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Abstract

Traumatic brain injury (TBI) research has focused on moderate to severe injuries as their outcomes are
significantly worse than those of a mild TBI (mTBI). However, recent epidemiological evidence has indicated
that a series of even mild TBIs greatly increases the risk of neurodegenerative and psychiatric disorders.
Neuropathological studies of repeated TBI have identified changes in neuronal ionic concentrations, axonal
injury, and cytoskeletal damage as important determinants of later life neurological and mood compromise; yet,
there is a paucity of data on the contribution of neurogliovascular dysfunction to the progression of repeated
TBI and alterations of brain function in the intervening period.

Methods: Here, we established a mouse model of repeated TBI induced via three electromagnetically actuated
impacts delivered to the intact skull at three-day intervals and determined the long-term deficits in
neurogliovascular functioning in Thy1-ChR2 mice. Two weeks post the third impact, cerebral blood flow and
cerebrovascular reactivity were measured with arterial spin labelling magnetic resonance imaging. Neuronal
function was investigated through bilateral intracranial electrophysiological responses to optogenetic
photostimulation. Vascular density of the site of impacts was measured with in vivo two photon fluorescence
microscopy. Pathological analysis of neuronal survival and astrogliosis was performed via NeuN and GFAP
immunofluorescence.

Results: Cerebral blood flow and cerebrovascular reactivity were decreased by 50+16% and 70+£20%,
respectively, in the TBI cohort relative to sham-treated animals. Concomitantly, electrophysiological
recordings revealed a 97+1% attenuation in peri-contusional neuronal reactivity relative to sham.
Peri-contusional vascular volume was increased by 33+2% relative to sham-treated mice. Pathological analysis
of the peri-contusional cortex demonstrated astrogliosis, but no changes in neuronal survival.

Conclusion: This work provides the first in-situ characterization of the long-term deficits of the
neurogliovascular unit following repeated TBI. The findings will help guide the development of diagnostic
markers as well as therapeutics targeting neurogliovascular dysfunction.
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Introduction

Traumatic brain injury (TBI) is a widespread
condition, with a global incidence greater than 6 for
every 1000 people [1]. The severe injuries are often

fatal and even moderate ones have permanent effects
on cognition, memory, and mood disorders. In
contrast, a mild TBI (mTBI) may simply cause brief
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confusion or cognitive impairment, but its prevalence
is much higher than that of moderate and severe
injuries with some estimates suggesting that up to
90% of TBI cases involve mild injuries [1]. While
immediate sequelae of mTBI are often transient, there
is mounting evidence of an association between mTBI
and late-onset neurodegenerative and mood
disorders [2-4]. This risk is amplified in the case of
repeated head trauma, which may lead to chronic
traumatic encephalopathy —a progressive
neurodegenerative disease involving cognitive
decline—as well as neuropsychiatric conditions
including depression and suicidal tendencies [5,6].
Although the determinants of long-term effects of
repeated mTBI are not well understood, the
epidemiological evidence of long term dysfunction
following multiple mTBI has prompted many
organizations to implement “three-strike” rules
mandating that those who suffer a third mTBI be
removed from the environment in which the injury
occurred [7]. Notwithstanding, hitherto, studies of
repeated mTBI have focused on acute pathology. To
address this gap, we set out to determine changes in
brain function elicited by a series of mild TBI, which
may underlie the increased risk of later life
neurodegenerative and mood disturbances.
Assessments of the neurogliovascular unit
following repeated mTBI have been limited to
histological investigations, with a paucity of data on
in situ brain function. Functional imaging has,
however, been key in our understanding of
neuropathological ~ progression  and  disease
monitoring in stroke, Alzheimer’s disease, and
moderate to severe TBI [8]. In particular,
cerebrovascular reactivity (CVR), the brain’s ability to
elevate blood flow above baseline, is compromised
following moderate to severe TBI [9] and has been
identified as critical in the ensuing pathological
progression and functional decline [10]. Making
inferences about mTBI based on preclinical
assessments of CVR following moderate to severe TBI
may be difficult due to the great disparity in the
degree of functional impairment between moderate to
severe and mild TBI, as well as the supralinear effects
of the repeated mild insults. These considerations
have prompted the development of preclinical models
of mild TBI and repeated mild TBIL their
histopathological characterization indicated that mild

TBI, when repeated, results in compromised
blood-brain-barrier, pyramidal neuron death,
astrocytic activation, and recruitment of

macrophages/ microglia to the site of the injury
[11-15]. Furthermore, behavioural assessments of
repeated mTBI mice have revealed cognitive and
motor deficits greater than those predicted from

summation of compromise seen in mice challenged
with a single mild TBI [16]. Despite the progress made
in characterizing repeated mild TBI wusing
histopathology and behavioural testing, functional
assessments of the neurogliovascular unit following
repeated mTBI are lacking [17].

In this study, we report on the first in situ
functional assessments of the neuronal and
cerebrovascular functions in the chronic phase of a
series of mild impacts. Using a repeated closed head
injuries (CHIs) model comprising one closed skull
strike delivered every three days for a total of three
impacts, we quantified the resting cerebral blood flow
(CBF) and the CVR via pseudo-continuous arterial
spin labelling (pCASL) MRI two weeks after the final
impact of the repeated impact paradigm. Neuronal
network  functioning  was  assessed  using
electrophysiological recordings of evoked potentials
in response to photostimulation of channelrhodopsin
(ChR2)-positive cortical pyramidal neurons. Results
of in situ assays were then interpreted alongside
immunohistochemical measurements of neuronal,
glial, and vascular state. These mice exhibited
cerebrovascular dysfunction as indicated by reduced
CBF and CVR, as well as remodelling of
cerebrovasculature observed via in vivo two-photon
fluorescence microscopy. Furthermore, the amplitude
of evoked neuronal response to optogenetic
photostimulation was reduced, despite no significant
changes in neuronal density on NeuN, neurofilament,
and MAP2 immunofluorescence. Altogether, our
results reveal pronounced neurogliovascular
impairments two weeks following a series of three
mild impacts.

Methods

Animals

Thirty-six 9-week-old transgenic Thy1-ChR2
mice underwent either repeated CHI (n=19, 10 male, 9
female) or sham preparation (n=17, 9 male, 8 female).
This age is considered equivalent to puberty/young
adulthood in humans [18]. Repeated TBI was induced
via three electromagnetically actuated impacts
delivered at 3-day intervals to the skull region
corresponding to the forelimb region in the primary
somatosensory cortex (S1FL). Sham-treated mice
underwent the same surgical procedures with no
impacts. To assess cerebrovascular dysfunction in the
chronic phase of injury, pCASL imaging (n=8) was
used to measure resting CBF and CVR to hypercapnic
challenge. The brains of a subset of these mice (n=>5)
were then harvested for pathology. A cohort of mice
underwent in vivo two-photon fluorescence
microscopy to measure peri-contusional vascularity
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(n=4). Neuronal function was probed via
electrophysiological recordings of evoked responses
to optogenetic photostimulation (n=4). The final
cohort sizes in each assay are summarized in Table 1.

Repeated CHI induction

All animal experiments were approved by the
Sunnybrook Research Institute (SRI) Animal Care and
Use Committee. Transgenic Thyl-ChR2-YFP mice
(stock no. 007612, strain B6.Cg-Tg (Thyl-COP4/
EYFP)18Gfng/] from Jackson Labs, Bar Harbor, ME;
bred in-house) were used in this study (YFP
expression in a sample animal is shown in Figure S1).
These mice have been bred to express
channelrhodopsin-, a light-gated cation channel that
is non-selective towards H*, Na*, K*, and CA?*, in
cortical pyramidal neurons, enabling optical control
of neuronal activation [19,20]. Induction of repeated
mTBI or sham preparation was achieved via three
individual closed head injuries with a three-day
inter-impact interval (Figure 1). For each CHI, mice
were anesthetized with isoflurane (5% induction, 2%
maintenance), administered 5 mg/kg Xylocaine
(Astrazeneca, Mississauga, Canada) and 5 mg/kg
Baytril (Rompun, Bayer Inc.) subcutaneously, placed
on a feedback-controlled heating pad, and fixed on a

A
B Repeated CHI
g
~ )
Impact #1 Impact #2 Impact #3

-6 de.lys

-3 days 0 days

stereotactic surgical frame. Under aseptic conditions,
a midline excision was then performed to expose the
skull surface, and the forelimb region of the primary
somatosensory cortex was located stereotactically (1.5
mm mediolateral from midline on the right-hand side,
0.5 mm anterior of bregma) [21]. The impactor was
positioned to deliver an impact perpendicular to the
skull surface, and a single impact was delivered at 2
m/s, to a depth of 1000 pm below the skull surface,
with a dwell time of 200 ms, using a 1.5 mm diameter
impactor tip (Leica Impact One stereotaxic actuator,
Leica Biosystems, Wetzlar, Germany). These
procedures were performed in sham treated mice as
well, but the impact was not delivered. The midline
incision was then sutured closed, isoflurane
discontinued, and the mice recovered under a heating
lamp. This surgery was repeated a further two times
at 3-day intervals.

Imaging

Two weeks following the third CHI, mice
underwent either MRI or electrophysiology. For
imaging procedures, mice were anesthetized under
isoflurane (5% induction, 1% for imaging), underwent

orotracheal intubation with a 22-gauge catheter, and
were mechanically ventilated (SAR 830/P, CWE Inc.).

O Impactor Tip
[ pCASL Imaging Slice
[C] IHC Sections

MRI
Electrophysiology
Immunohistochemistry

Figure 1. Experimental design and timeline for induction of repeated mTBI and readouts. (A) Diagram showing the location of the closed head injuries (green circle), pPCASL
imaging slice (orange rectangle), and region characterized by immunohistochemistry (blue rectangle) on a mouse skull diagram. (B) Repeated mTBI consisted of three closed head injuries
(CHls) delivered to the skull surface overlying SIFL. Impacts were delivered at 2 m/s, with a dwell time of 200 ms, to a depth of | mm, and using a 1.5 mm impactor tip. Each impact was
separated by a 3-day inter-impact interval. Two weeks following the final CHI, mice underwent either electrophysiology or MRI followed by immunohistochemistry. Sham-treated mice
underwent the same timeline and surgical procedures, but no impacts. T>-weighted images of structural damage at two timepoints of the study are shown on the bottom from two mice with
alterations that are representative of each timepoint. The left image was acquired 24 h after a single impact, whereas the right image was taken two weeks after the last impact. White arrows

indicate the locations to which impacts were delivered.
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Stable physiological state was ensured by monitoring
heart rate and pO; via pulse oximetry (MouseOx Plus,
STARR Life Sciences Group), temperature via rectal
probe, and end-tidal CO; via a rodent capnograph
(microCapStar End-Tidal CO. Analyzer, CWE Inc.).
Mice were immobilized via an incisor bar and ear
bars.

Magnetic resonance imaging

Imaging was performed on a 7 T preclinical
horizontal MRI system (Bruker, BioSpec, Ettlingen,
Germany). A birdcage body coil was used for
excitation and a 20 mm diameter loop coil for
reception. Mice were immobilized via an incisor bar
and ear bars, and positioned such that the brain
region of interest was located at isocenter.

To assess structural damage associated with TBI,
thirteen coronal T-weighted rapid acquisition with
refocused echoes (RARE) images were acquired
(TR/TE = 2500/33 ms, 62.5 pm nominal in-plane
resolution, 0.7 mm slice thickness, and RARE factor =
8) [22]. From these anatomical images, a slice
containing no hypointense regions was selected for
subsequent pCASL experiments.

pCASL imaging was performed using an
unbalanced labelling scheme (4 pT pulses with
Gav/ Gmax = 10/45 mT/mm, Hanning-shaped pulses of
duration 400 ps, 800 ps pulse interval, and with
interpulse phase changes to optimize pCASL signal)
[23]. Adiabatic labelling pulses were applied through
a plane positioned perpendicular to the common
carotid artery, 13 mm posterior to the imaging slice.
Single slice, single shot, echo planar images (EPI)
were then collected with TR/TE = 3500/11 ms, 1 mm
coronal slice thickness, and 250 pm nominal in-plane
resolution. Quantification of resting perfusion was
achieved via multi-post label delay (PLD) pCASL
imaging; thirty-two labelled-unlabelled EPI pairs
were acquired for each of nine PLDs (0, 50, 150, 250,
350, 500, 750, 1000, and 2000 ms in randomized order).
Voxelwise resting CBF and arterial transit time (ATT)
were then computed in absolute units by modelling
the mean pCASL signal vs. PLD, using an in-house
Python implementation (Python Software
Foundation, https://www.python.org/) of the
single-compartment model [24].

For assessment of CVR to 10% CO; in the
inspired gas mixture, pCASL imaging was performed
as above (with PLD = 250 ms, TR = 2500 ms) during
four separate one-minute hypercapnic challenges
(10% COz 69% Nz 21% O delivered via
programmable gas mixer, CWE inc.,, Boston, MA,
USA) separated by four minutes of medical air
breathing (0% CO., 79% Na, 21% O»). Data were
motion-corrected (AFNI, Analysis of Functional

Neuroimages, 2dlmReg), masked to isolate cortical
grey matter, and blurred within the mask (AFNIL,
3dBlurlnMask, 0.5 mm FWHM). The motion-corrected,
blurred data was then fit using a General Linear
Model (AFNI, 3dDeconvolve), regressed against
subject-specific, within-mask spatially averaged
signal time courses of responses to CO,. Data were
then masked for significance (excluding voxels with
p>0.05), and clusterized using a cluster size of 5
(pre-determined from AFNI's 3dClustSim to give false
discovery rate of 0.05).

Electrophysiology

For electrophysiological experiments, bilateral
craniotomies (~5 mm diameter) were performed
using a high-speed micro-drill (Foredom Electric Co.,
Bethel Connecticut, USA). One craniotomy was
centered around the site at which the impacts had
been delivered, while the second was located
symmetrically on the contralateral side. In each
cranial window, an electrode was placed near the site
of the impacts or the contralateral location via
micromanipulators. Extracellular potential recordings
of neuronal activity were acquired at ~10 kHz,
amplified, and recorded using a HEKA EPC-10 (Heka
Instruments inc.,, MA, USA). To measure evoked
neuronal responses to optogenetic stimulation, an
optical fibre (200 pm diameter, 0.27 numerical
aperture) coupled to a 450 nm laser diode (Doric
Lenses inc., Quebec, Canada) was positioned over the
tip of the electrode in either the impacted, or
contralateral cortex. Optical stimulation was
delivered at ~30 mW/mm?, using 50 ms pulses at 10
Hz, for a total of 10 s.

Time-course data was bandpass filtered between
1 and 300 Hz to remove baseline drift and noise, and
notch filtered (55-65 Hz stopband) to remove 60 Hz
electrical noise. The amplitude of evoked neuronal
responses was computed as the mean amplitude of
change in potential from baseline resulting from
photostimulation.

Histopathology

Immediately following imaging, mice were
given a high dose of ketamine-xylazine anesthetic
(100/10 mg/kg, Vetalar, Boehringer Ingelheim
Vetmedica). Peripheral blood was flushed with PBS
containing 0.1% heparin, followed by fixation with 4%
paraformaldehyde (PFA). Brains were collected,
stored overnight in 4% PFA, then cryoprotected with
30% sucrose in PBS until the time of sectioning. Brains
were sectioned coronally via sliding freezing
microtome (40 pm; SM2010 R Sliding Microtome,
Leica Biosystems, Concord, ON). Sections were
collected within the region of the CHIs, with the most
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anterior section at Bregma +1.5 mm and the most
posterior section at Bregma -1.7 mm, with an
inter-section spacing of 300-500 ym. We mounted 5
slices per slide and stained (with each stain) 1 slide
per animal. The slices were stained for GFAP (an
astrocytic marker; 1:1000, DAKO #Z0334), NeuN (a
neuronal marker; 1:500, EMD Millipore #ABN90)
MAP2 (1:250, EMD Millipore #MAB3418), and
Neurofilament (1:500, BioLegend # SMI312). GFAP
sections were incubated with secondary antibody
conjugated to AlexaFluor-647 (1:500, Invitrogen
#A31573). Similarly, NeuN sections were incubated
with  secondary  antibody  conjugated  to
AlexaFluor-647 (1:200, EMD Millipore #AP1935A6).
Stained sections were then mounted on VistaVision
HistoBond slides (VWR, Mississauga, ON, Canada)
using polyvinyl-alcohol mounting medium with
DABCO (PVA-DABCO, Sigma-Aldrich), and sealed
with a coverslip.

All slides were imaged using a Zeiss Apotome 2
Microscope with Stereolnvestigator Software (MBF
Biosciences) under a 10x objective, with NA = 0.17
(Zeiss, Oberkochen, Germany). In total we analyzed 5
coronal sections per animal, per stain. The region
analyzed spanned from ~0.2 mm below cortical
surface to ~1.2 mm below cortical surface,
corresponding to cortical layers II through VI (given
1.4 mm cortical thickness in this coronal slab). Image
analysis was performed using Image] following
previous work [25]. Briefly, images underwent edge
detection, background subtraction, and binarization
via Image]'s MakeBinary algorithm. The binarization
of the images sets all pixels below a certain threshold
to zero, and all others to one. For each stain, a
different threshold was applied and held constant
between animals. Cortical regions of interest were
then selected near the site of the impact (or sham
impact, for sham-treated animals), and the percentage
area occupied by NeuN, Neurofilament, MAP2, or
GFAP was computed. ROIs were defined within the
region of the insets shown so as to comprise the
annular region from one to two times the semi-minor
and semi-major axes of the elliptical contusion region
segmented based on local contrast on NeuN staining,
as demonstrated in Figure S2.

In-vivo two-photon fluorescence microscopy

Following standard protocols, 2 weeks following
the final impact (or sham surgery), mice were
implanted with an ~2-3 mm diameter cranial window
centered over the location of impacts. To allow
vascular visualization, a 70 kDa Texas Red dextran
(Invitrogen, USA) dissolved in PBS (8.33 mg/mL) was
administered via the tail vein (25 mg/kg). The
cerebrovasculature was imaged at 900 nm on a

two-photon fluorescence microscope (FV-1000MPE,
Olympus, Japan) using a 25x, 1.05 water immersion
lens (Olympus, Japan). The red channel data were
segmented and the percent vascular occupancy
(intravascular volume normalized by the total cortical
volume) was estimated in the imaged volume of each
animal, from 50 pm to 150 pm below the cortical
surface.

Statistical analyses

To enable sensitive assessment of the focal
cerebrovascular damage caused by TBI, a logistic
regression classifier was trained to differentiate
between healthy and unhealthy tissue voxels. For
each animal, we defined a training data set consisting
of manually selected voxels representing -either
healthy or pathological levels of resting CBF or
cerebrovascular reactivity to CO.. Voxels classified as
having a greater than 65% probability of belonging to
the peri-contusional tissue were then clusterized
using AFNI's 3dmerge and included in the analysis
(See Figure S3 for representative ROIs).

First, we confirmed that all samples were
normally distributed (with Shapiro-Wilk normality
test) and checked for equal variances of populations
being compared (F-test). If both conditions were
satisfied, a linear mixed effects model (Ime4 [26]) was
used for comparison between TBI and sham groups.
Alternatively, a Kruskal-Wallis test was used. We
examined the effect of TBI on the amplitude of CBF,
CVR, and ATT for voxels having been classified as
belonging to the affected hemisphere, with the subject
as a random effect. Linear mixed effects modelling is
particularly well suited for this study as it provides
robust maximum likelihood ratios in the presence of
many observations for each subject and allows
modeling of subject as a random effect. To obtain
p-values, a likelihood ratio test between the model
with TBI or sham as an effect against the model
without TBI as an effect (i.e.,, the null model) was
performed [27]. For immunohistochemical analyses,
the optical density for each stain at the site of the
impacts and contralaterally was computed as
previously described, and a Kruskal-Wallis test was
applied. For electrophysiological data, the mean
evoked response amplitude was computed for
pericontusional cortices and comparisons between
repeated CHI mice and sham mice was performed
using a Kruskal-Wallis test.

Results

The final cohort sizes along with incidence and
type of surgical complications and attrition are
summarized in Table 1 and Table 2. Both TBI and
sham mice were maintained in a stable physiological
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state during imaging procedures, as summarized in
Table 3. There were no significant differences
between groups for any physiological parameters.
The average lesion volume in the TBI cohort
estimated from NeuN staining was 100 £ 10 um?.

Table 1. Cohort sizes after attrition.

Group CBF CVR [IHC Overlap between MRI Electrophysio 2PFM
MRI MRI  total andIHC logy

Repeated CHI 5 6 5 2 4 4

(n=19)

Sham (n=17) 5 5 5 4 4 4

2PFM: 2-photon fluorescence microscopy; CBF: cerebral blood flow; CHI: closed
head injury; CVR: cerebrovascular reactivity; IHC: immunohistochemistry; MRI:
magnetic resonance imaging

Table 2. Surgical complications.

Group Ear bleeding Skull Fracture Animals sacrificed due to

(included in study) (excluded from poor surgical recovery
study)

Repeated 4 6 4

CHI

Sham 2 0 2

CHLI: closed head injury

Table 3. Physiological monitoring parameters during

normocapnic mixture breathing.

Group Heart Respiratory ~ SpO» Temperature End-tidal
Rate Rate (bpm) (%) (°C) CO2
(bpm) (mmHg)

Repeated CHI ~ 460+60 120+1 95+2 37+1 35+7

(n=3)

Sham (n=3) 470+£50 121+1 96 + 2 37+1 35+7

BPM: beats per minute; CHI: closed head injury; SpO2: blood oxygen saturation

Cerebrovascular dysfunction

We hypothesized that TBI mice would exhibit
persistent cerebrovascular dysfunction proximal to
the site of the CHIs. We compared the CBF, as
measured by multiple post label delay (mPLD)
pCASL MRI, in TBI versus sham mice two weeks
following the final impact of our repeated impact
paradigm. TBI mice (n=5) showed reduced perfusion
of peri-contusional cortex (140£30 mL/min/100 mL)
relative to perfusion level in the corresponding brain
region of sham-treated mice (280+30 mL/min/100
mL, n=5, x?= 10.78, p=0.001) (Figure 2). Additionally,
mPLD pCASL imaging allowed estimation of
ATT — the time taken for labeled carotid arterial blood
to reach imaged brain regions. ATT of TBI mice was
longer, on average, than that of sham-treated mice
(260+50 ms in TBI vs. 120+6 ms in sham treated mice,
Xx?= 6.53, p=0.01). In contrast to the peri-contusional
tissue, CBF of the contralateral hemisphere (240+20
mL/min/100 mL, n=5) was not reduced relative to
that of sham-treated mice (210£20 mL/min/100 mL,
n=5, y?= 275, p=0.1) nor was the ATT of the
contralateral hemisphere reduced relative to that of
sham-treated mice (108+20 ms in TBI vs. 150+20 ms in
sham-treated mice, x2= 3.33, p=0.07). These findings
are indicative of impairment of the brain’s ability to
maintain circulation to peri-contusional tissue.
Chronically reduced resting CBF may lead to
irreversible selective neuronal loss [28].

A B C Sham vs.
Repeated CHI Sham Repeated CHI
0 g S0 -
? ] —
= 2 400-
- -
£ E
8 S 300
2 2
E £ 200,
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L w 100
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o (3]
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D E F Sham %HI
10 10
= Impacted = Sham Impacted 600, &
1
8 Contralateral 8 = = Contralateral
T 6 <) ig g 400-
- ] S
P
24 24 g
200-
2 2 =
B 0
00 05 10 15 20 00 05 10 15 20 0-
Time (s) Time (s) Sham Repeated
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Figure 2. Reduced resting cerebral blood flow and elongated arterial transit time. (A) CBF map for a representative repeated mTBI mouse computed voxel-wise from modelling
pCAGSL signal as a function of PLD using a single compartment model. The white arrow indicates the location to which impacts were delivered. (B) CBF map for a sham-operated mouse. (C)
The average CBF of peri-contusional brain (n=5) was reduced relative to the corresponding brain region of sham-treated mice (n=5). (D) ROI analysis of pCASL signal as a function of PLD
for a representative repeated mTBI mouse. The data points represent the mean ASL signal across the ROI for a given PLD with error bars showing standard error of the mean across the ROI.
The modeled time course of the peri-contusional ROl is shown as a solid line, while the contralateral tissue model is shown with a dotted line. (E) ROI analysis of pCASL signal as a function
of PLD for a representative sham-operated mouse. This modeling allowed estimation of CBF and ATT in the peri-contusional hemisphere for each subject. (F) Similarly, peri-contusional ATT

was elongated in repeated mTBI mice (n=5) relative to sham-treated mice (n=5).
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Figure 3. Reduced cerebrovascular reactivity to 10% inhaled CO.. (A) Map of percent change in CBF due to hypercapnic challenge in a representative repeated mTBI mouse, shown
overlaid on the corresponding echo planar image with the site of impacts indicated by an arrow. (B) pCASL reactivity map for a representative sham-operated mouse. (C) Time-courses of
mean response to CO; for sham-treated and repeated mTBI mice. (D) Percent change in peri-contusional CBF in response to hypercapnia for representative sham and repeated mTBI mice.
Injured mice showed reduced reactivity to hypercapnia (n=6) relative to sham-treated mice (n=>5).

To further probe the cerebrovascular
impairment, the brain’s ability to increase blood flow,
the CVR, was investigated. In TBI mice (n=6), the
COq-induced change in CBF of impacted tissue was
50£10%, compared to 250£30% in that of sham-treated
mice (n=5) (x*= 9.0, p=0.003) (Figure 3). Unlike resting
brain hemodynamics, cerebrovascular reactivity was
affected bilaterally two weeks following induction of
injury: TBI mice had reduced contralateral CVR
compared to sham-treated mice (45£7% TBI wvs.
250+40% sham, x?= 5.33, p=0.02). Cerebrovascular
reactivity is a critical aspect of healthy brain function
as the brain depends on tuning of blood flow to the
local tissue metabolic needs. Impairment of CVR is
known to lead to cognitive dysfunction and hence
could contribute to the functional deficits seen in
repeated TBI patients.

Reduced evoked neuronal responses to
optogenetic photostimulation

We  next  investigated  whether  this
cerebrovascular dysfunction was accompanied by
neuronal function deficits. The amplitude of evoked
neuronal responses to  photostimulation of
peri-contusional tissue of TBI mice (n=4) was reduced
relative to that of sham-treated mice (n=4) (0.02+0.01
mV TBI vs. 0.7#0.2 mV sham-treated, y?= 5.33,
p=0.02). Additionally, the evoked response amplitude
of contralateral hemisphere (0.2£0.1 mV) was reduced
by 67£19% relative to that of sham-treated mice
(0.6x0.1 mV, x?=4.08, p=0.04). The signals detected
with these extracellular recordings are an integration
of neuronal depolarizations that occur proximal to the
electrodes; reduction in the amplitude of evoked
responses suggests fewer viable neurons and/or
impaired functioning of the surviving neurons.
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Astrogliosis and cerebrovascular volume
increase with preserved neuronal density

Impairments of the cerebrovascular circulation
as well as altered neuronal function may have
produced an imbalance between the metabolic
demands of the tissue and the brain’s ability to deliver
these metabolites. This mismatch has been identified
as key in the pathological progression of moderate to
severe TBIL To contextualize the observed dysfunction
of neuronal and cerebrovascular networks, we
undertook morphological examination of key
components of the neurogliovascular unit. Relative to
sham-treated animals, the TBI mice showed increased
vascular density on in vivo 2-photon fluorescence
microscopy in the cortical region surrounding the
impacts’ site relative to that in the homologous region
in sham mice (3.2£0.4% TBI, 2.440.6% sham, p=0.02,
Figure 6). Increased peri-contusional vascular density
was accompanied by an increase in GFAP

whereas an approximately normal proportion of
GFAP-positive cells were present contralaterally to
the injured site (4+2% for TBI vs. 1.7+0.5% for
sham-treated mice, p=0.17).

To provide context to the electrophysiological
recordings, we characterized neuronal density of
pericontusional and contralateral cortex. The
neuronal density of TBI animals was not different
from that of sham-treated mice in either region. We
observed no significant changes in NeuN, MAP2, or
neurofilament immunofluorescence in the
perilesional cortex (NeuN: 16+2% for TBI vs.
20.4+0.4% for sham-treated mice, p = 0.11;, MAP2:
7749% for TBI vs. 58+2% for sham-treated mice, p =
0.08; and neurofilament: 77433% for TBI mice vs.
58+23% for sham-treated mice, p = 0.1). No
differences were observed in the contralateral cortex
either (NeuN: 22+1% for TBI wvs. 19+1% for
sham-treated mice, p = 0.1, MAP2: 63£7% for TBI vs.

immunoreactivity (29+1% for TBI mice, 1.5:0.2% for ~ 40+3% for sham-treated mice, p = 0.2; and
sham-treated mice, p = 0009) (Figure 5). neurofilament: 25+3% for TBI wvs. 28+2% for
GFAP-positive cells at the site of the impact had the ~ Sham-treated mice, p =0.8).
characteristic star-shaped appearance of astrocytes,
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Figure 4. Reduction of neuronal response to photostimulation. (A) Schematic showing the orientation and placement of recording electrodes and optical fibers for
electrophysiological experiments. Mice underwent bilateral craniotomy at the site of injury and in the homologous location contralaterally, allowing access for extracellular recording and
photostimulation in both hemispheres. (B-C) Change in extracellular potential due to photostimulation (shown as orange bar) for representative repeated CHI and sham-treated mice. (B)
Repeated CHI mice showed greatly reduced (n=4) reactivity to photostimulation in peri-contusional (solid red line) relative to contralateral tissue (dotted red line). (C) The peri-contusional
cortical responses in sham mice were greatly reduced relative to those of sham-treated mice (n=4) (bottom middle, blue lines). (D) Box plot comparison of evoked response amplitude of

sham-treated mice (blue) and repeated mTBI mice (red).
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Figure 5. Astrogliosis and neuronal survival. Brains were stained for GFAP (top) and NeuN (bottom). The left column shows slices from representative repeated CHI mice, while the
middle column shows slices from sham-treated animals. Insets show the general cortical area below the skull location that was impacted, not the ROIs analyzed (the latter are displayed in
Figure S2). For each stain, a box and whisker plot comparing optical density of peri-contusional tissue of repeated CHI (n=5, GFAP and NeuN) vs. sham-treated mice (n=5, GFAP and NeuN)
is shown (right column). Top: GFAP stains of representative repeated mTBI (left) and sham (right) mice. GFAP fluorescence was elevated peri-contusionally relative to sham treated mice. No
difference was observed in optical density of the peri-contusional tissue of NeuN-stained sections.
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Figure 6. Angiogenesis. Two weeks following the final closed head injury (CHI) or sham preparation, mice underwent in-vivo 2-photon fluorescence microscopy (2PFM). An intravenous
injection of red dextran die was administered to highlight the vasculature, and 3D images of the peri-contusional tissue were collected. These are shown for the CHI (left) and sham (middle)
treated mice. Statistical comparison of these two groups revealed elevated cerebrovascular density of CHI mice (right).

Discussion

This study provides the first in vivo measures of
neurovascular functioning in chronic repeated TBI,
induced via serial closed head injuries. The model
was optimized so as to potentiate clinical relevance by
limiting the amount of injury induced by each
individual closed head injury, i.e.,, by rendering the
individual impacts mild (single impact being negative
on neuroimaging). Mice were young adults (9 weeks
old) at the time of first impact; in the human

population, young adults suffer a disproportionate
number of mild head injuries through participation in
athletics and military service [18,29]. Of note,
however, rodent and human ages should not be
conflated due to the different time scales of important
complex biological processes [18,29]. They suggest
that rodents may reach sexual maturity around 50
days of age, but do not enter adulthood until 210
days; hence, the mice in this study are sexually mature
but not yet adults. Furthermore, while some sources
report sex-based differences of biological responses to
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brain trauma [30-32], recent work from Tucker et al.
suggests that behavioural outcomes between female
and male C57BL/6] mice post TBI are equivalent [33].
Although an approximately equal number of male
and female mice were included in both sham and
repeated CHI groups in the present study, the sizes of
cohorts precluded analysis of the sex effects; future
studies with larger cohort sizes are required to
investigate the effects of sex on neurovascular
function. The 3-day inter-impact interval was
motivated by prior reports of a “window of
vulnerability,” whereby greatest behavioural deficits
are seen in mice impacted every 3 days [34]. Similar
“windows of vulnerability” have been observed in the
clinic as well: in the most extreme cases, a second
impact can be fatal [35]. In recognition of noxiousness
of repeated injuries, at least three days is typically
required for military servicemen to return to duty
following an mTBI [7]. In light of the “three strike
rule” we delivered a total of three impacts.
Tr-weighted anatomical images of the site of the
impact acquired at 24 h after a single CHI in a subset
of mice confirmed an absence of significant structural
damage following a single insult (Figure 1), as would
be expected of a mild TBI in the clinic [36]. However,
two weeks following the final impact the same
anatomical imaging revealed hypointense regions at
the site of the impacts, suggesting that individual
mild insults delivered in series appear similar to a
single moderate brain injury on neuroimaging. T>
hypointensities suggest microhemorrhages. In
support of this notion, previous work on repeated
controlled cortical impacts (two impacts delivered to
opposite  hemispheres at 3 and 7 day
inter-impact-intervals) in rats reported extravascular
iron deposition near lesions composed of blood [37].
Iron depositions result in T, tashortening, potentially
explaining the hypointensities seen on To-weighted
imaging here [38]. Sham-treated animals showed no
contrast on Tr-weighted imaging.

Alterations of cerebral blood flow resulting from
experimental repeated TBI are poorly understood, as
investigations have been limited by modalities that
lack topographical information [39]. Here, we have
utilized pCASL to map resting cerebral blood flow in
absolute units [24]. Two weeks post final impact, we
observed a reduction of resting cerebral blood flow at
the site of the impacts that was not present either
contralaterally or in sham-treated animals. Reduced
cerebral blood flow may be the result of
biomechanical damage to vessels caused by the initial
impact [40]. Cortical swelling and the ensuing
elevation in intracranial pressure may also have
contributed to reduced resting cerebral blood flow
[41]. In vivo two-photon fluorescence microscopy

indicated increased peri-contusional vascular volume.
This may have resulted either from angiogenesis with
partial pruning and/or from dilation of immature
vessels due to the lack of vascular smooth muscle cells
in their walls [42]. Notwithstanding, cerebrovascular
segmentation of three-dimensional in vivo imaging
data acquisitions should be undertaken in future
work to understand the details of cerebrovascular
remodeling. An increase of cerebral blood volume
concomitant to decreased cerebral blood flow may
have produced a decrease of blood velocity and a
decreased efficiency of metabolite delivery by the
circulation, as seen in moderate to severe TBI [40,43].

Cerebrovascular  dysfunction was further
reflected in arterial transit time changes. Mice that
underwent repeated TBI had longer arterial transit
time in damaged tissue relative to sham-treated mice.
In the context of the single-compartment model of
arterial spin labelling signal, arterial transit time is a
measure of the superposition of individual vessel
arrival times in a given voxel. The observed
lengthening of arterial transit time could manifest, as
a result, increased dispersion of microvascular route
lengths and microvascular reactivity, which have
been previously reported in models of moderate TBI
[44,45]. The aforementioned blood velocity decrease
surrounding the site of the injury could have also
contributed to the observed elongation of arterial
transit time. Hayward et al., observed acute reduction
of vessel density followed by a chronic stage increase
in vessel density on rat endothelial cell antibody-1
immunohistochemistry in a lateral fluid percussive
model of moderate TBI in rats [44]. Ostergaard et al.
proposed that moderate TBI could lead to an increase
in heterogeneity of capillary transit times [45]. In vivo
two-photon fluorescence microscopy in our study
indeed indicated increased vessel density near the site
of the injury in repeated TBI-treated mice relative to
shams: the reduced contractility of immature new
vessels may have contributed to increases in
heterogeneity of vascular transit times [42]. Although
a number of prior studies have reported angiogenesis
and vasculogenesis in single impact TBI models
[44,46-48], this is the first report of cerebrovascular
remodeling and arterial transit time elongation in a
model of repeated TBI.

The observed deficits in cerebrovascular
reactivity to hypercapnia likely resulted from
incomplete pruning of new vessels in combination
with mechanical damage to the existing vessels. While
clinical repeated TBI is known to impair
cerebrovascular reactivity, this had not previously
been observed in experimental repeated TBI [49,50].
When challenged with an increase of CO: in the
inspired gas mixture, repeated TBI mice exhibited
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depressed cerebral blood flow response relative to
sham-operated  mice. = Chronically  depressed
cerebrovascular reactivity has the potential to worsen
functional outcomes. Pharmacological impairment of
the coupling between neuronal activity and CBF in
mice has been shown to result in cognitive
impairments [51]. Here, we postulate that
cerebrovascular reactivity impairment was due to the
newly sprouted vessels seen on in vivo two-photon
fluorescence microscopy that were not yet
functionally mature, hence having thin vessel walls
[52] and limited endothelium-associated smooth
muscle cells [42]. As the maturation of these vessels is
believed to be influenced by hemodynamic and
metabolic stimuli, exercise and increased activity may
be beneficial whereas rest and lack of external
stimulus may be counter-indicated in the chronic
phase of repeated mild TBI. Future work is needed to
establish whether such interventions are required for
optimization =~ of  long-term  cerebrovascular
functioning. Of note, an elevated peri-contusional
vascular density and altered topology of the vessel
network have also been seen in animal models of
moderate to severe TBI [44,46]: this remodelling has
been suggested to underlie changes in the
neurovascular unit functioning [53].

In addition to compromised cerebrovascular
function, we observed an increase in GFAP
fluorescence. Enhancement of GFAP has been
previously reported in the acute phase of repeated TBI
as part of the neuroinflammatory cascade [54]. When
short on glucose, the astrocytes are unable to provide
adequate support to neurons, further endangering
neuronal survival [55]. Enhanced GFAP fluorescence
is sometimes also associated with astrocytic swelling,
which has been observed to reduce capillary lumen
and in turn reduce cerebral blood flow and
microvascular hematocrit [56].

A dearth of available metabolites may also lead
to neuronal dysfunction and loss [28], motivating us
to examine neuronal survival and functioning.
Neuronal dysfunction was manifested as bilaterally
reduced amplitude of evoked responses to
photoactivation of channelrhodopsin. Electrophysio-
logical responses of cortical pyramidal neurons of
Thyl-ChR2 mice to photostimulation have been
shown to be comparable to those evoked by
peripheral functional stimulation, such as forelimb
stimulation [57]. Further, an earlier study in a model
of moderate TBI reported decreased electrophysio-
logical responses to contralateral forepaw stimulation
two weeks following a single controlled cortical
impact [58]. Photostimulation of opsin-expressing
cells affords two important advantages over
peripheral stimulation in that it enables finer spatial

targeting of the neuronal perturbation in relation to
the site of the injury as well as cell-type specific
activation. Given that there was no statistically
significant effect of the serial impacts on neuronal
survival (on NeuN, MAP2, and neurofilament
immunofluorescence), the reduction of evoked
response amplitude may be a result of impaired
responses on the individual unit level. Mild impact
may cause subtle dendritic and axonal damage, thus
altering connections between cortical neurons: fewer
recruited neurons following photostimulation could
thus also have contributed to the observed decrease in
evoked response amplitude [59]. To our knowledge,
ours is the first study to employ optogenetic
photostimulation as a readout of neuronal function
following TBL

While the observed increases in cerebrovascular
density and GFAP immunoreactivity were limited to
the peri-contusional cortex, impairments of
cerebrovascular and neuronal reactivity were
observed bilaterally, although the peri-contusional
effects were much stronger than the contralateral
ones. Given the density of transcallosal connections
between homologous regions of the cortex, focal
damage at the site of the injury may well have affected
the contralateral hemisphere. Global reduction of
cerebrovascular reactivity could result from increased
intracranial pressure or be secondary to global
decreases in neuronal activity and thus their signaling
to the vessels. As the neuronal and cerebrovascular
networks are closely coupled functionally,
impairments of one could affect the other, and vice
versa.

In conclusion, this study provides initial
characterization of neurogliovascular dysfunction
two weeks following repeated TBI. Our repeated
closed head injury model reveals that repeated
impacts-induced  injury = comprises  sustained
peri-contusional decreases in cerebral blood flow,
elongation of arterial transit time, increase in
cerebrovascular density, and bilaterally reduced
reactivity to hypercapnia, in addition to astrogliosis.
Furthermore, we present the first measures of
impaired neuronal excitability (in response to opsin
photoactivation) not only peri-contusionally, but also
contralaterally, two weeks following repeated TBL
Our findings indicate that a series of individually
mild impacts can trigger pathological changes on par
with those seen post moderate TBI, and call for
development of therapeutic strategies for a series of
mild injuries.
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imaging; mTBI: mild traumatic brain injury; PFA:
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