month-old Sed.
Constraining was justified since the above two-bar
comparisons were pre-specified in the experimental
design based on previous results;14–18,20–22,30–33 never-
theless, the p values were halved, as above, to maintain
protection against a type-II error in the two-group
comparison. See figure legends and Supplement for
additional details.

Results

RAEx prevents rarefaction of pial collaterals and
increase in infarct volume that occur with aging

Aging caused a decline in number, diameter and
increased length of pial collaterals, resulting in an
increase in calculated relative resistance of the collateral
network (Figure 1), findings which confirmed previous
reports.14,16 The age-induced collateral rarefaction and
increased resistance were prevented by RAEx.
Moreover, exercise prevented the accompanying 2.5-
fold increase in infarct volume after pMCAO seen in
26-month-old SED mice.

Permanent occlusion of the MCA causes flow-
dependent outward remodeling of pial collaterals on
the ipsilesional side that requires three days to reach
completion in three month-old B6 mice.10 Although
this study was not designed to explore this process,
we measured pial collateral remodeling because it is
reduced in aged animals14,15 and no studies have exam-
ined whether this inhibition can be mitigated by exer-
cise-training. We confirmed that aging reduces
collateral remodeling measured three days after
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pMCAO (Figure 1(h)). However, RAEx did not affect
the inhibition.

Unilateral pMCAO augments flow across the ipsi-
and contralesional PCom collaterals, which presumably
aids perfusion of the ipsilesional PCA tree and its down-
stream pial collaterals.25 Thus, if PCom collateral

arteries also undergo rarefaction with aging, like pial col-
lateral arterioles, this could contribute to the increased
lesion size that accompanies aging (Figure 1(g)), and
RAEx may inhibit the rarefaction. We therefore exam-
ined PCom diameter and number, i.e. whether PComs
are present bilaterally, unilaterally or absent. In contrast

Figure 1. Regular aerobic exercise prevents age-induced rarefaction of pial collaterals and associated increase in infarct volume. (a, f)

Representative images of pial collaterals (after maximal dilation, formaldehyde fixation and filling with MicrofilR) and infarctions (2,3,5-

triphenyltetrazolium chloride staining measured 72 h after permanent MCA occlusion) in 3-month-old sedentary (Sed, top), 26-

month-old Sed (middle) and 26-month-old regular aerobic exercised mice (RAEx, bottom). (b–g) Exercise prevented age-induced

collateral rarefaction (decline in number and diameter of MCA-to-ACA collaterals), increase in collateral length, increase in calculated

resistance of the MCA-to-ACA collateral network [collateral length/(collateral number x diameter4)], and increase in infarct volume.

(h) Exercise did not prevent the decrease in collateral remodeling with aging (measured three days after MCA occlusion). For all

figures unless stated otherwise in the legend: Data are mean� SEM for the n-sizes given in the figures (number of animals), with

significance defined as p< 0.05 determined by ANOVA, Bonferroni protected t-, Student’s t- and X2 tests; each three-bar group (3-

month-old sedentary (Sed), 26-month-old Sed, 26-month-old RAEx or eNOSTG) was tested, if significant by ANOVA, for three post

hoc comparisons using Bonferroni-protected two-tailed t-tests, where *,**,*** denotes p< 0.05,< 0.01,< 0.001 versus 3-month-old

Sed and where #, ##, ### denotes p< 0.05,< 0.01,< 0.001 versus 26 month-old Sed mice. If a comparison was not p< 0.05 by the

above test, the two-tailed Bonferroni test was constrained to comparison of two groups/bars among the following groups: 3-month-

old Sed, 26-month-old Sed, 26-month-old RAEx or 26-month-old eNOSTG, where y, yy, yyy denotes p< 0.025,< 0.005,< 0.0005

versus 3-month-old Sed and where z, zz, zzz denotes p< 0.025,< 0.005,< 0.0005 versus 26-month-old Sed. Constraining was

justified since the above two-bar comparisons were pre-specified in the experimental design based on previous results; 14–18,20–22,30–33

nevertheless, the p values were halved, as above, to maintain protection against a type-II error in the 2-group comparison. ANOVAs

for panels B-D,E,G,H are p< 0.05–< 0.001.
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to pial collaterals, PCom diameter and number were not
affected by aging or RAEx, although PCom diameter
evidenced similar trends as seen for pial collaterals
(Figure 2; the source of the large intrinsic variability in
PCom number is addressed in Discussion).

Intracranial arteries undergo outward remodeling
with aging

As noted in the Introduction, little is known concern-
ing whether diameter of the primary intracranial
arteries is affected by aging or RAEx. Such changes
could contribute to the effects of aging and RAEx on
infarct volume shown in Figure 1(g). We therefore
examined diameter of the intracranial arteries. Aging
significantly increased diameter of the MCA (15%) and
ACA (37%), with the BA exhibiting the same trend

(18%, p¼ 0.08) (Figure 2(d)). Diameters did not
differ significantly between RAEx and age-matched
SED animals, although ICA tended to be larger in
RAEx mice (p¼ 0.06). ICA and PCA diameters were
not increased by aging alone; however, lumen diameter
of both vessels was increased in age-matched exercise-
trained mice. When the diameters of the five vessel
types were averaged for each animal and compared
among the three groups, ‘‘intracranial artery diameter’’
increased by 12% in 26-month-old SED mice and
by 18% in the exercise-trained age-matched mice
(ANOVA p¼ 0.02; p< 0.01 and p< 0.05, respectively,
for these groups compared to three-month-old SED
mice by two-tailed Bonferroni t-tests for three compari-
sons), and RAEx tended to further increase it over
aging alone (Bonferroni: two-tail p¼ 0.097, one-tail
p< 0.05).

Figure 2. Lumen diameters of primary intracranial arteries increase with aging and exercise-training further augments this. (a) Black

hashes identify site of measurement (250 mm from bifurcations; at midpoint for ICA, PCA and PComs). Statistics symbols are defined

in the legend for Figure 1; the values above the bracketed two-group comparisons for BA and ICA are double the Bonferroni value,

computed for the comparisons defined in Figure 1 legend, to protect against a type-II error in the two-group comparison. (b, c)

Diameter and number of PComs (% of animals with PComs present bilaterally, unilaterally or absent) did not change with aging or

exercise-training (ANOVA for diameter p¼ 0.20, two-tailed X2 test for percentage of animals with absentþ unilateral p¼ 0.25). Panel

D, ANOVAs for BA, ICA and MCA are p< 0.05, ACA p< 0.001. pb¼ p-value for Bonferroni constrained to two comparisons (26 mos

Sed or 26 mos RAEx vs. 3 mos Sed). pt¼ p-value for one-tailed t-test.
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Age-induced increase in resistance of the pial
collateral network is prevented in eNOS transgenic
mice, and eNOS overexpression increases diameter
of the ICA, MCA and PCom collateral arteries

Aging is accompanied by decreased eNOS-NO bio-
availability,14,15,17,18,20,21,34 and RAEx prevents or les-
sens this.20 Furthermore, age-induced rarefaction of
pial collaterals is strongly accelerated in mice deficient
in eNOS.17,18 We therefore examined eNOS transgenic

mice (eNOSTG, 2-fold increase in endothelial cell-
specific NO production34) to determine if increased
eNOS-NO, alone, inhibits rarefaction. Figure 3 shows
data for pial collaterals, PComs and intracranial
arteries of SED 3 and 26-month-old eNOSTG mice
compared to the SED 26-month-old B6 (wildtype)
mice shown in Figure 1. The declines in pial collateral
diameter and number in the aged mice were no longer
significant (p¼ 0.07 by two-tailed Bonferroni con-
strained to two comparisons), possibly due to the smal-
ler n-size for the three-month-old eNOSTG mice.

Figure 3. Age-induced increase in resistance of the pial collateral network is prevented in eNOSTG mice, and eNOS overexpression

increases diameter of the ICA, MCA and PCom collateral arteries. (a–f) Data for pial collaterals, PComs and intracranial arteries of 26-

month-old sedentary B6 (wildtype) mice are from Figure 1. Statistics symbols are defined in the legend for Figure 1; the value above

the bracketed two-group comparison in panel A is double the Bonferroni value, computed for the comparisons defined in Figure 1

legend, to protect against a type-II error in the two-group comparison. (e) Diameter for ICA was larger (BA and ACA trended

similarly) in sedentary 26 month versus 3-month-old eNOSTG mice. Diameters for ICA, MCA and PComs were larger in sedentary

26-month-old eNOSTG versus age-matched wildtype mice. (f) PCom number did not significantly differ (two-tailed X2 test). ANOVAs

for ICA, MCA, ACA and PCom were p< 0.01, <0.05, 0.06, <0.05. Supplemental Figure V gives comparison of values of the

parameters in Figure 3 for three-month-old eNOSTG mice versus the sedentary three-month-old wildtype mice shown in Figures 1

and 2; the following are not significantly different: pial collateral number, diameter, length, calculated resistance, diameters of BA, ICA,

PCA, PCom and PCom number; MCA and ACA diameters are 18% (p< 0.01) and 33% (p< 0.001) larger, respectively, in eNOSTG

mice. pb¼ p-value for Bonferroni constrained to two comparisons (26 mos Sed or 26 mos RAEx vs. 3 mos Sed). pt¼ p-value for one-

tailed t-test.
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However, collateral length and calculated resistance
evidenced increases (23% and 149%) similar to those
in Figure 1 (31% and 148%). The trend toward fewer
collaterals and significant increases in length and resist-
ance in 26-month-old B6 mice were not observed in
age-matched eNOSTG mice. The above four parameters
did not differ between three-month-old B6 and
eNOSTG mice (Supplemental Figure V).

PCom diameter of 26-month-old eNOSTG mice was
larger than age-matched wildtype mice (Figure 3(e)).
No significant differences were observed for PCom
number (Figure 3(f)), potentially due to the same
large intrinsic variation seen in Figure 2. PCom diam-
eter and number did not differ significantly for three-
month-old B6 and eNOSTG mice (Supplemental Figure
V(e) and (f)). Similar to the increase in PCom diameter,
ICA and MCA diameters were significantly larger
and ACA trended similarly (p¼ 0.017 by Bonferroni
two-tailed t test constrained to two comparisons) in
26-month-old eNOSTG mice compared to age-matched
B6 mice (Figure 3(e)). Diameters of the MCA and ACA
were greater (p< 0.01), and ICA trended similarly
(p¼ 0.05) in the three-month-old eNOSTG compared
to age-matched B6 mice (Supplemental Figure V).
Taken together, the above data indicate that genetic
increase in eNOS-NO promotes larger diameters of
the PCom and anterior (but interestingly not posterior)
intracranial arteries—the latter which become evident
at a young age and are seen to have progressed with
advanced aging.

Exercise induces protective changes in eNOS,
inflammation and oxidative stress in the
vascular wall of aged mice

To provide additional insight regarding how RAEx
may inhibit pial collateral rarefaction, we performed
immunohistochemistry for eNOS and markers of oxi-
dative stress, inflammation and aging in the hindlimb’s
proximal caudal femoral artery (Figure 4). Compared
to 26-month-old SED mice, RAEx increased eNOS,
phospho-eNOS and superoxide dismutase-2 (SOD2),
and decreased NFkB, p16INK4a and 8-hydroxy-20-
deoxyguanosine (8OHdG), although p16INK4a and
8OHdG were not significant; heme-oxygenase-1 was
not increased, confirming a previous study.36 These
findings demonstrate that the RAEx regimen increased
eNOS and reduced oxidative stress and inflammation in
the arterial wall and suggest.

The RAEx regime used herein had the expected
effects of long-term aerobic exercise training on end-
points routinely obtained in such studies: RAEx
reduced the increase in body weight that occurred
in SED mice with aging (Supplemental Figure IV).
The tendency of the wall thickness-to-lumen diameter

ratio of the proximal caudal femoral artery to increase
with aging (Supplemental Figure II) was no longer evi-
dent. RAEx also induced physiologic/exercise cardiac
hypertrophy (Supplemental Figure IV) and an increase
in the percentage of slow-twitch fibers in the adductor
muscles of the hindlimb (Supplemental Figure III).

Discussion

Patients with a history of physical activity have better
outcome post-stroke;7 however, the responsible mech-
anisms are unknown. Findings in the present study
demonstrate that RAEx is protective against the effect
of aging on the brain’s collateral circulation. RAEx
beginning in middle age prevented: (1) the loss of pial
collaterals and decline in their diameter, (2) increase in
calculated resistance of the pial collateral network, and
(3) more than doubling of infarct volume following
acute ischemic stroke, that occurred in age-matched
SED mice. Interestingly, in addition to the above col-
lateral rarefaction, aging was also accompanied by an
increase in lumen diameter of the primary intracranial
arteries (12% increase overall, p< 0.01), and exercise
tended to increase it further. Genetic overexpression
of eNOS had similar effects as exercise, preventing the
increase in collateral resistance seen with aging, and
increasing diameter of the ICA, MCA and PComs
over that seen in age-matched SED mice. The effects
of exercise were associated with increased vascular
wall eNOS and the antioxidant enzyme SOD and
reduced NFkB, a marker of inflammation. Thus,
RAEx protected the collateral circulation from rarefac-
tion and prevented the increase in stroke severity seen
with aging. The finding that rarefaction with aging
was strongly accelerated when eNOS is deficient14,17,18

and that the effects of RAEx were mimicked by over-
expression of eNOS, suggest that the well-known
effect of exercise-training to inhibit the decline in
eNOS-NO that occurs with aging5,20–22,33 contributes
significantly to the protective effects we observed with
exercise-training.

The decrease in collateral diameter in 26-month-old
SED B6 mice (12%, Figure 1) is smaller than we pre-
viously reported14 for 24-month-old B6 mice (23%; the
decreases were relative to three-month-old mice in both
studies). Decrease in collateral number was comparable
in both studies (13% in Figure 1 and 11%14). The dif-
ferent results for diameter likely reflect that both sexes
were examined herein, whereas only males in the previ-
ous study, and that a smaller decline in diameter (and
smaller infarct volume) occurs in females with aging35

(n-sizes in the present study were insufficient to confirm
the latter). Hecht et al.16 also found reduced collateral
number in 18-versus 3-month-old male B6 mice (27%
fewer; diameter was not measured). While the above
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loss of collateral number and diameter with aging is
small, when combined with the accompanying increase
in collateral length, the result is a 2.5- (Figures 1,3) to-5
fold14 increase in calculated resistance across the ACA-
MCA collateral network and a 2.4- (Figure 2) to-3
fold14 increase in infarct volume after pMCAO.

In contrast to pial collateral arterioles, diameter
and number of PCom collateral arteries were not
affected by aging or exercise. Hecht et al.16 also found
no difference in PCom number and diameter in one
versus 18-month-old mice. The dissimilar effects of
aging and exercise-training on pial versus PCom collat-
erals may reflect their differences in size and anatomic
location, and thus differences in hemodynamic environ-
ment and sensitivity of their endothelial and smooth
muscle cells to aging and exercise. Pial and PCom
collaterals also exhibit significant differences in time
of formation during embryogenesis,24 sensitivity to car-
diovascular risk factor presence, and effect of genetic
background and stochastic factors on their extent in

the adult.25 With regard to the latter, PCom number
displayed unusually large variation in all groups
(Figures 2(c), 3(f) and V(f)). We recently examined
the cause of this large variation, which is not shared
by pial collateral number, and found that stochastic
factors are a major contributor, along with genetic
and environmental factors including age.25 For exam-
ple, n-sizes of 22 B6 and 27 BALB/cBy four-month-old
mice were required to detect a significant strain-
dependent difference in their number of PComs. This
large variation limits our conclusions regarding the sen-
sitivity of PCom number to aging, RAEx and eNOS
overexpression. While previous studies have not exam-
ined these factors for collaterals, exercise-training
inhibited eNOS-dependent endothelial dysfunction in
diabetic rats (but had no effect on diameter of pial
arterioles)37 and age-associated decline in capillary
density.22,38

Similar to RAEx, overexpression of eNOS prevented
the increase in pial collateral resistance seen with aging,

Figure 4. Exercise induces protective changes in eNOS and markers of inflammation and oxidative stress in the aged vascular wall.

(a, c, e, g, i ,k, m) Representative images of immuno-stained proximal caudal femoral artery (630�). (b, d) Endothelial staining

normalized to lumen circumference.(f) Endotheliaþmedia staining normalized to media thickness. (h, j, l, n) Media staining normalized

to media thickness. #, ## p< 0.05,< 0.01 by one-tailed t-tests (see Supplement for justification).
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and increased ICA, MCA and PCom diameters. The
tendency of overexpression to prevent loss of pial col-
lateral number but not diameter (Figure 3) is consistent
with our previous findings that eNOS deficiency caused
loss of pial collateral number but not diameter.17,18 No
experimental or human studies have examined whether
overexpression of eNOS or chronic treatment with a
NO donor affects collateral extent or increases diameter
of intracranial arteries. However, Yamashita et al.39

reported that lumen diameters of the posterior tibial
artery of four to five-month-old eNOSTG mice were
larger than wildtype (219 vs. 205 mm, respectively).39

Potential mechanisms for the above effects include
that eNOS protects pial collaterals against rarefaction
caused by aging and other risk factors17,18 and that
chronic administration of vasodilators (NO is such)
induces outward remodeling of arteries.40

We have proposed that the sensitivity of collaterals
within the microcirculation to rarefaction with aging
and other risk factors arises from the unusual hemo-
dynamic environment in which they reside: 14,17,18,41 in
the absence of obstruction, collaterals experience little
or no net flow and thus are presumably exposed to
increased circumferential wall stress and lower PO2.
These conditions, when prolonged, favor reduced
eNOS-NO and pro-oxidative/-inflammatory changes
that promote, in arteries, arteriosclerosis and athero-
sclerosis. In contrast, collaterals (but not nearby simi-
larly sized pial arterioles) evidence increased cell
proliferation, length and tortuosity with aging (e.g.
Figure 1(a)), accompanied by accelerated senescence,
apoptosis and loss of collateral number and diam-
eter.14,17 It is well known that with aging, endothelial
cells undergo decreased NO and SOD and increased
oxidative stress, inflammatory changes, DNA damage
and apoptosis.14,20–22 Age-induced reduction in eNOS-
NO increases susceptibility to apoptosis and impairs
recruitment of progenitor cells.15,42 Our observation
that RAEx increased eNOS and SOD and tended to
lower 8OHdG may reflect the effect of NO to reduced
free radical-mediated DNA damage.43 As well, the
reduction we saw for NFkB with exercise-training is
consistent with the effect of exercise to inhibit increased
oxidative stress and inflammation in arteries of aged
individuals.5,20–22,26,27,44,45 Vascular dysfunction in sen-
escence is associated with cell cycle arrest,21 a finding
supported by increased p16INK4 seen in aging humans
and rodents.46 The trend toward lower p16INK4 in our
exercise-trained mice is consistent with reduced expres-
sion of p16INK4 in leukocytes of aged individuals that
correlates inversely with their physical activity.46

Mechanisms underlying inhibition of collateral rar-
efaction by exercise are undoubtedly complex. It is pos-
sible that collaterals experience increases in wall stresses
during RAEx that maintain collateral ‘‘health’’ by

‘‘exercising’’ their endothelial and smooth muscle cells,
which has been proposed for the general circulation.
Exercise increases cerebral blood flow (CBF).22,38,47,48

Arteriolar dilation upstream and/or downstream of col-
laterals, together with their characteristic convergence
of blood flow41 predict that collaterals experience a
larger fraction of the increased pulse pressure that
accompanies exercise, compared to similarly sized pial
arterioles. As well, fluctuating levels of exercise-
associated hyperemia in the MCA, ACA and PCA
territories will induce phasic flow/shear stress across
collaterals. The above forces exerted on collateral
vessels during prolonged exercise training may inhibit
collateral rarefaction by opposing the endothelial dys-
function, oxidative stress and inflammation that occur
with aging. In support, exercise training restores
impaired eNOS activity in the BA and ICA of aged
as well as diabetic rodents and humans.20,32,33,37 and
promotes an NO-dependent increase in circulating
endothelial progenitor cells that exhibit prolonged life-
span and reduced apoptosis.42 Also, reduced tissue
oxygen during exercise favors increased hypoxia-
inducible factor 1, VEGF-A and stromal cell-derived
factor-1 that promote increased circulating endothelial
progenitor cells.42 Indeed in young adult mice, several
weeks of daily aerobic exercise reduced infarct volume
after MCA occlusion, in association with increased
VEGF-A (which activates eNOS), endothelial progeni-
tor cells and microvascular density in the ischemic
region.7 Increased VEGF-A and eNOS-NO (which
both protect against collateral rarefaction18,49) and
endothelial progenitor cell homing to the aging collat-
eral wall could contribute to exercise-induced inhibition
of collateral rarefaction with aging.

Aging was accompanied by an increase in lumen
diameter of the primary intracranial arteries, and exer-
cise tended to increase it further. Outward remodeling
with aging also occurs in peripheral arteries including
the carotid.21,50 However, conflicting results have been
reported for intracranial arteries,16,22,26–29,30 possibly
due to presence of hypertension and other risk factors
which can instead promote intima-medial thickening
and lumen loss. For example, PCA diameter was
larger in 23 month-versus 4-month-old male SED B6
mice,27 while in our mixed-sex cohort, aged mice had
larger diameter ICA and MCA (and ACA trended) but
not PCA. Exercise-training favored additional increase
in age-associated remodeling of intracranial arteries
(Figure 2), possibly from eNOS-NO dependent flow-
mediated remodeling caused by the increased CBF
during exercise.22,38 With endurance training, elevated
blood flow/shear stress are accompanied by increased
lumen diameter and decreased intima-media thickness
of arteries supplying the exercising muscles,26 with the
latter also occurring to a lesser extent in arteries

3552 Journal of Cerebral Blood Flow & Metabolism 37(11)



supplying tissues not involved in the exercise including
the carotid.30 This may extend from the regular bouts
of increased circumferential and fluid shear stresses31

during exercise, which increase angiogenic factors that
induce proliferation of vascular wall cells,48 or from
changes in pulse pressure-dependent wall distension
caused by resting bradycardia.22 Voluntary wheel-
running increased endothelial-dependent function in
the ICA of 29–32-month-old B6 mice,33 in the BA of
type 1 diabetic rats,32 and in the PCA of mice exposed
to a western diet.22

The increase in lumen diameter of intracranial arteries
that occurred with aging and RAEx may have functional
significance. Unlike peripheral conduit arteries, the pri-
mary intracranial arteries account for a significant frac-
tion of cerebral vascular resistance (�40 percent) and
contribute to regulation of blood flow during exercise
and other conditions.22,51 Lower capillary density, and
impaired reactivity of resistance vessels that occur with
aging—changes that are diminished or prevented by
voluntary wheel-running15,22,38,48,50,52—may cause a
compensatory autoregulatory decrease in the smooth
muscle tone of intracranial arteries that could, like the
effect of prolonged administration of vasodilators,40

contribute to the outward remodeling we observed.
This could mitigate the decline in CBF with aging that
is favored not only by the above microvascular changes,
but also by the medial hypertrophy and lumen loss
that occur in resistance vessels with aging.27–29 Thus,
remodeling of intracranial arteries could aid preserva-
tion of CBF in the aging brain and, in addition, increase
collateral blood flow following stroke.

This study has several limitations. Additional inves-
tigations are needed to determine the effect of reducing
the intensity or duration of the exercise regimen
or beginning it at an earlier age. In a previous study,
collateral rarefaction became evident in B6 mice
at� 55 human-years equivalent and increased progres-
sively at each age examined thereafter, the last being at
90 human-years equivalent.10 Thus, beginning an exer-
cise regimen at an earlier age and continuing it for a
shorter duration may delay or slow collateral rarefac-
tion and provide protection well-after the exercise-
training has diminished or stopped. Our ex-vivo
measurements of maximally dilated vessels do not
address the dynamics of the cerebral circulation
in vivo where significant basal tone is present. N-sizes
and statistical power were reduced in several groups
because vascular casting and measurement of infarct
volume required separate animals, and because the
number of computer-monitored wheel-running cages
was restricted to 30. These exigencies limited the
number of mice that could be studied and precluded
use of an animal for multiple measurements, including
requiring immunostaining of a peripheral artery, the

proximal caudal femoral artery, which may not predict
intracranial arteries. However, the changes we observed
have also been reported with aging and exercise-training
in other arteries supplying muscles recruited during exer-
cise as well as other tissues including brain.14,15,17,20–22

Outward remodeling of arteries, including pial collat-
erals after pMCAO, is mediated by an increase in fluid
shear stress that induces eNOS-NO and downstream sig-
naling.18,26,31 Collateral remodeling is inhibited by aging,
in part from impaired eNOS-NO.14,15 We therefore
examined whether RAEx in aged mice restores remodel-
ing measured three days after pMCAO, at which time it
has reached maximum in three-month-old B6 mice.14 It
is possible that our observation that exercise did not
reverse the age-induced inhibition of remodeling
(Figure 1(h)) may reflect that it occurs more slowly in
aged mice.14 Thus, examining the amount of remodeling
at a later time point may have given a different result.

In conclusion, our results show that RAEx begin-
ning in middle age prevents age-induced rarefaction
of pial collaterals and reduces infarct volume. Such
findings, if confirmed in humans, would add these bene-
fits to the list of advantages provided by regular phys-
ical exercise.
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