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Abstract

The blood-brain barrier (BBB) is composed of brain microvasculature that provides selective transport of
solutes from the systemic circulation into the central nervous system to protect the brain and spinal micro-
environment. Damage to the BBB in the acute phase after traumatic brain injury (TBI) is recognized as a
major underlying mechanism leading to secondary long-term damage. Because of the lack of technological
ability to detect subtle BBB disruption (BBBd) in the chronic phase, however, the presence of chronic BBBd is
disputable. Thus, the dynamics and course of long-term BBBd post-TBI remains elusive. Thirty C57BL/6 male
mice subjected to TBI using our weight drop closed head injury model and 19 naive controls were scanned
by magnetic resonance imaging (MRI) up to 540 days after injury. The BBB maps were calculated from
delayed contrast extravasation MRI (DCM) with high spatial resolution and high sensitivity to subtle
BBBd, enabling depiction and quantification of BBB permeability. At each time point, 2-6 animals were sac-
rificed and their brains were extracted, sectioned, and stained for BBB biomarkers including: blood micro-
vessel coverage by astrocyte using GFAP, AQP4, ZO-1 gaps, and IgG leakage. We found that DCM provided
depiction of subtle yet significant BBBd up to 1.5 years after TBI, with significantly higher sensitivity than
standard contrast-enhanced T1-weighted and T2-weighted MRI (BBBd volumes main effect DCM/T1/T2
p<0.0001 F(2,70)=107.3, time point p<0.0001 F(2,133, 18.66)=23.53). In 33% of the cases, both in the
acute and chronic stages, there was no detectable enhancement on standard T1-MRI, nor detectable hyper-
intensities on T2-MRI, whereas DCM showed significant BBBd volumes. The BBBd values of TBI mice at
the chronic stage were found significantly higher compared with age matched naive animals at 30, 60,
and 540 days. The calculated BBB maps were histologically validated by determining significant correla-
tion between the calculated levels of disruption and a diverse set of histopathological parameters obtained
from different brain regions, presenting different components of the BBB.
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Cumulative evidence from recent years points to BBBd as a central component of the pathophysiology of
TBI. Therefore, it is expected that routine use of highly sensitive non-invasive techniques to measure BBBd,
such as DCM with advanced analysis methods, may enhance our understanding of the changes in BBB func-
tion after TBI. Application of the DCM technology to other CNS disorders, as well as to normal aging, may
shed light on the involvement of chronic subtle BBBd in these conditions.

Keywords: blood-brain barrier disruption; delayed contrast MRI; MRI; TBI

Introduction

The blood-brain barrier (BBB) describes unique, selec-
tive properties of the brain microvasculature that pro-
vides selective transport of solutes from the systemic
circulation into the central nervous system (CNS) to
protect the brain and spinal microenvironment. Multiple
structural and functional components, such as the high
tight junction (TJ) proteins expression and the close asso-
ciation between brain endothelial cells, pericytes, and
astrocytes preserve the integrity of the BBB.'*

Several non-invasive imaging modalities are available
for studying BBB disruption (BBBd). Most current app-
roaches track intravenously injected tracers passing from
the bloodstream into the brain. In rodents 2-photon micros-
copy can monitor leakage of fluorescent dyes across the
BBB; however, the field of view (FOV) is small, scanning
depth is limited, and cannot be translated to humans.? Posi-
tron emission tomography can assess regional BBBd in
humans but repeated scanning for longitudinal assessment
is problematic because of ionizing radiation.’

The most common technique used for assessing BBBd
in traumatic brain injury (TBI) is dynamic contrast-
enhanced magnetic resonance imaging (DCE-MRI),*”’
based on repeated T1-weighted MR images acquired up
to 5min after contrast injection.® We have shown pre-
viously that higher sensitivity requires longer delays
post-contrast injection.® In addition, permeability is cal-
culated by applying tracer kinetic models. As a result, dif-
ferent users may rely on different models, which may
lead to considerable variability in results.”"'°

Recently water has been proposed to probe BBB
function because it does not diffuse freely across the
BBB and it has potential safety benefits. These tech-
niques are not well established yet.'"'? In addition,
most imaging modalities detect significant permeability
as seen in brain tumors and multiple sclerosis or in
close proximity after acute brain insults, such as stroke
and TBL.%%'*~'® Non-invasive detection of subtle BBB
function changes is challenging and less studied.

TBI, a major health problem with significant, world-
wide socioeconomic challenges affecting millions of
people, is a complex, dynamic, and heterogeneous path-
ology.'”'® TBI results in primary and secondary injury
cascades that evolve into chronic brain conditions,
including long-term cognitive impairment and reduced

quality of life.'”2° The cognitive impairment frequently
persists and may be accompanied by an increased risk
of development of neurodegenerative disorders, includ-
ing Alzheimer disease (AD).!1922

Chronic subtle BBBd was suggested in recent years as a
major underlying mechanism of cognitive decline,”>** spe-
cifically post-TBI.®% Identification of subtle BBBd might
serve as an early biomarker for chronic consequences after
TBI and as a means for monitoring the conversion of acute
injury into chronic neurodegenerative disorder. Therefore,
there is a great need for non-invasive techniques for the
detection and depiction of subtle BBBd. Describing
BBBd in TBI using MRI is an emerging field. However,
there is a lack of sensitive and quantitative methods, espe-
cially in the chronic phase, when BBBd is subtle.””

Various reports show increased BBB permeability
in patients with TBI and animal models by using DCE-
MRI, during the acute phase of TBI, when BBBd is
significant.’~“® However, reports on long term BBBd
based on DCE-MRI are rare, due to the relatively low
sensitivity of this method.

The goals of the present study were to assess and his-
tologically validate the application of delayed-contrast
extravasation MRI (DCM®) to depict and quantify subtle
BBB abnormalities with high sensitivity to BBBd and
high spatial resolution, in the chronic stage of experimen-
tal TBI. To this end, mice were subjected to a closed head
injury (CHI) model and scanned with DCM at different
time points after injury for up to 540 days. The results
were compared with histological biomarkers of BBBd.

Methods

Animals

The study was approved by Sheba Medical Center Ani-
mal Ethics Committee and complied with the guidelines
of the National Research Council Guide for the care and
use of laboratory animals (NIH approval no. OPRR-
A5011-01). Male C57BL/6 mice (8-9 weeks old), weigh-
ing 20-25g, were purchased from Envigo (Israel) and
maintained under a controlled 12h light/12h dark cycle,
with food and water provided ad libitum.

Trauma model
Experimental CHI was induced with a modified weight
drop device developed in our laboratory.zg’30 Detailed
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description of the model and the neurological severity
score (NSS) can be found in the Supplementary Material.

Experimental design

Thirty mice were subjected to TBI. They were scanned
with MRI 1, 8, 14, 30, 60, 98, 133, and 540 days after
injury. At each time point, 3-5 animals were sacrificed
and their brains were extracted, sectioned, and stained
for BBB biomarkers (Fig. 1A). The BBBd levels, calcu-
lated from DCM, were compared with disruption levels
calculated from standard MR images and with histologi-
cal markers. For comparison with normal BBB function,
19 age-matched naive control mice were scanned with
MRI at 30, 60, and 540 days. The BBBd levels, calcu-
lated from DCM, were measured in the cortex (same
region as in the CHI mice). In addition, several aging
mice without trauma (normal aging) were sacrificed at
540 days for evaluation of BBB function by the histolog-
ical techniques described below.

MRI data acquisition

Mice were scanned under full anesthesia with a 1.5 T GE
Optima MRI (Milwaukee, WI), using a standard 8 chan-
nel phased array wrist coil. The MR sequences included
repeated contrast-enhanced T1-weighted MRI (T1-MRI),
acquired up to 30 min post-contrast injection for depict-
ing BBBd (Spin-echo, 12cm FOV, phase FOV: 0.5,
1 mm slice thickness, echo time/repetition time (TE/TR) =
16/360 msec, 11.9 kHz bandwidth, 256*256 matrix), T2-
weighted MRI (T2-MRI) for depicting edema or damage
(fast spin echo, 12 cm FOV, phase FOV: 0.5, 1.0 mm slice
thickness, TE/TR=85/3910ms, 20.83kHz bandwidth,
256%*224 matrix), and gradient echo (GE) for evaluating
possible bleeding (10cm FOV, phase FOV: 0.8, 1.0 mm

slice thickness, TE/TR =47/124 ms, 15.63 kHz bandwidth,
30 degree flip angle, 256%224 matrix).

Anesthesia was administered via intramuscular
injection of 250 uL. of 1 mL/kg ketamine and 0.5 mL/kg
xylazine. Under anesthesia, a Venflon, connected to a
syringe containing 200 uL. contrast agent (Gd-DOTA,
0.016 mmol/kg, Dotarem, Guerbert), was inserted in the
tail vein. The mice were then placed in the MR scanner.
The contrast agent was injected into the tail vein, imme-
diately before the first contrast-enhanced T1-MRI scan.

MRI data analysis

For each mouse, BBB maps were calculated with Matlab
(R2014a, Mathworks, Natick, MA). All post-contrast
T1-MRIs were coregistered to the first TI-MRI using
elastic registration.’'**> To generate the BBB maps, the
first series was subtracted from each of the delayed
series. In the generated BBB maps, contrast clearness
(negative signal) is colored blue, contrast accumulation
(positive signal) is colored red, and No change in sig-
nal (when the contrast does not leak into the brain) is
colored green in the maps. The BBB maps were gener-
ated for each time point post-contrast injection.

To calculate the lesion volume and BBBd volumes and
intensities, regions of interest (ROIs) were plotted over
all brain slices affected by the insults (Fig. 1B). For the
lesion volume, ROIs were plotted over hyperintense
regions on T2-MRIs and enhancing regions on the first
post-contrast T1-MRI (unless undetected). For BBBd vol-
umes and intensities, ROIs were plotted over the red
regions in the 30 min BBB maps.

Next, the average intensity of the BBBd ROI, normal-
ized to the first time point, was plotted as a function of
time post-contrast injection for each mouse at each
time point post-TBI. The plot was fitted to an exponential

>

FIG. 1. Experimental design and schematic illustration of the regions of interest (ROIs) used for histological
analysis. A total of 30 traumatic brain injury (TBI) and 19 sham age matched mice were included in the study.

(A) A TBI was induced at day 0. The X axis represents time from TBI. The colored squares represent the procedure
performed at each time point, according to the legend on the right panel. (B) On the left, a three-dimensional
illustration of a mouse brain showing the lesion area in the left hemisphere and the magnetic resonance imaging
(MRI) coronal slices. Second panel: illustrations of T2-weighted MRI slices of a mouse head (dark gray) and brain
(light gray), corresponding to specific coronal MRI slices where the lesion (bright area in the left hemisphere) was
observed. Third panel: representative blood-brain barrier (BBB) maps from the same slices as the T2 illustrations 4
days post-injury. The intact brain, colored green, is surrounded by the head muscles (blue). Contrast accumulation
results in a positive signal, appearing red in the maps. On the right, schematic of the ROIs used for histological
analysis. The coronal sections represent the slices affected by the primary insult induced by the weight drop
device. Three ROIs were captured from the ipsi- (directly injured cortex) and contralateral hemisphere, marked in
roman numerals I-llli (ipsilateral) and I-lll.c (contralateral). Region li, located laterally and adjacent to the lesion is
the cingulate gyrus (CG), which is the area most affected directly by the impact. Region lli, inside the lesion area,
is referred to as the lesioned cortex (LC). Region llli, the parietal cortex (PC), is located medial and is relatively
remote from the lesion, and not directly affected by the insult. Regions I-llic are the corresponding regions in the
contralateral hemisphere. Representative hematoxylin and eosin (H&E)-stained samples from the three ROIls (x200)
from both hemispheres at the acute stage are shown in the bottom line. CHI, closed head injury.
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function (Equation 1) with four free parameters (X;-X4)
by using an algorithm based on golden section search
and parabolic interpolation, available under Matlab.>*~**
Goodness of fit was established according to the coeffi-
cient of determination (rz), and the maximum fit value
was extracted and used as the maximal normalized
disruption intensity, indicating the severity of disruption.
To avoid random effects from MR signal noise, *>0.85
was used as the minimum inclusion threshold in the anal-
ysis. The same procedure was applied to the naive group

Tissue preparation for analysis

Mice were sacrificed after the MRI scan at each time point
as described in the study design (Fig. 1). Brains were
removed quickly, washed with saline, frozen on dry ice,
and stored at -80°C until analyzed. Several consecutive se-
ries of sections (10 um) were made at a cutting temperature
of -19°C (Leica cm1850 Leica Biosystems, Nussloch, Ger-
many) from the prefrontal cortex to the cerebellum and
thaw-mounted onto coated glass slides. These serial sec-
tions were used for H&E and immunofluorescence staining.

of mice.
( t) Immunofluorescence staining
X - (e(‘i) +el ® >+X4 Equation (1) Consecutive serial sections were used for Immuno-
fluorescence staining with the following antibodies:
( )
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lectin-FITC (1:400 Zotal FL-1171), Claudine 5 (anti rab-
bit 1:500 sc-28670), GFAP (anti goat 1:1000 abcam
ab53554), AQP4 (H-80 anti-rabbit 1:400 Santa Cruz
sc-20812), and zonula occludens 1 (ZO-1, anti rabbit
1:200 Invitrogen 61-7300).

Briefly, after fixation in 4% paraformaldehyde for
10 min, the sections were washed with phosphate buff-
ered saline (PBS) containing 0.1% triton (PBST) 3x
10 min, blocked (10% normal donkey serum in PBST)
for 1h at room temperature (RT), and incubated overnight
at 4°C in the presence of primary antibodies. The follow-
ing day, the sections were washed with PBST 3 X 10 min
and incubated with the corresponding secondary antibod-
ies: donkey anti-rabbit CY3 1:1000 (Jackson 711-165-
152), Alexia flour 488, anti-rabbit 1:1000 (Jackson
711-545-15200), donkey anti-goat CY3 1:500 (Jackson
705-165-147) in 2% donkey serum for l1h at RT,
rewashed with PBST 3 times for 10 min, stained with
Hoechst (1:2000) for 2 min and washed with PBS for
5 min. Finally, the sections were air-dried, mounted on
coverslips, and sealed with fluoromount (Sigma F4680,
Israel).

All steps involving fluorescence were performed in a
slightly darkened room. Each slice was costained with
lectin (general blood vessel marker) and one of the
other markers mentioned above: AQP4 and GFAP for
blood vessels (BV) coverage analysis, ZO-1 for TJ gap
analysis, and immunoglobulin G (IgG) for leakage anal-
ysis. The immunostained slices were examined under a
fluorescence microscope.

Immunofluorescence analysis

Histological analyses were performed by a blinded exam-
iner. The images were captured under identical optical
parameters and analyzed with ImageJ (National Institutes
of Health, Bethesda, MD) using automatic scripts when
possible to avoid subjective decisions. Three ROIs were
identified for each hemisphere (ipsi- and contralateral
to the injury): (1) Lesioned cortex (LC), inside and sur-
rounding the lesion area, (2) cingulate gyrus (CG), loca-
ted laterally and adjacent to the LC, the region most
directly affected by the insult, and (3) parietal cortex
(PC), located medially and remote from the lesion
namely on the same slices but not directly affected by
the insult (Fig. 1).

For quantification of ZO-1 gaps, the lengths of the
11-17 BVs were measured in each region from each
side (ipsilateral/contralateral) for each time point from
3-8 different images captured from at least four serial
sections spaced 150 um apart, representing the whole
ROI. Sham animals (540 days post-TBI) were used to
measure Z0O-1 gaps in normal aging animals. The ZO-1
gap length is presented as the percentage (%) of the
whole TJ staining, calculated according to the lectin
marker.*

For microvessel coverage, two markers were used:
GFAP labeling all astrocyte cells including the end-feet
and AQP-4, which is expressed mainly at the astro-
cyte end-feet. The microvessel coverage measured with
GFAP was calculated at the ipsilateral hemisphere,
from days 1-98 post-injury. We sampled brains from
six time points after injury (days 1, 4, 8, and 1, 2, and
3.3 months) in three regions: LC, CG, and PC. Because
the GFAP antibody used for staining is not sensitive
enough to mark astrocytes in the contralateral hemisphere
(probably because the astrocytes are only partially acti-
vated), only the injured hemisphere was measured.

Microvessel coverage immune-stained with anti
AQP-4 antibody was measured in both hemispheres:
the lesioned/ipsilateral hemisphere and the non-injured/
contralateral hemisphere, from 1- 540 days post-injury.

Brains were sampled from eight time points after the
injury (days 1, 4, 8, and 1, 2, 3.3, 4.5, and 18 months)
in three regions (similar to those measured for GFAP:
LC, CG, and PC). For calculating BVs coverage by astro-
cytic end-feet (AQP4 or GFAP), five images of CG and
PC were captured from at least four serial sections,
spaced 150 um apart, from each hemisphere (ipsi- and
contralateral) at each time point, representing the whole
ROL

Because the LC region showed larger variability, at
least 10 images of that region were captured from five
serial sections spaced 150 um apart at each time point.
The images were converted into eight bits, and a thresh-
old was set for the lectin staining representing the BV.
The same threshold was used for all the images.

Next, pixel by pixel analysis was performed automat-
ically to measure colocalization with the red signal repre-
senting AQP4 or GFAP. Percent coverage was calculated
by dividing the sum of the colocalization signal from the
total lectin staining. Sham animals (540 days) were used
to measure AQP4 coverage in normal aging animals. For
IgG leakage analysis, images were captured from the
ipsi- and contralateral LC regions only for the first five
time points after injury: 1, 8, 60, 98, and 133 days. The
intensity of the IgG outside the BV was measured for
each image.

Figure 1A summarizes all the immunofluorescence
analysis according to day from injury. Figure 1B (right
panel) illustrates the various regions that were captured
from different serial sections.

Statistical analysis

The results are expressed as mean = standard deviations
(SD) for all experiments. For two groups comparisons,
statistical significance was determined according to the
unpaired Student ¢ test. For multiple groups comparison
at different time points, two-way analysis of variance
(ANOVA) or a mixed effects model was used with app-
ropriate post hoc analysis using Prism 9.3.1 software
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(GraphPad Software, La Jolla, San Diego, CA). A proba-
bility value of p <0.05 was considered significant.

To determine sensitivity of BBB maps at all time
points, compared with conventional contrast enhanced
T1-MRI, a mixed effects model was used. The within-
subjects ¢ test was used to determine the significance at
each time point. To describe BBBd intensity and volume
over time, exponential decay function was fitted to the
data according to the least square method. Pearson corre-
lation was used to assess the correlation between MRI-
based BBBd intensity and histological-based BBBd
parameters in different ROIs. All data were tested for
normality using the Shapiro-Wilk test of normality and
were found normally distributed.

Results

Delayed-contrast MRI is significantly more

sensitive to BBBd than standard MRI

To compare the sensitivity of DCM with that of standard
MRI, the BBBd ROI volumes calculated from the BBB
maps were compared with the enhancing lesion volumes
calculated from the post-contrast T1-MRIs. Volume
comparison with hyperintense ROIs calculated from
T2-MRIs, representing edema or damage, was also per-
formed. The average volumes of these ROIs as a function
of time post-injury are shown in Figure 2.

Significant main effects of BBBd volumes were found
in the mixed-effects model for the measurement (DCM /
T1/T2) p<0.0001 F(2,70)=107.3, time point p <0.0001
F(2,133, 18.66)=23.53 and interaction of time point ver-
sus measurement p<0.0001 F(16,70)=5.40. In all but
one time point (day 98), BBBd volumes calculated
from DCM were significantly larger than the enhancing
volumes calculated from standard post-contrast T1-
MRIs. In 33% of the cases, both in the acute and chronic
stages, there was no detectable enhancement on stan-
dard TI-MRI, nor detectable hyperintensities on T2-
MRI, whereas DCM showed significant BBBd volumes
(Fig. 2).

The average disruption volumes and normalized inten-
sities were largest immediately after the injury (0.025*
0.006 mm® and 1.23+0.04%, respectively), the lowest
values appearing on days 30 and 60 (0.005 £0.002 mm®
and 1.13£0.02% on day 30; 0.003+0.001 mm°> and
1.14% £0.026% on day 60). From that time on, both
the volumes and the normalized intensities remained sta-
ble up to 540 days post-injury, suggesting persistent
BBBd. Further, we found that BBBd volumes decrea-
sed significantly by day 8 (from 0.025+0.006 mm> to
0.012+0.00° mm3, p<0.0091), suggesting partial BBB
function recovery within the acute stage.

To confirm that the chronic BBBd values represent
chronic disruption, we compared them with normal
BBB function, calculated from ROIs in the cortex of
age-matched naive animals at 30, 60, and 540 days.

The results showed that the normalized BBBd intensities
of the control mice were significantly lower than those of
the TBI mice, with values of 1.03+0.06, 1.002£0.009,
1.022+0.014 at 30, 60, and 540 days, respectively.
These results imply that BBB malfunction persists up
to 540 days after the injury (Fig. 3).

Blood vessel coverage by astrocytic end-feet

is significantly reduced in the acute stage,

with partial recovery over time

Percent microvessel coverage was calculated in the LC,
CG, and PC regions (Fig. 1B). The microvessel coverage
measured with GFAP was calculated for the ipsilateral
hemisphere from days 1-98 post-injury. Microvessel
coverage measured with AQP-4 was calculated for both
hemispheres from days 1-540 post-injury.

Vessel coverage measured by GFAP immunostaining
colocalized with lectin. Microvessel coverage was cal-
culated for each region (LC, CG, PC) of each mouse at
each time point (Fig. 4E). The coverage was low imme-
diately post-injury (LC: 35.17% £24.5, CG: 60.42% *
14.52, PC: 65.06% £5.5%), but increased, suggesting
improvement over time (significant main effect with
time from the initial injury with one-way ANOVA, LC:
p<0.0023, CG: p<0.2, PC: p<0.3). The initially low
coverage after injury indicates partially bare vessels,
characteristic of severe BBBd,36 with significant im-
provement up to 98 days following injury.

There were no significant differences between the LC,
CG, and PC regions, although the regions adjacent to
the lesion showed a more severe trend (Fig. 4E). The
PC region, located remotely from the site of injury,
revealed relatively low initial coverage (65.06+5.5%),
suggesting it was affected as well.

Because no significant differences were found between
the LC, CG, and PC regions (main effect for region, two-
way ANOVA, F (2, 43)=2.489, p=0.09), we combined
the three regions and referred to the combined region as
the ipsilateral cortex (Fig. 4A-D), similarly to the MRI
region. Like the MRI results, there was a significant
increase in vessel coverage between day 1 and day 30
post-injury (55.10+24.59%, 74.01 £9.30%, p <0.049).

Vessel coverage measured by AQP-4 immunostaining
colocalized with lectin. AQP-4 is expressed on astro-
cyte end-feet covering brain endothelial cells and is,
therefore, considered more sensitive than GFAP.?® Ves-
sel coverage was measured for up to 540 days post-
injury and showed more sensitive but similar trends
to those observed with GFAP staining. Coverage was
low immediately post-injury (ipsilateral: LC: 6.03*
3.17%, CG: 17.84+£7.84%, PC: 6.46+5.80%; contra-
lateral: LC: 26.93+£11.29%, CG: 28.98+10.87%, PC:
44.24+25.84%) but significantly increasing, suggesting
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FIG. 2. Delayed contrast extravasation magnetic resonance imaging (DCM) is significantly more sensitive
to blood-brain barrier (BBB) disruption than standard magnetic resonance imaging (MRI). (A) Average
region of interest (ROI) volumes calculated for each time point from DCM, T1-MRI, and T2-MRI. The p values
per time point: day 1: DCM vs. T1: 0.05, DCM vs. T2: 0.1 ns; day 4: DCM vs. T1: 0.009, DCM vs. T2: 0.01; day 8:
DCM vs. T1: 0.003, DCM vs. T2: 0.007; day 14: DCM vs. T1: 0.0009, DCM vs. T2: 0.002; day 30: DCM vs. T1 and
T2: 0.01; day 60: DCM vs. T1 and T2: 0.02; day 98: DCM vs. T1 and T2: 0.2 ns; day 133: DCM vs. T1: 0.02, DCM
vs. T2: 0.03; day 540: DCM vs. T1: 0.004, DCM vs. T2: 0.005. (B) Representative T1-MRIs, T2-MRlIs, and

BBB maps acquired 1 and 133 days after injury. The arrowheads point to the affected lesion cortex. It can
be seen that subtle yet significant BBBd was detected in mice up to 540 days post-injury. TBI. Traumatic

brain injury.

improvement, over time (significant main effect for the
time elapsed from the initial injury, one-way ANOVA,
ipsilateral LC: p<0.0001, CG: p<0.0017, PC:
p<0.0013; contralateral: LC: p<0.06, CG: p<0.0001,
PC: p<0.6). This initially low coverage after injury indi-

cating partially bare vessels, characteristic of severe
BBBd,*® was significantly improved in the course of
the 540 day follow-up (Fig. 4J).

There were no significant differences between the LC,
CG, and PC regions (main effect for region by two-way
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FIG. 3. Delayed contrast extravasation magnetic resonance imaging (DCM)-based blood-brain barrier
(BBB) disruption volumes and intensities in mice post-traumatic brain injury (TBI). (A) Average normalized
intensities as function of time post- injury (n=3- 5 animals/time point): day 1: 1.23%=+0.037; day 8:
01.21%£0.048; day 14: 1.21% £ 0.028; day 30: 1.13%+0.017; day 60: 1.14% £ 0.026; day 98: 1.15% + 0.020;
day 133: 1.14%+0.019; day 540: 1.13% +0.024. Average normalized intensities at 30, 60, and 540 days for
naive animals: day 30: 1.033% % 0.016; day 60: 1.002% + 0.009; day 540: 1.022%+0.014. (B) Average BBBd
volume as function of time post-injury in mm?>: day 1: 0.025 +0.006; day 8: 0.012+0.003; day 14:
0.009+0.003; day 30: 0.005+0.002; day 60: 0.003+£0.001; day 98: 0.004 +0.005; day 133: 0.006 + 0.002; day
540: 0.006 = 0.003.
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FIG. 4. Blood vessel (BV) coverage by astrocytic end-feet. Immunofluorescence staining of microvascular
endothelium (claudin-5, green) coverage by astrocytes (GFAP, red). (A-C) representative images from the ipsilateral
lesion cortex (LC) region on days 1, 30, and 60, respectively. Arrowheads show colocalization of GFAP and BVs. The
yellow signal indicates high BV coverage by the astrocytes, the green signal indicates bare vessels not covered by
astrocytes, reflecting BBB disruption. Scale bar, 100 um. (D) Percent GFAP coverage as a function of time post-TBI
for all three ipsilateral regions of interest (ROIs) (LC, CG, and PC). (F,G) Representative images of
immunofluorescence staining of microvascular endothelium (lectin, green) coverage by astrocyte end-feet (AQP4,
red) from ipsi- and contralateral LC on day 1 after injury. Scale bar, 50 um. (H): High magnification of vessels from
ipsi- and lateral LC 1 day after injury showing highly affected vessels with no coverage at the ipsilateral cortex
versus covered vessels at the contralateral cortex. The diameter of the vessel lumen (< 10 um) indicates that
microvessels were included and not regular/larger vessels. (I) Percent AQP4 coverage as a function of time for all
three ROIs (LC, CG, and PC) from the ipsi- and contralateral hemispheres. Significant main effects for time elapsed
post-injury p<0.0001) and for side (ipsilateral versus contralateral, p <0.0003). (E, J) Heat map spectrum of values:
red colors represent low coverage values (BBB disruption), green colors indicate high coverage values (E-GFAP,
I-AQP4). Rows represent different time points, the columns represent different ROIs, the X axis represents distance
from injury. The map shows the increase of coverage over time (the upper rows appear green, indicating high
coverage long after injury) and the differences between the ROIs, although they were not statistically significant.
Note: region | at the contralateral hemisphere refers to the cortical region corresponding to the LC in the
contralateral hemisphere.
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ANOVA, ipsilateral: F (2, 10)=2.24, p=0.16, contralat-
eral: F (2, 12)=2.044, p=0.17), although the regions ad-
jacent to the lesion showed a more severe trend (Fig. 41).
Because no significant differences were found between
the LC, CG, and PC regions, we combined the three

regions and referred to the combined region as the ipsilat-
eral cortex (Fig. 4 E-I), similarly to the MRI region.
Like the MRI results, there was a significant increase
in vessel coverage between day 1 and day 8 (10.08%
7.72%, 23.40%8.38, p<0.0018) and between day 1 and

e ™\
- e, (17 v, A o
*Day 1: Claudinb
Claudin5'.
| * Sham
+— [psilateral cortex
& o0 1/{____% e e a- Contralateral cortex
® — =
[~ o
g w 5
8 g [
- —e— |psilateral cortex S
[=] - & 1 &
2 5ol
2 |1
r—r—rrTr~T1rTT1rTT11 04 T T T T T T T T | 1
D 2 4 € 8 1020 40 €0 80 100 120 0 2 4 6 8 1020 40 60 80 100 120 140500 600
Time post TBI (days) Time post TBI (days)
E I Ipsilateral cortex J J | Ipsilateral cortex Contralateral cortex
High High
Coverage 540 70 Coverage
133
60 T 0
98
£ g 2
= 30
2 B« .
g H
g &
e E 30
£ £ =
Low Low
1 40 Coverage 10 Coverage
I . L. L. Il I Il L .
Lesioned  Cingulate Parietal Parietal Cing Lesioned Cing Lesioned Parietal
Cortex Gyrus Cortex Cortex Gyrus Cortex  Gyrus Cortex Cortex
\ J




Downloaded by Bar llan University from www.liebertpub.com at 05/04/25. For personal use only.

DCM AND BBB DISRUPTION IN TBI

439

day 30 post-injury (10.08+7.72%, 27.24+15.10%,
p<0.0051). Unlike the MRI results, this effect continued,
with an additional significant increase between days
60-540 post-injury (46.92+t14.03%, 73.07+16.97%,
p<0.002).

All the contralateral regions, located remotely from the
injury site, showed low initial coverage (~27-44% in
comparison with the aged controls, 92%, Fig. 4H), sug-
gesting they were affected as well. Further, the recovery
of the ipsilateral hemisphere was significantly faster than
that of the contralateral hemisphere (Fig. 4H), as reflected
by the significant main effects for the time elapsed from
the initial injury (two-way ANOVA, LC: F (2.316,
10.590)=10.34, p=0.0026, CG: F (1.510, 5.826)=
16.95, p=0.0047; PC: F (1.387, 4.558)=3.558, p=0.12).

To confirm that the microvessel coverage values ob-
served at 540 days represent persistent disruption, we
compared them with normal BBB function, calculated
for matched aged naive mice. The results showed that
microvessel coverage of the control mice (92.67%
4.12%) was significantly higher than that of the TBI
mice (ipsilateral/contralateral: 73.07+16.97/72.24
15.02%, p<0.0001 for both). These results imply that
BBB malfunction persists up to 540 days after injury.

The percentage of ZO-1 gaps was high

in the acute stage, with partial recovery

over time

The percentage of gaps was high immediately post-injury
(ipsilateral: LC: 48.71%+9.59%, CG: 59.43% £8.70%
and PC: 48.77% *5.87%; contralateral: LC: 50.14%
8.03%, CG: 51.04%£4.17%, PC: 50.27+6.17%), with a
significant decrease, suggesting improvement, over time

(significant main effect for the time elapsed from the ini-
tial injury according to one-way ANOVA, ipsilateral LC:
p<0.0004, CG: p<0.0003, PC: p<0.0001; contralateral:
LC: p<0.0001, CG: p<0.0008, PC: p<0.0001). This ini-
tially high gap percentage after injury indicated poor
integrity of the TJ, characteristic of severe BBBd,>”
with significant improvement throughout the 540 day
follow-up (Fig. SE).

There were no significant differences between the LC,
CG, and PC regions (main effect for region by two-way
ANOVA, ipsilateral: F (1, 59)=0.137, p=0.71, contra-
lateral: F (1, 15)=0.010, p=0.92). Because no significant
differences were found between the LC, CG, and PC
regions, we combined the three regions and referred to
them as the ipsilateral cortex (Fig. 5D, 5E). Unlike the
MRI and vessel coverage findings, there was no signif-
icant improvement in the percentage of ZO-1 gaps
between day 1 and day 8 (p<0.31) or between day 1
and day 30 post-injury (p <0.95). Unlike the MRI results,
recovery was significant between day 60 and day 540
post-injury (43.16+17.20%, 21.36 £2.79%, p <0.003).

The contralateral regions, located remotely from the
injury site, showed a high initial percentage gaps, similar
to those of the ipsilateral regions (~50-51%, Fig, 5D),
suggesting they were significantly affected as well. The
recovery of the ipsilateral hemisphere was similar to
that of the contralateral hemisphere (Fig. 5D).

To confirm that the percentage of ZO-1 gaps found at
540 days represents persistent disruption, we compared
them with those of normal BBB function, calculated for
matched age naive mice. The results showed that the per-
centage of ZO-1 gaps of the control mice (10.93 £3.66%)
was significantly lower than that of the TBI mice

>

FIG. 5. Blood vessel (BV) integrity: tight junction protein ZO-1 and IgG leakage. Immunofluorescence staining of
microvascular endothelium (lectin, green) with tight junction protein ZO-1 (ZO-1, red). (A, B) Representative
images from ipsilateral lesioned cortex (LC) from day 1, low and higher magnification, scale bar 50 um. The images
represent the variability in BV integrity. Two BVs from the ipsilateral cortex of injured mice are presented in B:
whereas the left vessel is fully covered by ZO-1, implicating intact blood-brain barrier, the right vessel shows
discontinuous, less regular distribution of ZO-1. (C) High resolution of mmunofluorescence staining of
microvascular endothelium (lectin, green) with nucleus (DAPI, blue) illustrating the diameter of the BVs included in
the analysis, indicating that they are microvascular and not larger vessels. (D) Average combined percentage of
Z0-1 gaps as a function of time of all three regions of interest (ROIs, LC, CG, and PC) of the ipsi- and contralateral
hemispheres. Significant main effects for time post-injury (two-way analysis of variance, ipsilateral: F
(2.81,23.70)=9.70, p=0.0003, contralateral: F (1.88,12.68)=15.19, p=0.0005)). (E) Heat map representing ROI
differences. The rows represent time points from injury. The columns represent the three regions (LC, CG, and PC
from left to right). Heat map spectrum of values (red colors represents high values (disruption, green colors
indicate low gap values). The map clearly shows a decrease in gaps over time and the differences between the

ROIs. (F-H) Immunofluorescence staining of microvascular endothelium (lectin, green) with IgG (IgG, red) showing
leakage of this large molecule from the BVs into the brain parenchyma. Representative images from midline cortex
showing the ipsi- and contralateral cortices from days 1, 30, and 98 after injuries. Nuclei from all the cells were
labeled with Hoechst stain (blue). (I) Percentage of IgG leakage as a function of time for the LC region of the ipsi-
and contralateral hemispheres. (J) Heat map of IgG leakage in the LC region of the ipsi- and contralateral
hemispheres.
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(ipsilateral/contralateral: 21.361£2.79/22.07£4.69%,
p <0.0001 for both). This implies that BBB malfunction
persists up to 540 days after the injury.

High levels of IgG leakage into the perilesional
cortical parenchyma, representing BBBd, were
detected at acute stages

The leakage, measured for up to 133 days, was high
immediately post-injury in the ipsilateral hemisphere
(ipsilateral: 35.17% £20.82%; contralateral: 4.82+
6.45%) with significant decrease, suggesting improve-
ment, over time (significant main effect for the time
elapsed from the initial injury, one-way ANOVA, ipsilat-
eral p<0.0004; contralateral: p<0.0001). This initially
high IgG leakage after injury indicating high permeabil-
ity, characteristic of severe BBBd,*’ was followed by sig-
nificant improvement throughout the 133 day follow-up
(Fig. SE).

The IgG in the ipsilateral hemisphere trended to
recover between days 1 and 133 (35.17120.82%,
4.6911.65%, p<0.06). Unlike the vessel coverage levels
and the percentage of ZO-1 gaps, the contralateral region
showed low initial leakage and, therefore, no significant
recovery was evident (reaching 12.14 +5.72%, Fig, 5D).

Significant correlation between MRI-based

BBBd intensity and histological-based

BBBd parameters

The correlation between the normalized BBBd inten-
sity, calculated from DCM, and each of the histological
parameters measured in the different regions (Fig. 6)
was determined according to Pearson correlation. The
BBBd calculated from DCM was significantly correlated
with the percentage of vessel coverage measure with
GFAP and AQP4 at the ipsilateral LC and CG regions
(these regions were adjacent to the injury and directly
influenced by the cortical weight drop impact): BBBd
vs. % GFAP coverage: r*=0.87, p<0.0065, r*=0.962,
p<0.0006, for LC and CG, respectively; BBBd vs. %
AQP4 coverage: 1°=0.879, p<0.0006, *=0.59, p<0.04
for LC and CG, respectively; BBBd vs. % of ZO-1 gaps:
?=0.56, p<0.05, *'=0.78 p=0.04, for LC and CG,
respectively; and BBBd vs. % of IgG leakage: 1*=0.76,
p<0.05.

Thus, an increase in BBBd, reflected by an increase
in normalized DCM intensity, was accompanied by
decreased vessel coverage by astrocyte end feed, an
increased percentage of ZO-1 gaps, and increased levels
of IgG extravasation.

Discussion

BBBd is a well-known consequence of TBI in the acute
stage and is associated with poor physical, emotional,
and cognitive outcomes.>® Recently, some evidence of

more persistent and chronic BBBd emerged. Extravasa-
tion of the serum protein fibrinogen, and IgG, both mark-
ers for BBBd, were observed in the brains of patients who
died in the acute phase after TBI, as well as in those who
survived at least one year.*® Early restoration of BBB in-
tegrity was suggested to help prevent the sequelae of
other long-term comorbidities associated with TBI,
such as post-traumatic epilepsy and neurodegenerative
diseases.”®™*°

At present, knowledge regarding BBBd after TBI is
mainly based on post-mortem investigations in humans
and experimental animals. Despite the large body of
evidence for the TBI long-term repercussions, however,
there is a critical lack of reliable methods addressing
BBBd in vivo, impeding dynamic BBBd assessment in
the same individual over time and necessary for evaluat-
ing both the acute and chronic phases of TBI.

Therefore, enhancing our knowledge of temporal BBB
dynamics is required and non-invasive imaging methods,
highly sensitive to subtle BBB changes/disruption, that
enable to longitudinally explore BBB function, are
needed. The application of MRI to the quantification of
BBB abnormalities is an emerging field.® There is a
lack of quantitative and sensitive methods, however,
especially in the chronic phase because of the challenges
encountered at subtle levels of BBBd.

So far, DCE MRI is the most common technique used
for this purpose. The DCE is a perfusion technique from
which quantitative parameters reflecting microcircula-
tory structure and function can be derived. Of those,
Ktrans (the volume transfer constant between the plasma
and the extravascular extracellular space) is most com-
monly used for BBBd quantification after TBI.®*!

Reports on the utility of DCE-based parameters as
imaging biomarkers of BBBd in TBI are scarce.*?
Recently, BBBd in the periventricular regions in 10 of
19 rugby players, observed by acquiring DCE pre- and
post-season, supported the notion of long-term BBBd
in mild TBI. Similarly, modified prolonged DCE-MRI
scans revealed the BBBd in a subset of amateur American
football players exposed to repeated mild TBL?’ The
increased permeability persisted for months, as seen in
players who were scanned both on/off-season for two
consecutive seasons of play and practice.

Regional DCE analysis has shown that in concussed
football players or mixed martial arts athletes, the num-
ber of regions with BBBd (>2 SD of controls) deviated
from the normal distribution, but not in age-matched
healthy controls. Although group comparison showed
no differences in the overall BBBd volume in players
compared with controls, up to 35% of the players exhib-
ited shared brain regions with BBBd. Importantly, BBBd
was found in a few players (n=4) weeks and months after
the last concussion. Recently, however, it has been recog-
nized that the sensitivity of DCE to subtle BBBd is low.*?
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FIG. 6. The correlation between magnetic resonance imaging (MRI)-based blood-brain barrier disruption
(BBBd) intensity and histological-based BBB parameters. Correlations were determined between the
normalized BBBd intensity, calculated from Delayed contrast extravasation magnetic resonance imaging
(DCM) and various histological parameters measured in the different regions. The percentage of GFAP
coverage in the lesioned cortex (LC) and cingulate gyrus (CG) was found to be significantly correlated with
the MRI-based intensity of BBBd. In both regions, affected directly by the cortical weight drop impact, the
correlations were significantly negative: r2=0.87, p<0.0065 for LC (A) and r2=0.962, p<0.0006 for CG

(B). Thus, the higher the intensity of the BBBd, the lower the percentage of GFAP coverage. The percentage
of AQP4 coverage in both the LC and CG regions was found to be significantly correlated with the MRI-
based intensity of BBBd. Although the two comparisons showed significant statistical significance, a
stronger negative correlation was measured in the LC region (LC: *=0.923, p < 0.0006 [C], CG: r*=0.59,

p <0.04 [D]). The percentage of ZO-1 gaps, representing the tight junctions of endothelial cells, in the LC
and CG was found to be significantly correlated with the MRI-based intensity of BBBd. In both regions
significant positive correlations were found, with values of r*=0.56, p<0.05, LC (E) and r*=0.78 p<0.04, CG
(F). Significant correlation was also found between the percent of IgG leakage into brain parenchyma and
the MRI-based intensity of BBBd: r*=0.76, p <0.05 (G).
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These data suggest that there is enduring BBBd after
TBI. Advancing methodologies for assessment of subtle
changes in BBB function are essential for shedding
light on BBBd as a potential major underlying mecha-
nism for long-term consequences of TBI. Our MRI-
based technique, DCM, enables high sensitivity to subtle
changes in BBB permeability.® We previously showed in
post-ischemic stroke patients that in ~30% of those with
no BBBd according to standard MRI, DCM showed sig-
nificant volumes of disruption. In those patients showing
enhancement on standard MRI, the volume of BBBd
depicted in the DCM maps was nearly three times larger,
reflecting higher sensitivity to BBBd.®

We further showed, in a patient scanned repeatedly up
to 18 min post-contrast injection, that Ktrans maps (cal-
culated by fitting the data to a two compartment model)
and our BBB maps (calculated by subtracting the early
images from the delayed images) showed similar results
at different delays post-contrast, suggesting that the inc-
reased sensitivity stems from the long delay and not
from the method used for calculating the maps. For exam-
ple, the disruption volumes depicted in the maps calcu-
lated at 16 min post-contrast were significantly larger
(5.6+1.4 according to the DCE two-compartment
model and 5.8+2.2 according to the DCM subtraction
method; p<0.0001 for both) than those calculated at
4 min (the standard delay used for DCE).

In the current work, we implemented the DCM meth-
odology to follow short-and long-term changes in BBB
function post-TBI in a CHI experimental model. Our
DCM methodology was significantly advantageous over
standard MRI because of the high sensitivity derived
from the relatively long delay (30 min) compared with
standard contrast-enhanced T1-MRIs. The BBBd vol-
umes were significantly larger at the acute and the chro-
nic time points in the BBB maps. Moreover, BBBd was
undetectable in 33% of T1-MRIs, but was clearly
detected at all time points in the BBB maps. In addition,
in those cases where BBBd could be detected in T1-MRI,
the extent/volumes were significantly larger and app-
eared more diffuse in the BBB maps. Remarkably,
using our DCM longitudinally, the BBB maps showed
significant BBBd in the lesioned cortex up to 540 days
(1.5 years) after injury (Fig. 2A,2B), suggesting that
BBB function never completely recovered after TBI.

These findings were confirmed by comparing the DCM
results with different histological analyses that were per-
formed on the same brains. Because we used a clinical
1.5 T scanner, the BBB map resolution (which is identical
to the TI-MRI resolution) was significantly lower than
that of the histological samples. The ROI we considered
as LC in the MRI actually covered both the LC and CG
histological regions. The LC and CG (which is located
lateral and adjacent to LC), were directly affected by
the initial impact to the brain, whereas PC, located medi-

ally and relatively remote from the lesion, was not
directly affected by the insult. This is the rationale,
when studying the correlation between DCM and histo-
logical parameters, for our main focus on the LC and
CG regions.

Histological analysis enables evaluation of the extent
of BBB damage with high resolution in different brain re-
gions and allows investigation of different BBB compo-
nents. The BBB is composed of three cellular elements
of the brain microvasculature: endothelial cells, astrocyte
end-feet, and pericytes. The TJs, which are present
between the cerebral endothelial cells, form a barrier
that selectively excludes most blood-borne substances
from entering the brain. Astrocytic end-feet tightly
unsheathe the vessel wall and appear to be critical for
the induction and maintenance of the TJs barrier.'

In our study, three histological assessments were per-
formed, representing different aspects of the blood vessel
integrity: the blood vessel coverage parameter, where we
stained astrocyte end-feet with GFAP or AQP4, repre-
sents the unsheathe of the endothelial cells and thus
points to the integrity of the neurovascular unit (NVU).
The ZO-1 is a TJ scaffold protein expressed on the micro-
vascular endothelial cells of the BBB, which participates
in the strong sealing of gaps between adjacent endothelial
cells, thus limiting passage of molecules through the
paracellular routes, and is therefore considered a major
factor affecting BBB permeability. Accordingly, the per-
centage of ZO-1 gap parameter represents integrity of the
endothelial component of the BBB.>

The TJs functional integrity at the BBB can be evalu-
ated by measuring the extravasation of solutes that are not
transport substrates and typically remain in the vascular
lumen under physiological conditions. It is common
knowledge that the levels of endogenous proteins, such
as IgG, are highly elevated in the blood after TBI.Y 74
Because IgG is a relatively large molecule (~ 150kDa),
however, it does not penetrate the BBB unless the latter’s
function is compromised. Therefore, the IgG leakage
parameter represents BBB malfunction. We found exten-
sive IgG leakage mainly in the ipsilateral hemisphere,
affected directly by the insult, in the acute time points
(up to 8 days). Later on, extravasation levels were redu-
ced dramatically. As the disruption was subtle in the
chronic phase following injury, we could not detect IgG
leakage into the brain parenchyma, despite observing
other BBBd hallmarks.

Importantly, despite the resolution differences, all
the measurements, including DCM, microvessel cover-
age, number of ZO-1 gaps, and IgG leakage, showed
significant BBBd immediately post-injury followed by
significant recovery. All measurements (including DCM,
microvessel coverage, number of ZO-1 gaps, and IgG
leakage), however, showed continuous significant BBBd
throughout the follow-up time, without reaching full
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recovery. This BBBd was confirmed as significantly
higher than that of healthy age-matched controls.

Although sharing same trends, we found some differ-
ences in the recovery time lines. DCM showed significant
BBBd immediately after the injury, with significant
improvement after 8 days, suggesting partial improve-
ment during the acute stage. This improvement during
the acute stage was consistent with the AQP-4 microves-
sel coverage results, but was not detected by the GFAP
staining and the number of ZO-1 gaps. In the case of
GFAP, this may be explained by the limited sensitivity
relative to AQP-4 staining. DCM showed additional sig-
nificant improvement up to 60 days. This improvement
was consistent with both the GFAP and AQP-4 microves-
sel coverage findings, but inconsistent with the number
of ZO-1 gaps, showing later significant improvement
between 60 and 540 days. This may suggest that differ-
ent components of the NVU recovered at different time
points.

In summary, our results show that the DCM-based
methodology can detect BBB permeability up to 1.5
years after CHI in mice, with significantly higher sensi-
tivity than contrast-enhanced T1-weighted and T2-
weighted MRI. The histological findings, presenting
different components of the BBB, support the MRI find-
ings and show significant correlations with the param-
eters obtained from DCM. Further, the histological
analysis revealed the extent of BBB damage at the cellu-
lar and molecular level.

Regions that are normally considered healthy or intact
because they are located away from the injury area, even
in the contralateral hemisphere, were found in our study
to be abnormal. This was reflected by decreased TJs pro-
teins levels, expressed as an increased percentage of
Z0-1 gaps, and decreased BV coverage by astrocyte end-
feet even in the contralateral hemisphere far from the
impact region. According to the DCM methodology,
BBBd measured with MRI paralleled many of the histo-
logical results. In addition to the significant correlations
found between the MRI findings and the histological
parameters, BBBd in remote regions, such as the contralat-
eral LC, were affected, pointing to DCM as a valid and sen-
sitive method for non-invasive assessment of subtle BBBd.

Cumulative evidence from recent years points to BBB
integrity as a central component of the pathophysiology
of TBI. In addition, changes in BBB integrity is a well
documented phenomenon in healthy aging'®**™*’ and
was recently suggested as an early biomarker of cognitive
dysfunction independent of Af and/or tau biomarker
changes in patients with Alzheimer disease.?* Therefore,
it is expected that routine use of high-resolution non-
invasive techniques to measure BBB integrity, such as
DCM with advanced analysis methods, may enhance
our understanding of the changes in BBB function after
TBI and normal aging.

Revealing these secondary damage mechanisms will
lead the way for improved diagnosis and prognosis,
enabling determination of early biomarkers for identify-
ing patients at risk for development of late complications
such as neurodegenerative diseases. In addition, it may
open horizons to novel treatment targets and approaches.

Key limitations: the main limitation of this study is the
small sample size, particularly in the histological analy-
sis. The longitudinal analysis of up to 1.5 years after
the injury is a significant strength, however. The current
study was focused on the application of DCM for longi-
tudinal depiction and quantification of subtle BBBd in
a TBI model in an attempt to demonstrate long-term
chronic BBB abnormalities. In recent years, there is accu-
mulating evidence suggesting that chronic subtle BBBd
may act as a major underlying mechanism of cognitive
decline after TBI. The current study, however, does not
follow acute or chronic functional outcomes and there-
fore cannot strengthen or contradict this mechanism.

Further experimental work, which is currently in prog-
ress, is essential to address these issues, especially to
compare DCM findings to functional outcomes and
blood biomarkers.

Transparency, Rigor

and Reproducibility Summary

Our paper entitled: Application of delayed contrast
extravasation MRI for depicting subtle blood-brain bar-
rier disruption in a TBI model meets the criteria for neu-
roimaging study. This is the first validation of a new
imaging method for depicting long-term subtle BBBd
in a CHI model. For this reason, this study was deter-
mined as exploratory and was not formally registered.
The analysis plan was not formally pre-registered, but
the lead authors certify that the analysis plan was pre-
specified. To calculate appropriate sample size, a priori
analysis for a mixed model with post hoc analysis were
conducted. Based on our previous results in mice, effect
size of 0.4 and a power of 0.95 were chosen, this yielded a
total sample size of 24 animals. Since the last time point
was planned at 540 days, 1.5 years from injury which
considered as old age for rodents, the sample size was in-
creased by 30%. Imaging acquisition and analyses were
performed by team members blinded to time point fol-
lowing the injury of the animals, and histological out-
comes were assessed by team members blinded to
imaging results. All equipment and software used to
perform imaging and preprocessing are widely available
from commercial sources. All scans were collected using
the same MR scanner and the same MR sequences as
specified in method section. Image analysis was perfor-
med using MATLAB software with a code developed
inhouse.®*® Characteristics of the primary neuroimaging
analyses are described in method section. The time req-
uired for image acquisition was 40 minutes, up to
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4 mice were scanned together. The time required for gen-
eration of each BBB map was approximately 1 minute.
Replication by the study group is ongoing and will be
registered at Center for Open Science. Analytic codes
used to conduct the analyses presented in this study are
not available in a public repository. They may be avail-
able by emailing the corresponding author. The algorithm
is described in detail in the manuscript. This paper will
be published under a Creative Commons Open Access
license, and upon publication will be freely available at
https://www liebertpub.com/loi/neu.
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