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Experimental chronic cerebral
hypoperfusion results in decreased
pericyte coverage and increased
blood–brain barrier permeability
in the corpus callosum

Qinghai Liu1, Ryan Radwanski1, Robin Babadjouni1,
Arati Patel1, Drew M Hodis1, Peter Baumbacher1, Zhen Zhao1,
Berislav Zlokovic1 and William J Mack1,2

Abstract

Murine chronic cerebral hypoperfusion (CCH) results in white matter (WM) injury and behavioral deficits. Pericytes

influence blood–brain barrier (BBB) integrity and cerebral blood flow. Under hypoxic conditions, pericytes detach from

perivascular locations increasing vessel permeability and neuronal injury. This study characterizes the time course of BBB

dysfunction and pericyte coverage following murine experimental CCH secondary to bilateral carotid artery stenosis

(BCAS). Mice underwent BCAS or sham operation. On post-procedure days 1, 3, 7 and 30, corpus callosum BBB

permeability was characterized using Evans blue (EB) extravasation and IgG staining and pericyte coverage/count was

calculated. The BCAS cohort demonstrated increased EB extravasation on postoperative days 1 (p¼ 0.003)

3 (p¼ 0.002), and 7 (p¼ 0.001) when compared to sham mice. Further, EB extravasation was significantly greater

(p¼ 0.05) at day 3 than at day 30 in BCAS mice. BCAS mice demonstrated a nadir in pericyte coverage and count

on post-operative day 3 (p< 0.05, compared to day 7, day 30 and sham). Decreased pericyte coverage/count and

increased BBB permeability are most pronounced on postoperative day 3 following murine CCH. This precedes any

notable WM injury or behavioral deficits.
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Introduction

Multiple animal models exist to examine the patho-
physiology and mechanisms of acute stroke.1,2

However, few experimental systems recapitulate subtle
ischemic injury resulting from chronic cerebral
hypoperfusion (CCH). Cognitive injury secondary to
cerebral hypoperfusion is pervasive and likely under-
recognized. In the population-based Framingham
study cohort, the prevalence of significant carotid sten-
osis (>50%) was reported to be 7% in women and 9%
in men.3 Clinical carotid endarterectomy studies of
cerebral hypoperfusion demonstrate a nearly 25% inci-
dence of subtle cognitive decline in the absence of overt
neurologic change or radiographic evidence of stroke.4

Neurodegenerative diseases such as Alzheimer’s disease
and vascular dementia have become increasingly more
common as the population ages.5–8 Epidemiologic
risk factors for AD and vascular dementia are
strongly associated with hypoperfusion and clinical
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symptomatology demonstrates significant overlap.9

Many therapeutic agents designed to treat AD target
cerebral hypoperfusion.10 Determining the cellular pro-
cesses that affect neuronal and white matter injury in
the setting of CCH is critical to understanding the
pathophysiology, temporal progression, and potential
clinical implications of the process.

The neurovascular unit (NVU) is comprised of neu-
rons, endothelial cells, microglia, astrocytes, pericytes,
and an extracellular basement membrane.11 In concert,
these cells maintain homeostasis of the brain microvir-
onment.11 The blood–brain barrier (BBB) is regulated
by transcytosis across endothelial cell membranes and
tight junctions of the brain capillaries.12 Pericytes
play a critical role in BBB integrity and regulation of
cerebral blood flow (CBF).13 In the setting of cerebral
hypoxia, pericytes detach from their perivascular loca-
tions resulting in BBB disruption, microvascular per-
meability, and secondary neuronal injury.14 The
pericyte response to CCH has not been characterized.

This study leverages an experimental murine bilat-
eral carotid artery stenosis (BCAS) model to examine
the temporal pattern of BBB dysfunction and endothe-
lial pericyte coverage in the setting of CCH. The model
consistently demonstrates mild white matter ischemic
injury in the corpus callosum, in conjunction with
astrocyte and microglial upregulation, 30 days after
initiation of CCH.15–17 These pathological changes
are associated with isolated neurocognitive deficits in
working memory.

Methods

Animals

All procedures utilized in this study were approved by
the Institutional Animal Care and Use Committee
(IACUC; protocol # 11565) of the University of
Southern California and carried out in accordance
with the Guide for the Care and Use of Laboratory
Animals (NIH). Animals were male C57BL/6J mice
(9–11 weeks of age; �24–29 g) and housed in a barrier
facility with free access to food and water on a 12-h
light dark cycle. Experiments were conducted and
reported per the ARRIVE guidelines.

BCAS

A total of 24 mice underwent the BCAS procedure and
36 mice underwent sham surgery. Two control mice did
not undergo a surgical procedure or anesthesia. The
BCAS procedure was performed in accordance with
prior publications15,16,18 with minor modifications.
After a seven-day quarantine period, mice were
anesthetized with intraperitoneal ketamine/xylazine

(10 ml/g) and placed in the prone position with rectal
temperature maintained between 36.5�C and 37�C.
A laser Doppler flowmetry (LDF) microtip fiber
probe was affixed to the skull at 1mm posterior and
5mm left side lateral of the bregma. The mouse was
then rotated to the supine position and CBF was rec-
orded with a PF 5010 laser Doppler perfusion monitor
(Perimed AB, Sweden). A midline cervical incision was
made and both common carotid arteries (CCA) were
exposed. A microcoil (inner diameter 0.18mm, Sawane
company, Japan) was placed around each CCA and
CBF recording was obtained. Sham-operated animals
underwent the same procedure excluding placement of
the microcoils.

BBB permeability

Twelve BCAS and 12 sham mice were used for BBB
permeability experiments. At post-procedure days 1, 3,
7, and 30 mice were given an IP injection of 2% Evans
blue (EB; 10 ml/g; Sigma-Aldrich) 2 h before deeply
anesthetizing with ketamine/xylazine (�300 ml).
Visibility of Evans blue in the ears, paws, and tail indi-
cated successful Evans blue administration (if absent
mice were not included). At 2 h post Evans blue admin-
istration, anesthesia was administered followed by
transcardial perfusion with chilled phosphate-buffered
saline (PBS) containing 5 U/ml heparin and subsequent
4% paraformaldehyde. Tissue was embedded with
OCT, cut into 20 mm sections, and co-stained with
Hoechst 33,258 for 10min. Integrate density was calcu-
lated in the corpus callosum. During image acquisition,
all settings remained unchanged, and only images with-
out saturated pixels were included for quantification.
BBB permeability was quantified in the medial region
of each side (right/ left) of the corpus callosum and the
adjacent frontal cortex by two blinded, independent
observers and averaged for a final value.

Pericyte coverage and count/BBB permeability

Immunofluorescence. Twelve BCAS (n¼ 3 for each time
point) mice and 15 sham animals (n¼ 3 for day 1, n¼ 4
for days 3, 7, 30) were used in the assessment of pericyte
coverage/count and occludin quantification. Three
BCAS (day 30) and four sham mice (day 30) were
used for the quantification of IgG. For pericyte cover-
age/count, occludin, and IgG experiments, mice were
deeply anesthetized by an IP injection of a ketamine/
xylazine (�300 ml) and transcardially perfused with
chilled PBS containing 5 U/ml heparin followed by
4% paraformaldehyde at post-procedure days 1, 3,
7 and 30. Tissue was fixed in paraformaldehyde at
4�C overnight and then transferred into PBS buffer
prior to embedding in 4% low gelling temperature
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agarose (Sigma-Aldrich, MO), and cut into 40 mm sec-
tions by vibratome (Leicia). Tissue slices were placed in
24 well plates and blocked with 5% donkey serum. The
samples were treated with primary antibodies CD13
[R&D AF2335][Pericyte marker], CD31 [BD 550274]
[Endothelial marker], and PDGFR b [AB 32570 dilu-
tion 50 Rb] [Pericyte marker] and Occludin [Thermo
Fisher 71-1500] [Tight junction marker] and left on an
agitator at 4�C overnight. Lectin [Endothelial marker],
anti-mouse IgG fluorescence and donkey anti-rabbit
fluorescence were added and co-stained with DAPI.
Finally, tissue sections were mounted and covered
with glass.

Immunofluorescence analysis. All images were obtained
with a Zeiss 510 confocal microscope and BZ-9000
fluorescent microscope (Keyence, NJ). Analysis was
performed using NIH Image J software with Neuron
J plugin. Images were taken from the right and left
medial corpus callosum and the adjacent cerebral
cortex. Sections were analyzed by two blinded, inde-
pendent observers and subsequently averaged. The
coverage of pericytes was determined by ratio of
CD13 positive pericytes to CD31 positive capillaries
(�10 um in diameter). Pericyte count was determined
by co-localizing DAPI positive nuclei with CD13 posi-
tive cells (expressed as mm2) by merging the two
images. Pericyte coverage was also determined on day
30 by PDGFR b/ CD31 ratio as a validation.
The coverage of occludin was determined by the ratio
of occludin positivity and lectin positive capillaries
(�10 um in diameter).

Statistical analysis. SPSS 23 software was used to analyze
results. BCAS cohort differences were compared using
ANOVA and post-hoc Tukey’s multiple comparison
tests. BCAS values were compared to mean sham
values with two-tailed unpaired Student’s t tests. Data
are presented as mean�SEM. p� 0.05 is considered
statistically significant.

Results

CBF

Mean CBF change in the Sham (n¼ 21) vs. BCAS
(n¼ 24) cohort were as follows: Sham: 4.38%� 12.85;
0.18mm BCAS (2nd coil): �22.75%� 14.70. There was
a significant difference in CBF drop-off between Sham
operated and BCAS (2nd coil) mice (p< 0.0001).

BBB permeability in the corpus callosum

Summary of sham EB extravasation integrate densities
in the medial region of the corpus callosum are as

follows: Sham day 1, 11.74� 8.79, n¼ 3; Sham day 3,
121.66� 39.80, n¼ 3; Sham day 7, 48.31� 23.66, n¼ 3;
Sham day 30, 8.92� 1.27, n¼ 3. The BCAS cohort
demonstrated increased EB extravasation (integrate
density) on postoperative days 1 [583.58� 98.28,
p¼ 0.003, n¼ 3], day 3 [1529.32� 448.87, p¼ 0.02,
n¼ 3] and day 7 [366.02� 34.51, p¼ 0.001, n¼ 3]
when compared to the mean sham value at each cor-
responding time point. There were no differences in
densities on day 30 [5.85� 1.80, p¼ 0.14, n¼ 3], when
compared to day 30 sham values. Further, EB extrava-
sation values were significantly different (ANOVA,
p¼ .009) across all time points within the BCAS
cohort. Specifically, the integrate densities were signifi-
cantly greater at day 3 (peak level) than at day 7 and
day 30 (p< 0.05) in BCAS mice. EB extravasation was
apparent on gross brain specimen on BCAS postopera-
tive day 3 (Figures 1 and 2(a) and (b)).

BBB permeability in the cerebral cortex

Summary of the Sham EB extravasation integrate den-
sities in the cerebral cortex are as follows: Sham day 1,
13.33� 13.63, n¼ 3; Sham day 3, 160.04� 115.63,
n¼ 3; Sham day 7, 57.31� 22.30, n¼ 3; Sham day 30,
8.83� 8.94, n¼ 3. The BCAS cohort demonstrated
increased EB extravasation (integrate density) on post-
operative day 1 [557.11� 210.20, p¼ 0.01, n¼ 3], day 3
[3398.22� 779.92, p¼ 0.002, n¼ 3] and day 30
[30.86� 9.29, p¼ 0.04, n¼ 3]. There was no difference
in density on day 7 [261.92� 143.63, p¼ 0.07, n¼ 3].
EB extravasation values were significantly different
(ANOVA, p< 0.001) across all time points within the
BCAS cohort. Specifically, the integrate densities were
greater at day 3 compared to day 1, 7 and 30 (p< 0.05)
in BCAS mice (Figure 2(c) and (d)).

Extravascular IgG deposition in the corpus callosum

In order to determine qualitative positive IgG staining,
images were taken from the left and right corpus callo-
sum and subsequently averaged. IgG deposition is vis-
ibly increased at day 3 in the BCAS cohort; however,
the difference is not statistically significant. Results for
day 3 BCAS and Sham integrate densities are as fol-
lows: BCAS 53068� 45493 [mean� SEM], n¼ 3;
Sham 1927� 595.3 [mean� SEM], n¼ 3, p¼ 0.3239
(Figure 2(e)).

Occludin coverage in the corpus callosum

BCAS occludin/microvessel coverage ratios in the
corpus callosum did not show differences at any time
point when compared to corresponding sham time
points [day 1, 40.29� 14.51%, n¼ 3, p¼ 0.91; day 3,
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41.60� 8.73%, p¼ 0.35; day 7, 44.61� 5.95%, n¼ 3,
p¼ 0.90; day 30, 51.23� 20.06%, n¼ 3, p¼ 0.31].
Further, no differences were found between BCAS
time points [day 1 vs. day 3, p¼ 0.90; day 3 vs. day 7,
p¼ 0.64; day 7 vs. day 30, p¼ 0.61]. Summary of sham
occludin coverage ratios is as follows: [day 1,
41.78� 16.21%, n¼ 4; day 3, 53.05� 17.61%, n¼ 4;
day 7, 43.64� 11.55%, n¼ 4; day 30, 40.0� 8.45%,
n¼ 4] (see Figure 3(a) and (b))

Pericyte coverage and count in corpus callosum

Control (non-operative) mice showed a mean pericyte
coverage ratio of 83.91� 4.53% (n¼ 2). The summary
of sham pericyte coverage is as follows: Sham day 1,
71.28� 6.16%, n¼ 3; Sham day 3, 86.04� 2.33%,
n¼ 4; Sham day 7, 75.56� 5.57%, n¼ 4; Sham day

30, 91.63� 8.10%, n¼ 4. The pericyte coverage ratios
were significantly different in the BCAS cohort across
all postoperative testing days (ANOVA p¼ .001).
Specifically, the CCH mice demonstrated a nadir
in pericyte coverage on post-operative day 3
(30.88� 10.27%, n¼ 3). Values on day 3
(30.88� 10.27%) were significantly lower than those
on postoperative days 7 (89.36� 5.11%, n¼ 3;
p< 0.05), and 30 (74.97� 2.39%, n¼ 3; p< 0.05).
Pericyte coverage ratios on day 3 (30.88� 10.27%)
were also significantly decreased compared to mean
values of sham mice on day 3(86.04� 2.33%; n¼ 4;
p¼ .002). BCAS pericyte coverage values on day 7
(89.36� 5.11%, n¼ 3) were significantly greater than
those on day 1 (58.42� 6.08%, n¼ 3; p¼ .02).
PDGFRb and CD13 staining co-localized on CD31
(vessels) DAPI positive nuclei in the corpus callosum
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Figure 1. Blood–brain barrier permeability following BCAS. Evan blue staining for BBB permeability on postoperative days 1, 3, 7

and 30. Top: sham, bottom: BCAS. Blue is DAPI staining and pink Evans blue. Gross specimens (top), coronal slices (middle, 20�) and

high magnification corpus callosum (bottom, 200�) are shown.
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on postoperative day 30 sham and BCAS specimens
(Figures 4, 5 and 6(a) and (b)).

The pericyte count in the corpus callosum was sig-
nificantly different in the BCAS cohort across all post-
operative testing days (ANOVA p< 0.01). The CCH
mice demonstrated a nadir in pericyte count on post-
operative day 3 (367.03� 151.40, n¼ 3). Values on day
3 (367.03� 151.40) were significantly lower than those
on postoperative days 7 (925.61� 172.74, n¼ 3,
p< 0.01), and 30 (831.25� 158.55, n¼ 3, p< 0.05).
Pericyte count on day 3 (367.03� 151.40) was signifi-
cantly decreased compared to mean values of sham
mice on day 3 (836.39� 67.59, n¼ 4, p¼ .01).
Summary of sham pericyte counts is as follows: sham
day 1, 664.84, n¼ 3; sham day 3, 836.39, n¼ 4; sham

day 7, 943.72, n¼ 4; day 30, 844.02� 88.70, n¼ 4)
(Figure 6(c)).

Pericyte coverage in the cortex

BCAS pericyte/microvessel coverage ratios in the cortex
demonstrated a significant decline at day 3
[49.77� 5.06%, n¼ 3, p¼ .02] when compared to the
sham mice on day 3 [72.22� 3.09%; n¼ 4]. BCAS peri-
cyte/microvessel coverage ratios significantly increased
at day 7 [84.38� 9.61%, n¼ 3, p¼ 0.02] compared to
the sham mice on day 7 [62.40� 5.11%; n¼ 4]. No dif-
ferences were found in the BCAS pericyte/microvessel
coverage ratios in the cortex for the remaining time
points [day 1, 75.06� 10.90%, n¼ 3, p¼ 0.091; day 30,
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Figure 2. Evan blue integrate densities in the corpus callosum. (a) Values are depicted for BCAS and sham animals on days 1, 3, 7, 30.

BCAS values are significantly higher on days 1, 3 and 7 when compared to the corresponding sham time point. (b) Densities were

significantly greater in the BCAS cohort on day 3 when compared to day 7 and 30. * signifies p< 0.05. BCAS cohort (day 1, n¼ 3; day

3, n¼ 3; day 7, n¼ 3; day 30, n¼ 3). Sham cohort (day 1, n¼ 3; day 3, n¼ 3; day 7, n¼ 3; day 30, n¼ 3). Two sections were used per

mouse. Sections were taken from the right and left medial corpus callosum. (c and d): Evans Blue integrate densities in the cortex. (c)

Values are depicted for BCAS and sham animals on days 1, 3, 7, 30. BCAS values are significantly higher on days 1, 3, and 30 when

compared to the corresponding sham time point. (d) Densities were significantly greater in the BCAS cohort on day 3 when compared

to day 1, 7 and 30. BCAS cohort (day 1, n¼ 3; day 3, n¼ 3; day 7, n¼ 3; day 30, n¼ 3). Sham cohort (day 1, n¼ 3; day 3, n¼ 3; day 7,

n¼ 3; day 30, n¼ 3). Two sections were used per mice. Sections were taken from the right and left cortex above the corpus callosum.

(e) BBB permeability. Immunohistochemistry demonstrates perivascular IgG staining in the corpus callosum of BCAS animals on

postoperative day 3 (middle, bottom). Negligible IgG positivity in sham animals. Statistical analysis shown with qualitatively increased

although not statistically significant IgG deposition at day 3 (p¼ 0.3239) (left). Scale bar: 10 mm. Sections were obtained from the

medial portion of the corpus callosum (left). Error bars represent standard error of the mean.
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77.06� 0.70%, n¼ 3, p¼ 0.386 when compared to
the average across the sham cohort. Further, CCH
mice demonstrated a significant decline in BCAS
pericyte/microvessel coverage on day 3 compared to
day 7 (p¼ 0.03) and day 30 (p¼ 0.006) CCH mice
(Figure 6(d)).

PDGFRb/ CD31 validation

PDGFRb and CD13 co-stained on CD31 (vessels)
DAPI positive nuclei in the corpus callosum on post-
operative day 30 BCAS and sham specimens (Figures 4,
5, 6(a) and (b)).

There was no significant difference between pericyte
coverage values of BCAS and sham animals on day
30 in the corpus callosum or the cortex when measured

by either PDGFR b/CD31 ratio or CD13/CD31 ratio
(Figure 5).

Discussion

The functional components of the brain vascular net-
work (endothelium, pericytes, basement membrane)
collectively regulate blood flow and transportation of
nutrients to the astrocytes, microglia and neurons of
the brain.19 In the physiologic state these processes
are controlled principally through vasoconstriction
and dilatation.13,20,21 Pericytes play a critical role in
maintaining microvascular stability and luminal diam-
eter, ultimately helping to ensure BBB integrity.22–25

Mature pericytes are located in the perivascular space
and embedded in the basement membrane with
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endothelial cells and gap junctions.11 Through a multi-
tude of signaling pathways, pericytes have the capabil-
ity to contract longitudinally and constrict or relax
radially.13 However, pericytes have not been shown to
relax solely in response to increased blood flow and
thus have been proposed to inhibit local reperfusion
despite macro-resolution of an acute cerebrovascular
insult.13,26,27 Pericyte influence on vasoconstriction/
dilation has also been estimated to contribute to 84%
of a state-dependent change in CBF.13 Collectively, it
can be posited that pericytes are critically positioned to
maintain a fine-tuned homeostasis in sensitive tissue.

In the setting of reduced CBF the neuronal stress
response is rapid, leading to ATP release through
damaged/compromised cell membranes and regulated
pathways.28,29 Pericytes exhibit a dynamic stress
response to re-establish homeostasis of the NVU.11

Prior reports suggest physiologic capillary pericyte
coverage ratios ranging from 66% to 90% in the
cortex.30,31 However during pathological conditions
such as AD, pericyte coverage has been shown to
decrease, leading to BBB degradation and activation
of complex molecular signaling pathways.32 This
study has attempted to extend this dysfunction to a
CCH model. Under hypoxic conditions, pericytes
detach from their perivascular locations allowing capil-
lary permeability to molecules as large as 150 kDa (such
as serum immunoglobulins), and toxic extravasation of

plasma proteins.14,22,23 Reductions in pericyte coverage
in AD tissue correlate with extent of brain capillary
leakage and BBB breakdown in both the cortex and
hippocampus.23,32 Pericyte contraction has been
shown to play an essential role in obstructing capillary
flow during cerebral ischemia.13,27 Small vessel BBB
dysfunction, and a resultant leakage of fluid and pro-
teins, has been implicated in the pathogenesis of white
matter lesions such as gliosis and demylination.33,34

Temporal CBF measurements have been previously
studied in our BCAS model (0.18mm microcoils) of
CCH. CBF decreases by 33% within 2 h of the proced-
ure and gradually recovers to near baseline by 30
days.15 These results have been supported by Laser
Speckle Flowmetry data.35 Our study found significant
BBB dysfunction in both the corpus callosum and cere-
bral cortex at day 3, with gradual recovery at day 7 and
30. Our data suggest that the most pronounced
decreases in pericyte coverage and increases in BBB
permeability evident on both Evans Blue extravasation
studies and IgG staining (post-operative day 3) occur
shortly after maximal CBF decreases (day 1). These
changes occur in advance of white matter injury and
cognitive dysfunction, which typically appear in this
BCAS model on postoperative day 30, as demonstrated
by our group and others.15–18 Then, as the CBF meas-
urements return towards normal, pericyte coverages
and BBB permeability also normalize. This timeline
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is logical, as CBF declines precede decreases in pericyte
coverage and increases in BBB permeability, which in
turn, precede histological white matter damage. The
fact that temporary alterations in pericyte coverage
and BBB permeability lead to subtle white matter ische-
mic changes and cognitive deficits is not surprising.
Perhaps if the blood flow changes and BBB perme-
ability increases were sustained at a more pronounced
level, there would be more substantial white matter
damage.

Extravasation of IgG has previously been demon-
strated during neurological insults to the BBB.36,37

The molecular weight of IgG (150 KD) is heavier
than that of albumin-Evans blue complex (66 KD).36

Although the BCAS cohort demonstrates visible IgG
staining at day 3, our results suggest that IgG extrava-
sation does not differ significantly between BCAS and
shams across the time points.

This study sought to determine whether BBB com-
ponents aside from pericytes, such as tight junction
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Figure 5. Pericyte response following BCAS in (a) cortex and (b) corpus callosum: co-localization of CD13 and PDGFRb on day 30.

Left: red is CD13, purple is PDGFRb, green is CD31, and blue is DAPI. Right: co-localization of staining (white) on pericytes. Scale bar:

10 mm. Sections were obtained from the (a) frontal cortex and (b) medial portion of the corpus callosum. (c)Average ratio of

PDGFRß:CD31 and CD13:CD31 coverage in the cortex and corpus callosum in BCAS and shams at day 30. Error bars represent

standard error of the mean.
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proteins, may contribute to the permeability changes
evident in our CCH model. Occludin is an integral
membrane protein located within the tight junction of
endothelial cells, particularly within the BBB.19

Previous studies show no changes in occludin levels
after experimental CCH. Western blot analysis 24 and
48 h post-cerebral hypoperfusion demonstrates no
change in ipsilateral and contralateral occludin expres-
sion.38 Further, studies by Yang et al. reveal no changes
in occludin percent coverages at days 1, 2 and 3 follow-
ing cerebral hypoperfusion. Interestingly, relief of

cerebral hypoperfusion results in occludin percent
coverage declines, suggesting a protective effect under
conditions of hypoperfusion.39 Further, a rat BCAS
model demonstrates increased Evans blue extravasation
in the corpus callosum at post-operative day 3 and
no changes in tight junction proteins occludin and clau-
din. This suggests that Evans blue escapes the blood
vessel by a route exclusive of the tight junction com-
plexes.40 Consistent with these prior studies, our
CCH mice (when compared to sham-operated animals)
do not demonstrate any change in occludin coverage
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Figure 6. (a–c): Pericyte coverage and count in the corpus callosum. (a) Coverage bar graph. (b) Coverage time plot. (c) Count time

plot. Values are depicted for BCAS and sham animals on days 1, 3, 7, 30. Two sections were used per mouse. Sections were taken from

the right and left medial corpus callosum. (a–b) Controls (n¼ 2). BCAS pericyte coverage cohort (day 1, n¼ 3; day 3, n¼ 3; day 7,

n¼ 3; day 30, n¼ 3). Sham pericyte coverage cohort (day 1, n¼ 3, day 3, n¼ 4; day 7, n¼ 4; day 30, n¼ 4). Day 3 BCAS values are

significantly lower than values on day 7 and 30. Day 3 BCAS values are also significantly lower than mean values of the sham cohort at

day 3. Shaded grey region depicts normal, physiologic cortical pericyte coverage values. * Signifies p< 0.05. Error bars represent

standard error of the mean. (c) BCAS pericyte count cohort (day 1, n¼ 3; day 3, n¼ 3; day 7, n¼ 3; day 30, n¼ 3). Sham pericyte

count cohort (day 1, n¼ 3; day 3, n¼ 4; day 7, n¼ 4; day 30, n¼ 4). Day 3 BCAS values are significantly lower than values on day 7 and

30. Day 3 BCAS values are also significantly lower than mean values of the sham cohort at day 3. (d) Pericyte coverage time plot in the

cortex. Values are depicted for BCAS and sham animals on days 1, 3, 7 and 30. BCAS cohort (day 1, n¼ 3; day 3, n¼ 3; day 7, n¼ 3;

day 30, n¼ 3). Sham cohort (day 1, n¼ 3; day 3, n¼ 4; day 7, n¼ 4; day 30, n¼ 4). Two sections were used per mouse. Sections were

taken from the right and left cortex above the corpus callosum. Day 3 BCAS values are significantly lower than mean values of the

sham cohort at day 3. Day 7 BCAS values are significantly increased compared to mean values of the sham cohort at day 7. *Signifies

p< 0.05. Error bars represent standard error of the mean.
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in the corpus callosum at post-procedural days 1, 3, 7
and 30.

In this study, multiple antibodies were utilized to
stain for pericytes. CD13 and PDGFRb co-stained
and confirmed the validity of each as a pericyte
marker (Figure 5). Neither marker demonstrated
decrease in pericyte coverage at day 30. Pericyte cover-
age values in our sham animals are consistent with
normal physiologic measures reported in the litera-
ture.30 Corpus callosum endothelial pericyte coverage
is decreased significantly in the BCAS cohort on post-
operative day 3. The decrease coincides temporally with
BBB dysfunction and precedes the timeframe for
pathological white matter injury.15 There appears to
be recovery (to a modest temporal peak) of pericyte
coverage on day 7, concordant with the documented
BBB restoration. Of note, there is also a reduction in
cortical pericyte coverage and a corresponding increase
in BBB permeability at these time points. The selective
white matter damage characteristic of this BCAS model
(lack of cortical damage despite BBB permeability)
likely results from increased white matter vulnerability
to ischemic injury rather than watershed distribution of
the ischemia.41–44 Further, variable time between Evans
blue injection and culling can affect the results of evens
blue extravasation. We limited this variability by com-
pleting euthanasia of the mice within 5min after the 2-h
Evans blue exposure.

Conclusion

Collectively, these findings indicate that CCH antagon-
izes NVU physiology and induces morphologic changes
of angioarchitecture in the corpus callosum. The study
demonstrates a substantial decrease in pericyte cover-
age following a relatively mild, sustained, ischemic
insult. The pericyte response is temporally concordant
with an increase in BBB permeability in the corpus
callosum. Pericytes represent an important regulator
of BBB integrity and a potential upstream target in
efforts to ameliorate white matter injury in the setting
of cerebral hypoperfusion.
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