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Impairment of cerebrovascular
reactivity in response to hypercapnic
challenge in a mouse model of
repetitive mild traumatic brain injury
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Abstract

Incidences of repetitive mild TBI (r-mTBI), like those sustained by contact sports athletes and military personnel, are

thought to be a risk factor for development of neurodegenerative disorders. Those suffering from chronic TBI-related

illness demonstrate deficits in cerebrovascular reactivity (CVR), the ability of the cerebral vasculature to respond to a

vasoactive stimulus. CVR is thus an important measure of traumatic cerebral vascular injury (TCVI), and a possible in

vivo endophenotype of TBI-related neuropathogenesis. We combined laser speckle imaging of CVR in response to

hypercapnic challenge with neurobehavioral assessment of learning and memory, to investigate if decreased cerebro-

vascular responsiveness underlies impaired cognitive function in our mouse model of chronic r-mTBI. We demonstrate a

profile of blunted hypercapnia-evoked CVR in the cortices of r-mTBI mice like that of human TBI, alongside sustained

memory and learning impairment, without biochemical or immunohistopathological signs of cerebral vessel laminar or

endothelium constituent loss. Transient decreased expression of alpha smooth muscle actin and platelet-derived growth

factor receptor b, indicative of TCVI, is obvious only at the time of the most pronounced CVR deficit. These findings

implicate CVR as a valid preclinical measure of TCVI, perhaps useful for developing therapies targeting TCVI after

recurrent mild head trauma.
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Introduction

There is evolving concern over repetitive mild traumat-

ic brain injuries (r-mTBI) acquired in contact sports

and military duty, which have been associated with

short- and long-term functional and neuropsychologi-

cal impairments,1–5 and constitute the most frequent

service-related injuries seen in veterans and military

personnel.6 Traumatic cerebral vascular injury

(TCVI) of varying degree is seen in almost all reported

cases of severe TBI post-mortem,7 and in the brains of

patients dying in the acute phase of hours to days
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following a mTBI.8 The early appearance of aberrant
cerebral blood flow (CBF) in American football play-
ers9,10 and the finding that global and regional CBF is
decreased in retired military personnel having sustained
an injury,11 implicate TCVI as an early occurring and
enduring pathology in r-mTBI. However, resting CBF
is not by itself a reliable indicator of cerebrovascular
health, as CBF is tightly coupled to the metabolic
demands of neural tissue and, therefore, does not dis-
criminate between a primary vascular injury and sec-
ondary drop in CBF due to decreased neuronal
metabolic demand. Veterans with a history of r-mTBI
show a decreased metabolic rate of glucose in the
cerebellum, vermis, pons and medial temporal lobe,
compared to controls,12 and plasma levels of brain-
derived creatine kinase B are decreased in professional
boxers,13 indicating central nervous system (CNS) met-
abolic dysregulation following r-mTBI, which will alter
resting state CBF even when the vasculature is intact.

Alternatively, cerebrovascular reactivity (CVR),
which measures changes in cerebral blood vessel
dilation in response to a vasoactive stimulus, and is a
measure of cerebral vascular health and reserve,14 is a
more direct measure of TCVI.7 The vasoactive stimulus
most typically employed in research settings is hyper-
capnia – an increase in partial pressure of CO2

(paCO2), produced by voluntary breath holding, or,
more reproducibly, by briefly increasing the fractional
inspired concentration of CO2 (FiCO2) from atmo-
spheric levels (approximately 0.04%) to 5–10% CO2

via a facemask.7 CVR can be measured non-
invasively, by a variety of modalities, including arterial
spin labelling (ASL) and blood oxygenation level
dependent (BOLD) MRI. Len et al.15 have recently
demonstrated an impairment of CVR during breath
hold, in the absence of impairment of resting medial
cerebral artery blood velocity (MCAv)15 in American
football athletes. Similarly, Mutch et al.16 have
reported alterations in MRI BOLD CVR in response
to hypercapnic challenge, in the absence of global rest-
ing state CBF or cerebrovascular anatomical differen-
ces, in 15 adolescents diagnosed with post concussive
symptoms, compared to 17 healthy controls.16 In addi-
tion to the above studies describing impaired CVR at
chronic and acute times post mild TBI,15,16 perturbed
CVR has also been seen at a median of 25months post-
injury using hypercapnic challenge and BOLD/ASL
MRI in human patients following a moderate to
severe TBI, with poor discrimination of patient from
control via the CBF metric alone.17 Given the apparent
conformity of CVR impairment across human mTBI,
we studied the degree of TCVI using parallel
hypercapnia-evoked CVR, and neurobehavioral pro-
files at two chronic time-points post-injury in our pre-
viously characterized animal model of chronic

repetitive head trauma.18,19 This injury paradigm, con-
sisting of one hit administered twice weekly, approxi-
mately 72 h apart, for 12weeks, has been shown to
induce resting CBF impairment, neuroinflammatory
insult of the white matter and memory associated
behavioral deficit in both hTau and wild type adult
mice, at threemonths19 and sevenmonths18 post last
hit, respectively. In these studies, we report a chronic
and enduring decrease in CVR, and biochemical
evidence of underlying cerebrovascular damage
alongside pronounced and persistent neurobehavioral
impairment.

Materials and methods

Animals

Male C57BL/6 and transgenic EFAD mice were
housed under standard laboratory conditions (23�
1�C, 50� 5% humidity, and 12-h light/dark cycle)
with free access to food and water throughout the
study. In addition to the head-injured animals, we
also incorporated age-matched nine-month-old male
transgenic Apolipoprotein E3 Familial Alzheimer’s
Disease (EFAD) mice for use as a positive control for
cerebrovascular reactivity deficit in response to hyper-
capnic challenge. The EFAD colony was established by
crossing mice expressing five familial AD mutations
(5xFAD) to homozygous apoE targeted replacement
mice (apoE-TR) expressing the human apoE3 iso-
form.20 The apoE-TR mice were created by gene tar-
geting and carry one of the three human alleles
(APOE2, APOE3, or APOE4) in place of the endoge-
nous murine apoE gene.21 These mice retain the endog-
enous regulatory sequences required for apoE
production and express the human apoE protein at
physiological levels. All mice are on a C57BL/6 back-
ground and additional details on the production and
genetic background of these mice are described in the
sources cited above. All experimental protocols involv-
ing animals were approved by the Institutional Animal
Care and Use Committee of the Roskamp Institute. All
procedures were carried out in accordance with the
National Institute of Health Guide for the Care and
Use of Laboratory Animals.

Injury schedule

Three-month-old male mice were randomly assigned to
one of two groups: chronic repetitive mild traumatic
brain injury (r-mTBI, delivered twice each calendar
week i.e. 1 hit approximately every 72 h, over a
period of 3months) or repetitive Sham (r-sham; ani-
mals underwent the same duration and frequency of
anesthesia as r-mTBI animals). An electromagnetic
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impactor (Leica Instruments) was used to generate a

midline mTBI, using a 5.0mm diameter flat face tip,

5m/s strike velocity, 1.0mm strike depth, and a 200 ms

dwell time, as previously characterized.22 The three-

month post last injury (r-sham, n¼ 7; r-mTBI, n¼ 7)

and nine-month post last injury (r-sham, n¼ 14;

r-mTBI, n¼ 14) cohorts studied here were separate

groups of animals, given an identical regime and inten-
sity of r-mTBI/sham. The mice were euthanatized at

either threemonths or ninemonths after the final

injury/anesthesia (9 and 15months of age, respective-

ly), with euthanasia preceded by both behavioral test-

ing and evaluation of cerebrovascular reactivity in the

nine-month post last injury cohort, and cerebrovascu-

lar reactivity alone in the three-month post-injury

cohort.

Assessment of cognitive function

In the mice assigned to euthanasia at ninemonths post-
last injury, cognitive function was assessed at three and

sixmonths after the final injury/anesthesia (9months of

age and 12months of age, respectively) by use of the

Barnes maze (Figure 1), as described previously by our

group.22 Researchers conducting the experiments were

blind to the grouping, and the Ethovision XT System

(Noldus) was used to track and record the movement

of each animal. Mice were given 90 s to locate and enter

the target box and required to remain in the target box

30 s prior to retrieval, regardless of success. For a series

of six consecutive days, four trials were given per day,

with mice starting from one of four cardinal points on

each trial. The inter-trial interval for each mouse on
any given day of acquisition was approximately

40min. The maze platform and retrieval box were

both cleaned thoroughly between trials to limit the con-

founding effects of scent on performance of the mice

during each trial. On the seventh day, a single probe

trial lasting 60 s was performed with the mouse starting

from the center of the maze and the target box

removed. Escape latency measured the time taken for

the mouse to enter the box. For behavioral assessment

at both threemonths and sixmonths post-injury, 14 r-

sham and 14 r-mTBI animals were assessed. All ani-

mals were euthanized at 9months post-injury
(3months following the second behavioral assessment,

and 15months of age), immediately following assess-

ment of cerebrovascular reactivity.

In vivo assessment of cerebrovascular reactivity

Nine- or 15-month old male C57BL6 mice were evalu-

ated for CVR in vivo, at threemonths (r-sham, n¼ 7;

r-sham, n¼ 7) or nine months (r-sham, n¼ 12; r-mTBI,

n¼ 12) post-injury, respectively, using Laser Speckle

Contrast Imaging (FLPI2, Moor Instruments; see
Figure 2). As a positive, age-matched control for the
in vivo experiments, we used nine-month-old male
transgenic Apolipoprotein E3 Familial Alzheimer’s
Disease mice (EFAD, n¼ 3), as these mice not only
recapitulate some of the neuro-vascular pathology
characteristic of AD,20 in which CVR has been
reported to be compromised,14,23–26 but also as the
FAD mouse has been shown to exhibit a pronounced
deficit in CVR to hypercapnic challenge in vivo.27–30

24 h prior to hypercapnic challenge, a large area of
the parietal bone of the left hand side of the animal’s
skull was thinned to transparency, and a cranial
window installed over the thinned surface, using an
optimized and validated technique.31 Mice were anes-
thetized under 3% isoflurane in 100% oxygen, and
anesthesia was maintained at 2% isoflurane in oxygen
for all surgical procedures. Prior to the in vivo exper-
iment, animals had an external pin-port catheter
(custom) introduced to the left femoral artery, in
order to obtain blood draws for arterial blood gas anal-
ysis prior to, and following, hypercapnic challenge (see
Supplemental Figure 1). After femoral artery cannula-
tion, the mouse was orotracheally intubated, and con-
nected to a ventilator (Mini-vent, Model 845, Harvard
Apparatus), and Capnograph (Type 340, Harvard
Apparatus), and the gas mixture was switched from
2% isoflurane in 100% oxygen to 1.5% isoflurane in
medical grade room air (21% O2, balance N2) for the
duration of the experiment. The animal’s body temper-
ature was kept constant at 37�C using a body temper-
ature regulated homeothermic infrared heat pad, and
mean arterial blood pressure (MABP) was recorded
continuously using a tail-cuff monitor (CODA, Kent
Scientific). The tidal volume and respiratory rate
analog settings on the mini-vent were individually set
for each mouse to keep every animal’s baseline end-
tidal CO2 (ETCO2) readings between 35 and
38mmHg, and MABP, body temperature, respiratory
rate, tracheal pressure, ET CO2, and airflow recordings
were monitored and recorded throughout the experi-
ment via LabChart (AD Instruments). Upon establish-
ment of steady baseline physiological readings, a 50–
60 mL blood draw was made from the femoral artery
for baseline arterial blood gas (ABG) analysis. Two
minutes following the blood draw, the laser speckle
camera was placed directly perpendicular to the cranial
window and individual laser speckle flux images were
compiled from 25 frames acquired over every 1s of time
elapsed, giving one flux image every second for the
duration of the experiment. Following 60 s of steady
baseline readings, the gas mixture was switched from
1.5% isoflurane in medical grade room air to 1.5%
isoflurane in a custom mix of 21% O2, 5% CO2, and
balance N2 for 60 s. Following the 60 s of hypercapnic
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challenge, the inhalation gas was switched back to
1.5% isoflurane in medical grade room air, and a fur-
ther 4min of 1 s recordings were collected, after which
another 50–60 mL blood draw was made from the fem-
oral artery, for ABG analysis, using the iSTATVR 1
Vetscan (Abaxis, CA, USA). Any animal displaying
an ABG base excess of extracellular fluid (BeECF) out-
side of �4 to þ4, a pH outside of 3.5 to 4.5, a saturated
O2 (sO2) level of less than 90% before or after

hypercapnic challenge, irregular breathing during the
experiment, or average MABP below 60mmHg was
excluded from analysis a priori, giving five r-sham
and five r-mTBI animals for the three-month post-
injury CVR experiment, and five r-sham and six r-
mTBI animals for the nine-month post-injury CVR
experiment. Following in vivo recording at either
threemonths or ninemonths post-injury, the isoflurane
was increased to 3% for approximately 60 s and the

Figure 1. Evaluation of learning (acquisition) and retention of spatial memory of wild type mice using the Barnes maze at three and
sixmonths following repetitive mild traumatic brain injury. Mice were tested in the Barnes maze for their ability to locate a black box
at the target hole. During the course of the six days of acquisition at both the threemonths and sixmonths chronic time-points post-
injury, the r-mTBI mice travelled a greater mean cumulative distance to reach the target hole, compared to sham controls (a and b,
P< 0.001, repeated measures ANOVA). In cumulative distance data, the injury by time interaction term was statistically significant
across the six days of acquisition at the threemonths post-injury time-point (P< 0.0001, Repeated Measures ANOVA); however, this
was not seen at the six-month time-point (P¼ 0.08, repeated measures ANOVA). There was also a significant effect of injury on mean
velocity between groups across all six days of acquisition at both the threemonth and the six-month time-points (c and d; P< 0.05,
repeated measures ANOVA) with a significant increase in velocity of r-mTBI mice vs. r-Sham controls on day 6 of acquisition at both
three and sixmonths post-injury (d; P< 0.05, two-way ANOVA). Evaluation of spatial memory of wild type mice using the Barnes
maze at three and sixmonths following repetitive mild traumatic brain injury. Mice were tested in the Barnes maze for their ability to
locate a black box at the target hole. During the course of the six days of acquisition at both the threemonths and six-month chronic
time-points post-injury, the r-mTBI-treated mice travelled a greater mean cumulative distance to reach the target hole, compared to
sham controls (a and b, P< 0.001, repeated measures two-way ANOVA). Evaluation of spatial memory retention (Probe) of wild type
mice using the Barnes maze, at threemonths and sixmonths following r-mTBI (e and f, respectively). For the probe trial (the day
immediately following the 6 consecutive days of acquisition testing), the target box was removed, and mice were placed in the middle
of the table for a single, 60-s trial. Probe test performance was significantly impaired in the r-mTBI mice at threemonths (e, P< 0.01,
Student t-test) and sixmonths (f, P< 0.01, Student t-test), compared to r-Sham controls. Data are presented as mean� standard
deviation (SD); 12 r-Sham, and 12 r-mTBI at three months; 11 r-Sham, and 11 r-mTBI at six months.
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animal was removed from the experimental setup and

sacrificed under heavy isoflurane anesthesia.

Analysis of cerebral cortical vasculature

Following in vivo recordings, the animals were anes-

thetized with isoflurane and perfused transcardially

with phosphate-buffered saline (PBS), pH 7.4, the

brain was removed from the skull, and one hemisphere

was dissected to separate the brainstem, cerebellum,

and ophthalmic bulbs from the rest of the hemisphere

for biochemical analysis. The contralateral hemisphere

was post-fixed in 4% paraformaldehyde solution at

4�C for 48 h, and paraffin-embedded for immunohisto-

chemistry (see Supplementary Materials and Methods).

Western blot analysis was carried out on vascular-

enriched fractions from whole cortical brain tissue dis-

sected from sacrificed r-sham and r-mTBI mice. The

cerebrovasculature from mouse brain tissue was isolat-

ed using a methodology previously established by our

group.32 Our cerebrovascular preparation consists of

capillary micro-vessels and small cerebral vessels, as
we are interested in studying the role of both brain
vascular pericytes and smooth muscle cells in r-mTBI.
Equivalent total protein amounts were analyzed by
sodium dodecyl sulfate-polyacrylamide gel electropho-
resis under denatured and reduced conditions using 4–
20% TGX Stain-free precast Gels (Biorad), and
electro-blotted on to a low fluorescence polyvinylidene
difluoride (PVDF) membrane for 2 h at 90mA constant
current. Membranes were then washed in de-ionized
water and blocked for 1 h at room temperature with
5% non-fat milk in tris-buffered saline (TBS).
Membranes were then incubated with primary antibod-
ies overnight at 4�C. The following primary antibodies
were used at the given concentrations; laminin (Sigma,
rabbit anti-mouse laminin, L9393, 1:1000 Dilution),
platelet-derived growth factor receptor b (PDGFRb;
Abcam, rabbit anti-PDGFRb monoclonal, ab32570,
1:1000 Dilution), alpha smooth muscle actin
(aSMA; Millipore, mouse anti-aSMA monoclonal,
ASM-1, 1:1000 dilution), rabbit ant-mouse b-Actin

Figure 2. Time course of experimental assessment of cerebrovascular reactivity in male C57BL/6 mice. Representative laser speckle
contrast flux and bright field images taken from the dorsal view by the Moor FLPI2 Laser Speckle Contrast Imager of fixed heads of a r-
sham and r-mTBI mouse as viewed during the 60-s baseline immediately prior to hypercapnic challenge (a, first and second images
from left, respectively, of top and bottom panels), during the peak response to hypercapnia (b, third image, top and bottom panel), and
during the final return to baseline flux (c, fourth image, top and bottom). The time course of the experiment with relation to the
representative images is shown in (d). Two 0.3mm squared rectangular regions of interest (ROIs) were positioned over areas of the
cranial window with no obvious large arteries or transparency occlusion, with one ROI being positioned proximal to the midline site
of injury (a, top panel, second image, closed arrowhead) and the second being positioned distally to the midline site of injury (a, top
panel, second image, open arrowhead). The flux data for the entirety of the experiment duration for each mouse were normalized to
the 60-s baseline of the animal, and ABG analysis was evaluated immediately before and after the experiment (d).
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(Cell Signaling Technology (CST), 13E5, 1:1000

dilution), goat anti-mouse Aminopeptidase-N (CD13;

R&D Systems, AF2335, 1:1000 dilution), rabbit anti-

CD31 (PECAM-1, R&D Systems, D8V9E, 1:1000

dilution). Membranes were washed with deionized

water, incubated with the appropriate secondary anti-

body for 1 h at 4�C, washed once more, and developed

using ECL chemiluminescent detection reagent (GE

Life Sciences). Membranes were imaged using a

Biorad ChemiDoc Western Blot Imager, and densitom-

etry results of individual bands were collected using

ImageLab 5.2 (Biorad) software. Target protein

values for each lane were normalized against densitom-

etry values for its respective b-actin value. Analysis of

alpha-smooth muscle actin (aSMA) concentration in

vascular-enriched fractions from 9months and 15-

months-old wild type mice was carried out by means

of an enzyme-linked immunosorbent assay (ELISA;

LSBio, LifeSpan BioSciences, Mouse ACTA2, LS-

F21849, Seattle, WA) as per manufacturer’s direction,

and data expressed as nanograms (ng) per milliliter

(mL).

In vivo imaging analysis

The Moor FLPI2 image files (each 6min in length),

comprising 360 images taken at 1 s intervals, under

the high resolution, low speed, spatial setting on the

camera setup menu, were analyzed using the dedicated

Moor Image Review software. A region of interest

(ROI) measuring 0.3mm2 was placed at a location

within the area of thinned skull of the animal proximal

to, and approximately 1.5mm from, the midline suture,

and devoid of any large vessels, which may be menin-

geal or pial in nature, and so may not correspond to the

brain parenchyma from which measurements were

Figure 3. Cerebrovascular reactivity at ninemonths of age. CO2 evoked responses of the cerebrovasculature of positive control
ApoE3FAD mutant mice are diminished, as compared to the responses of C57BL/6 mice, at ninemonths post-injury. Representative
traces of CBF flux, as measured by laser speckle contrast imaging, show a reduced mean response in CBF at ROIs both proximal (a)
and distal (b) to the site of injury, in the brains of age-matched positive control ApoE3FAD mice, versus r-sham controls, following 60 s
of 5% CO2 hypercapnic challenge. The area under the curve (c, AUC) and peak response of each individual mouse, normalized to the
animal’s peak change in ETCO2 (d, CVR ratio) were both analyzed using a non-parametric unpaired Wilcoxon Mann–Whitney U test,
within ROI and between groups. The AUC of the proximal ROI CBF of EFAD mice was significantly less than that or age-matched r-
sham animals (c, P< 0.05, Mann–Whitney U test). The AUC of the distal ROI CBF was not significantly different between EFAD and r-
sham mice; however, there was a trend towards significance (c, P¼ 0.051, Mann–Whitney). There was a statistically significant
difference in CVR ratio between groups at ninemonths of age (d, P< 0.05, Mann–Whitney), with a significantly lower value in CVR of
EFAD mice of 0.64� 0.07, compared to a value of 1.27� 0.14 for r-sham controls, and a significantly lower value in CVR of EFAD
mice of 0.79� 0.23, compared to a value of 1.41� 0.31 for r-sham controls, at the proximal and distal ROIs, respectively (d, P¼ 0.05,
Mann-Whitney; r-Sham vs. EFAD, *P< 0.05, ***P< 0.001). R-sham mice; n¼ 5 per group. EFAD; n¼ 3 per group. CVR ratio; % Peak
Response in CBF/Change in ETCO2 (mmHg).
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intended to be made. A second 0.3mm2 ROI was

placed at a similarly parenchyma-like region approxi-

mately 3.0mm distal to the midline, within the area of

thinned skull (see Figure 2). All image files were

scrolled through to correct for any head or camera

movement during the experiment. Both proximal and

distal ROIs were exported as separate graph Excel files,

the flux data normalized to the 60 s of baseline imme-

diately prior to hypercapnic challenge, and so

expressed as percentage change from baseline. Every

image file’s correlative Labchart data for that experi-

ment were plotted parallel to the flux data (see

Supplementary Figure 2).

Statistical analysis

Study design and reporting followed ARRIVE guide-

lines. For Barnes Maze, normality of data was assessed

using Shapiro–Wilk test. If a given dataset was

normally distributed and variances were equal, one-
way ANOVA (for probe) or repeated measures
ANOVA (for acquisition) were used to assess signifi-
cant changes due to injury. Two-way ANOVA was
used to assess significant differences between groups
on only day 6 of acquisition trials.

Normality of CVR, biochemical, and immunohisto-
chemical data sets was tested using Shapiro–Wilk.
Biochemical and immunohistochemical data were ana-
lyzed using non-parametric Mann–Whitney U test.
CVR data were analyzed using an unpaired, one-
tailed, non-parametric Mann–Whitney U test, and the
size of the effect of r-mTBI or EFAD genotype ana-
lyzed between groups at either proximal or distal ROIs.
A given effect was considered significant at P< 0.05
and indicated by asterisks in the Figures. Error bars
represent the standard deviation from the mean.
Statistical analysis was performed, and graphs created
using GraphPad Prism 8.0.

Figure 4. Cerebrovascular reactivity at threemonths post-injury. CO2 evoked responses of the cerebrovasculature of C57BL/6 mice
are diminished at threemonths post-injury. Representative traces of CBF flux, as measured by laser speckle contrast imaging, show a
reduced mean response in CBF at ROIs both proximal (a) and distal (b) to the site of injury, in the brains of both r-mTBI mice, versus
r-sham controls, following 60 s of 5% CO2 hypercapnic challenge. The area under the curve (c, AUC) and peak response of each
individual mouse, normalized to the animal’s peak change in ETCO2 (d, CVR ratio), were both analyzed using a non-parametric,
unpaired Wilcoxon Mann–Whitney U test. The AUC of both the proximal and distal ROI CBF of r-mTBI mice was significantly less
than that of r-sham controls (c, P< 0.05, Mann–Whitney). There was a statistically significant difference in CVR ratio between groups
at both the proximal and distal ROIs at threemonths post-injury (d, P< 0.05, Mann–Whitney), with a significantly lower value in
proximal CVR ratio of r-mTBI mice of 0.97� 0.14, compared to a value of 1.27� 0.16 for r-sham controls (d, Mann–Whitney; r-sham
vs. r-mTBI, P< 0.05), and a significantly lower value of distal CVR ratio of r-mTBI mice of 0.95� 0.30, compared to a value of 1.41�
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Results

Barnes maze acquisition and probe

At both three and sixmonths following the final injury/
anesthesia, r-mTBI mice travelled a significantly great-
er mean cumulative distance than their r-sham controls
across the six days of acquisition (Figure 1(a) and (b),
P< 0.001). Additionally, we observed a distinct effect
of injury on cumulative distance travelled over time,
reflected by a progressive separation of cumulative dis-
tance travelled by r-mTBI mice, compared to r-sham
controls, across the six consecutive days of acquisition
at threemonths post-injury (Figure 1(a), r-Sham vs.
r-mTBI; P¼ 0.0118), and also a significant effect of
injury on cumulative distance with time at sixmonths
(Figure 1(b), r-Sham vs. r-mTBI; P< 0.001). The mean
velocity of r-mTBI mice was statistically significantly
greater at both three and sixmonths post-injury
(Figure 1(c) and (d), P¼ 0.0046 and P¼ 0.0119,

respectively), with the average velocity of r-mTBI

mice being statistically greater than that of r-Sham

controls on day 6 of acquisition at both threemonths

(Figure 1(c), P< 0.05) and sixmonths (Figure 1(d),

P< 0.05) post-injury.
Spatial memory was also analyzed at 3 and 6months

following final injury/anesthesia (9 and 12months of

age, respectively). Probe test performance was pro-

foundly impaired in r-mTBI mice, compared to

r-sham controls, at both threemonths (Figure 1(e),

P< 0.01) and sixmonths (Figure 1(f), P< 0.05) post-

injury.

CVR at threemonths post-injury in ninemonths old

wild type mice

CVR of mice in response to inhalation of 5% CO2 in

medical grade room air for 60 s, and concomitant tran-

sient increase in ETCO2 to 55–60mmHg, was markedly

Figure 5. Cerebrovascular reactivity at ninemonths post-injury. CO2 evoked responses of the cerebrovasculature of C57BL/6 mice
at ninemonths post-injury. Representative traces of CBF flux, as measured by laser speckle contrast imaging, showed the response in
CBF at ROIs both proximal (a) and distal (b) to the site of injury, in the brains of r-mTBI mice, versus r-sham controls, following 60 s of
5% CO2 hypercapnic challenge, at ninemonths post-injury. The area under curve (c, AUC) and peak response of each individual
mouse, normalized to the animal’s peak change in ETCO2 (d, CVR ratio), were both analyzed within ROI using a non-parametric,
unpaired Wilcoxon Mann–Whitney U test. There was a statistically significant decrease in AUC of r-mTBI mice, compared to r-sham
controls, at the proximal ROI at ninemonths post-injury (c, Mann–Whitney, P< 0.01). There was no statistically significant difference
in CVR ratio between groups at either the proximal or distal ROI at ninemonths post-injury (d, Mann–Whitney, P> 0.05); however,
the CVR ratio at the proximal ROI showed a trend toward significant decrease (d, Mann–Whitney, P¼ 0.06). Neither the AUC, nor
the CVR ratio analysis of the distal ROI reported statistically significant difference between r-sham and r-mTBI at ninemonths post-
injury (d, Mann–Whitney, P> 0.05). R-sham, n¼ 5, r-mTBI, n¼ 6. CVR ratio; % Peak Response in CBF/Change in ETCO2 (mmHg).
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decreased in nine-month-old EFAD transgenic mice,
compared to age matched wild type r-sham controls.
The mean response of CBF from ROIs both proximal
and distal to the midline site of injury of nine-month
old r-sham and EFAD mice (Figure 3(a) and (b),
respectively) was analyzed using both area under the
curve (Figure 3(c)) and the CVR ratio, a more clinically
relevant index of CVR compared to the AUC,
expressed by further normalizing the peak response
percentage change in CBF from baseline, to the peak
change in ETCO2 from baseline for each animal. AUC
analysis demonstrates a significant decrease in response
of EFAD transgenic mice of approximately 51.87%
and 37.82% mice, at the proximal and distal ROIs,
respectively, compared to r-sham controls (Figure 3
(c); Mann–Whitney, P< 0.05), and CVR ratio analysis
showed a decrease in peak CBF response, normalized
to peak change in ETCO2, of EFAD transgenic mice,
of approximately 49% and 44%, at the proximal and
distal ROIs, respectively, relative to r-sham controls
(Figure 3(d), Mann–Whitney, P< 0.05).

The cerebrovascular reactivity at threemonths post-
injury in response to inhalation of 5% CO2 in medical
grade room air for 60 s, and concomitant transient
increase in ETCO2 to 55–60mmHg were markedly
decreased in r-mTBI mice, compared to r-sham con-
trols, at threemonths post-last mTBI. The mean

response of CBF from ROIs both proximal and distal

to the midline site of injury of nine-month-old r-sham

and r-mTBI mice (Figure 4(a) and (b), respectively) was

analyzed using both area under the curve (Figure 4(c))

and the CVR ratio. The AUC analysis demonstrates a

significant decrease in response of r-mTBI mice of

approximately 47% and 44% at the proximal and

distal ROI, respectively, compared to r-sham controls

(Figure 4(c); Mann–Whitney, P< 0.05), and CVR ratio

analysis showed a decrease in ETCO2-normalized peak

CBF response of r-mTBI mice, of 30% and 46%, at the

proximal and distal ROIs, respectively, relative to

r-sham controls (Figure 4(d), Mann–Whitney, P< 0.05).

CVR at 9months post-injury in 15months old wild

type mice

The cerebrovascular reactivity at 9months post-injury

in response to inhalation of 5% CO2 for 60 s, and con-

comitant transient increase in ETCO2 to 55–60mmHg,

was markedly decreased in 14–15-months-old r-mTBI

mice, compared to r-sham controls, at ninemonths

post-last mTBI. The mean response of CBF from

ROIs both proximal and distal to the midline site of

injury of 15-months old r-sham and r-mTBI mice

(Figure 5(a) and (b), respectively) was analyzed using

both area of curve (AUC, Figure 5(c)) and the CVR

Figure 6. Western immunoblot analyses of cerebrovascular cellular markers in cortical vascular-enriched fractions at threemonths
and ninemonths post-injury. Representative images of Western blot bands shown in (a) and (b) were analyzed via densitometry to
compile the graphs shown in (c) and (d). Expression of laminin, CD31, CD13, and aSMA were not altered in cortical vascular fractions
of r-mTBI mice, as compared to r-sham, at three or ninemonths post-injury (c and d, P> 0.05, Mann–Whitney); however, the
expression of the receptor complex PDGFRb was significantly decreased in r-mTBI cortical vasculature, compared to the vascular
fractions of r-sham controls (c, P< 0.01, Mann–Whitney) at threemonths post-injury. This decreased expression of PDGFRb was not
significant at ninemonths following r-mTBI (d, P> 0.05, Mann–Whitney) wild type mice; six r-Sham and six r-mTBI. Values expressed
as AU. All densitometry values for individual bands in A and B were normalized to the b-Actin value for their respective lane and this
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ratio. AUC analysis demonstrates a statistically signif-
icant decrease in AUC of r-mTBI mice of approximate-
ly 36% at the proximal ROI, compared to r-sham
controls (Figure 5(c); Mann–Whitney, P< 0.05).
There was a decrease in AUC value of r-mTBI mice
of approximately 20% at the distal ROI, compared to
r-sham controls; however, this was not significant
(Figure 5(c); Mann–Whitney, P> 0.05). CVR ratio
analysis shows no correlate decrease in ETCO2-
normalized peak CBF response of r-mTBI animals, rel-
ative to r-sham controls, at the proximal or distal ROI
(Figure 5(d), Mann–Whitney, P> 0.05), but a trend
towards a decrease at the proximal ROI (Figure 5(d),
Wilcoxon, P¼ 0.14).

Analysis of vascular density and mural cell coverage

Western blot analysis of isolated cerebrovascular frac-
tions from wild type r-sham and r-mTBI mouse cortical
tissue revealed a statistically significant decrease in
expression of PDGFRb at threemonths post-injury
(Figure 6(c), unpaired, two-tailed Mann–Whitney U
test, P< 0.01). There was no apparent change in the
expression level of the cerebrovascular-associated
basal membrane constituent Laminin, the endothelial
marker CD31, or the pericyte cellular marker CD13;
however, there was a non-significant decrease in levels
of the smooth musculature marker aSMA between
r-sham and r-mTBI mice at threemonths post-injury
(Mann–Whitney, P¼ 0.3), but not at ninemonths
post-injury, as assessed via immunoblot analysis.
Enzyme-linked immunosorbent assay (ELISA) analysis
of the same vascular-enriched fractions confirmed this
trend towards significance of reduction in the expres-
sion of aSMA of approximately 34% at threemonths
post-injury (Figure 7(a), Mann–Whitney, P¼ 0.058),
alongside the approximate 40% decrease in levels of
PDGFRb demonstrated via immunoblot analysis,
with no difference in either marker detected at nine-
months following r-mTBI (Figure 7(b), Mann–
Whitney, P> 0.05). The average area per image of
laminin-positive capillaries throughout layers I–II
of the cortices of r-mTBI mice was not statistically sig-
nificantly different to that of r-sham controls at either
threemonths or ninemonths post-injury (Supplemental
Figures 4 and 5(I), Mann–Whitney, P> 0.05), suggest-
ing that there is no change in the overall density of the
cerebral vasculature during the times at which both
CVR, and learning and memory are impaired. In addi-
tion, there was no statistically significant difference in
the average coverage of laminin-positive vessel ROIs by
CD13 immuno-positive pericytes between groups at
either threemonths or ninemonths following injury
(Supplemental Figures 4 and 5(II), Mann–Whitney,
P> 0.05).

Discussion

Epidemiological and neuropathologic evidence emerg-

ing over the last decade supports a causal link between

a history of head trauma and the development of later

life neurodegenerative co-morbidity33–36 and demen-

tia,35–39 including, but not limited to, the tauopathies

Alzheimer’s disease (AD)35,40 and chronic traumatic

encephalopathy (CTE).35,41–44 All phase III clinical

trials using drugs with demonstrated efficacy in multi-

ple pre-clinical models have failed,45,46 indicating the

need for better stratification of injury mechanism,

severity, and endophenotype by biomarkers more sen-

sitive than neurological assessment alone.47 Clinical

imaging of aberrant protein aggregates as a biomarker

in patients with a history of TBI has been limited.48,49

However, detection of cerebrovascular pathophysiolo-

gy via CBF and CVR modalities is well established,

and as cerebrovascular pathology such as TCVI is

not only known to be sufficient for development of

neurodegenerative illness in human patients,50 but

also to precede clinical symptomology in diseases

such as AD,51–53 these imaging metrics represent

early occurring and easily detectable point-of-care bio-

markers, and possible prognostics, for TBI-related ill-

ness and recovery, respectively.
Although CVR deficit is a symptom of many neuro-

degenerative diseases,23,54,55 recent work by Diaz-

Arrastia et al.7,17,56,57 has demonstrated global,

Figure 7. ELISA measurement of aSMA concentration in cor-
tical vascular-enriched fractions at threemonths and ninemonths
post-injury. Biochemical analysis of the vasculature revealed a
trend towards a decrease in levels of aSMA in the brains of r-
mTBI at threemonths post-injury, compared to r-sham controls
(P¼ 0.058, Mann–Whitney). There was no statistically significant
difference in levels of aSMA between r-sham and r-mTBI mice at
nine months post-injury (P> 0.05, Mann–Whitney). Error bars
represent� SD.
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whole gray, and white matter CVR deficit in moderate-
to-severe TBI patients over a timeframe of sixmonths
to eight years following injury, using BOLD MRI
hypercapnic challenge,7,17,56,57 and a correlation of
global gray matter CVR, but not resting CBF, with
chronic TBI symptoms.17 Furthermore, regions of
parenchymal tissue distant from areas of encephaloma-
lacia and gross tissue damage exhibited resting CBF
comparable to healthy controls, but showed CVR def-
icit, suggesting that normal appearing areas of tissue
with apparently adequate vessel density and resting
state perfusion are still damaged enough to have a
decreased response to vasoactive stimuli.17,56 In addi-
tion, whole brain CVR from TBI patients with marked
encephalomalacia does not differ from that of TBI
patients without detectable parenchymal lesions,56 indi-
cating gross tissue damage may not be necessary for the
diffuse TCVI-associated pathophysiology seen here,
and perhaps in lesser severities of TBI. The prevalence
of CVR perturbation is not limited to the chronic phase
following moderate to severe forms of injury. Mutch
et al.16,58 have demonstrated alterations in global CVR
in adolescents following sports-related concussion.
Bailey et al.59 have shown the magnitude of decreased
CVR in adult boxers to correlate with both the number
of mTBIs sustained and the degree of neuropsycholog-
ical deficit incurred. Svaldi et al.60 showed only tran-
sient decreases in CVR in asymptomatic female soccer
players following a single season of play, as compared
to pre-season baseline values, correlating with the
number and degree of high acceleration events
(HAEs). The finding that both symptomatic boxers59

and asymptomatic soccer players60,61 exhibit decreased
CVR supports its use as a biomarker of TCVI across
mTBI populations. The recovery of CVR in female
athletes, as compared to the ongoing deficit in boxers,
is possibly due to a comparatively greater load and
frequency of mTBIs attained during a boxing season,
as compared with that over a season of soccer. Indeed,
those soccer players sustaining the greatest load of
higher force HAEs demonstrated the worst CVR, indi-
cating there may be a threshold of mTBIs needed for
prolonged CVR perturbation in humans, much as is
the case with pathological phenotypes in animal
models of r-mTBI, where typically the highest frequen-
cies of closed head trauma give the most extreme
r-mTBI-related sequalae, such as pathognomonic
tauopathy.19,62

The injury paradigm used in this study was chosen
to emulate the r-mTBI frequency to which athletes and
military personnel may be exposed over the course of
an entire career. To assess the disseminate nature of
CVR in the brain parenchyma of our experimental ani-
mals, blood flux recordings were taken from two opti-
mally distant, equally sized ROIs placed over areas

devoid of any large vessels. We report a profound
r-mTBI dependent decrease in CVR at threemonths
post-injury recorded from separate ROIs when ana-
lyzed via either the AUC of the CBF flux, or the
ETCO2-normalized peak CBF response. There is a
trend towards recovery of CVR deficit at ninemonths
post-injury, reflected by the lack of a deficit in either
the AUC or ETCO2-normalized CVR values recorded
from the more lateral of cortical ROIs examined,
despite a conserved significant deficit in the CVR
AUC, and trend towards decrease in ETCO2-normal-
ized CVR (P¼ 0.06) at the ROI more proximal to the
sagittal suture. The fractional microvascular volume of
the cerebral cortex of C57Bl/6 mice is known to
increase with distance lateral from midline,63 perhaps
masking a present but diminished injury effect at this
ROI at the later time-point. Regardless, the CVR
impairment can be interpreted in one of two ways;
either the CVR detriment in our animal model is
short-lived, and shows a propensity to resolve follow-
ing reprieve from trauma, as is the case in the above
human studies by Mutch16,58 and Svaldi,61 or the effect
at the more chronic ninemonths post-injury time-point
is only detectable with a more sensitive, global imaging
modality, much as with chronic human TBI CVR
dysfunction.17,56,57

To elucidate possible underlying causes of our
observed alterations in CVR following head trauma,
we examined markers for vascular endothelial and
mural cells. Leptomeningeal and precapillary arteriolar
encompassing smooth muscle cells expressing the con-
tractile protein aSMA,64 and pericytes expressing the
cellular markers PDGFRb and CD13, have both been
shown to regulate CBF in vivo.65–67 Pericytes initiate
and maintain retrograde signaling upstream to larger
arterioles via sensing and conductance of a hyperpola-
rizing potassium cation current,68,69 and contribute
greatest to vascular resistance in the CNS.70 The cap-
illary strata of the cerebral vasculature also responds
and dilates first in mouse imaging studies,71,72 and the
initial BOLD MRI signal in humans emanates from
localized parenchymal areas,73 suggesting engagement
of the capillaries, and perhaps, by default, pericytes,
first in physio-normal neurovascular coupling. Kisler
et al.74,75 have shown that modest cerebral vessel peri-
cyte degeneration in mice heterozygous for PDGFRb
loss-of-function (PDGFRbþ/�),76 and tamoxifen-
inducible acute, global ablation of cortical pericytes
in mice,75 both result in a similar blunted capillary
neurovascular coupling in absence of impaired endo-
thelial, astroglial, or smooth muscle cell-dependent
vasodilation or compromised neuronal cell viability,
implicating healthy pericyte presence and function as
crucial for normal CBF regulation. Indeed, studies
have shown both a rapid cerebral vessel pericyte cell
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death,77 and an acute rarefaction and pursuant increase
in pericytes78 following a single controlled cortical
impact (CCI) in mice,77,78 and pericyte loss is seen in
humans following moderate to severe TBI.79,80 These
data together indicate pericyte degeneration may be
incipient in TCVI pathogenesis. We report a decreased
expression of PDGFRb in tandem with aSMA, but
without pericyte vessel coverage loss, as assessed by
CD13 (most ubiquitously expressed by pericytes81) at
threemonths following r-mTBI, perhaps suggesting
arteriolar smooth musculature damage with concomi-
tant capillary pericyte injury. To our knowledge, there
exists no documentation of arteriolar-specific loss of
PDGFRb or aSMA expression following TBI; howev-
er, human primary cell cultures of pericytes are known
to express approximately four times as much of the
receptor as human primary SMCs82 and to shed soluble
PDGFRb upon hypoxic and amyloid beta-induced
injury.82 Hence, the decrease in PDGFRb seen here is
likely reflective of pericyte injury. The lack of evidence
of mural cell marker loss or damage at the later of the
time-points analyzed may suggest a latent recovery of
TCVI following cessation of mTBIs as causative for the
less pronounced CVR deficit with time following injury
in our r-mTBI animals, as compared to r-sham mice,
much as with the above human population of athletes,
when compared to healthy controls.60,61,83 Indeed,
although human post mortem studies show microvas-
cular cell apoptosis up to 20 days following severe
TBI,84 Danaila et al.85 have reported post-traumatic
artery ECs and SMCs exhibiting mixed apoptotic, par-
apoptotic, and regenerative markers at fourweeks fol-
lowing craniocerebral injury. A similar profile of mural
cell regeneration with time in our r-mTBI mice could
account for the earlier decrease, and later restoration,
of levels of aSMA and PDGFRb in our immunoblot
analyses. As the nature of mild head trauma in the
human population precludes analysis of the relatively
acute vasculopathies underlying CVR impairment,
emulation of a profile of CVR deficit akin to human
studies further validates our animal model of r-mTBI
and offers a pre-clinical platform for translational
research.

Compromised CVR in TBI may be due to an inabil-
ity of cerebral vessels to react normally to vasoactive
stimuli, rather than a decreased density of the vessels
themselves.56 Indeed, there was no difference in expres-
sion of either the basal lamina protein laminin, or the
endothelial cellular marker CD31, as assessed via
immunoblot, or in the average area of laminin positive
vessels, as quantified by laser confocal immunofluores-
cence, between the r-sham and r-mTBI mice in this
study, approximating the above human data, wherein
CVR impairment occurs in absence of cerebral vascular
anatomical differences.17,56,58 The preserved cerebral

vessel density in both our r-mTBI mice and human
chronic TBI patients17,56,58 could be said to conflict
with reports of both early cerebral vasculature mor-
phological changes in human patients following
severe TBI,84 and cerebrovascular cellular stress and
apoptosis,86 and aberrant morphology following TBI
in animal models.86,87 Obenaus et al.88 have catalogued
an acute rarefaction of global cerebrovascular density
at 1 day following mTBI in mice,88 with a recovery to
baseline levels by 14 days post-injury, and Hayward
et al.89 have shown acute cerebrovascular loss, before
revascularization with persistent hypoperfusion at
14 days post injury in a rat model of TBI.89 Steinman
et al.90 have shown blunted resting and hypercapnia-
induced CBF at fourweeks following CCI in mice,
despite recovery of microvascular density and volume
detriments recorded at one day post injury. These data
not only suggest an acute loss and later return of cere-
brovascular density following brain trauma in animal
models, and possibly human patients, but also demon-
strate that revascularization does not necessarily trans-
late to functional recovery. The unperturbed
cerebrovascular density despite decreased cerebrovas-
cular responsiveness at chronic periods following
repeat mild TBI in our animals is thus unsurprising,
especially as it is known that while both moderate
and severe TBI leads to similar cerebrovascular pallor
acutely, only animals exposed to the lesser, moderate
intensity of TBI show recovery of vascular density.91

The unaltered expression of CD31 alongside normal
laminin-positive vessel density in the brains of r-mTBI
mice suggests the cerebral endothelium may be func-
tionally impaired, as opposed to physically absent, fol-
lowing injury. This hypothesis is supported by clinical
observations of early decreases of reactive hyperemia
index, a measure of microvascular endothelial function,
in patients admitted with acute brain injury,92 and pre-
clinical studies demonstrating early activation of the
endothelium,93 and loss of endothelial nitric oxide syn-
thase-(eNOS) dependent vasogenic tone94,95 and
eNOS-dependent improvement in CBF,96 following
TBI. Further evidence that TCVI-associated microvas-
cular dysfunction can occur with normative, intact
vessel volume can be seen in a study by Wei et al.,97

showing mTBI in rats elicits a pronounced decrease in
CVR via hypercapnic challenge for up to threeweeks
post-injury, with the degree of deficit in response to
either hypercapnia or topical application of acetylcho-
line quantitatively greater than that observed with
application of the nitric oxide (NO) donor sodium
nitroprusside (SNP),97 indicating that while the
smooth musculature retains the ability to respond to
NO, production of NO itself seems impaired.97

Concomitantly, Kenney et al.57 demonstrated that a
single oral 25mg dose of sildenafil was sufficient to

Lynch et al. 1373



potentiate CVR in moderate to severe TBI patients

exhibiting CVR deficits in lesioned and normal appear-

ing gray matter tissue with normal resting CBF, indi-
cating intact and functional vessel density, as is

indicated in our study, where there was no change in

cerebral vascular lamina or endothelial cellular

markers post-injury. Patients receiving a twice daily
oral dose of 25mg sildenafil for a course of eight weeks

showed improved CVR relative to baseline. In this

study, there was no significant effect of prolonged

treatment on neurocognitive function or self-reported

symptoms with sildenafil administration,57 despite res-
cued CVR. The lack of an amelioration in clinical

symptoms complement to improved CVR following a

short treatment57 is neither surprising nor disparaging

for prospective treatment earlier in disease progression,
as the neurodegenerative effects consequent to a pro-

tracted ischemia are slowly evolving,74 and chronic

TBI-related illness is known to be accompanied by

hither-to irreversible white matter tract damage and

neuroinflammation98,99 alongside the TCVI seen in
these patients. Indeed, early treatment of TCVI with

angiogenic therapeutics has been shown to ameliorate

cognitive symptoms in animal models of brain

injury.100–102 Treatment with simvastatin in 18-
month-old transgenic mice over-expressing transform-

ing growth Factor-b 1 (TGF-1), considered a model of

cerebrovascular disease, is shown to restore nitric oxide

levels to baseline in vivo and to rescue acetylcholine-
induced CVR deficit ex vivo.103 Synergistic rescue of

both cerebral artery CVR deficit ex vivo, and impaired

spatial memory, in AD mice has been observed follow-

ing treatment with simvastatin.28 Most importantly,

these neurocognitive and physiological improvements
occurred without obvious resolution of amyloid

pathology, and only in the adult treated, and not the

aged, group of AD mice.28 The reversal of both cogni-

tive and CVR deficits by angiogenic statins at an earlier
stage of neuropathology in animal models of AD, and

the above success in the rescue of vascular responsive-

ness and behavioral phenotype in animal models of

TBI, along with the proof of concept of targetability
of TCVI by CVR analyses from both Kenney et al.57

and Wei et al.,97 all suggests that treatment of TCVI

may have therapeutic efficacy in the pathogenesis of

TBI and CTE-like neurodegenerative disease.
In summary, we have demonstrated a chronic func-

tional deficit of the cerebral vasculature following

closed head repeat mild traumatic brain injury coincid-

ing with cerebrovascular-specific pathology and neuro-
behavioral decline. These results, which resemble those

across a spectrum of mTBI patients in the human pop-

ulation, posit a causative role for TCVI in preclinical r-

mTBI-related pathogenesis, and justification for the use

of CVR as a prospective therapeutic metric in pre-

clinical and human TBI research.
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