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Abstract

Despite an apparently silent imaging, some patients with mild traumatic brain injury (TBI) experience cognitive dys-
functions, which may persist chronically. Brain changes responsible for these dysfunctions are unclear and commonly
overlooked. It is thus crucial to increase our understanding of the mechanisms linking the initial event to the functional
deficits, and to provide objective evidence of brain tissue alterations underpinning these deficits. We first set up a murine
model of closed-head controlled cortical impact, which provoked persistent cognitive and sensorimotor deficits, despite
no evidence of brain contusion or bleeding on MRI, thus recapitulating features of mild TBI. Molecular MRI for P-selectin,
a key adhesion molecule, detected no sign of cerebrovascular inflammation after mild TBI, as confirmed by immunos-
tainings. By contrast, in vivo PET imaging with the TSPO ligand ['SF]DPA-7I4 demonstrated persisting signs of neuro-
inflammation in the ipsilateral cortex and hippocampus after mild TBI. Interestingly, immunohistochemical analyses
confirmed these spatio-temporal profiles, showing a robust parenchymal astrogliosis and microgliosis, at least up to
3 weeks post-injury in both the cortex and hippocampus. In conclusion, we show that even one single mild TBI induces
long-term behavioural deficits, associated with a persistent neuro-inflammatory status that can be detected by PET
imaging.
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Introduction
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Each year, 69 million people suffer a traumatic brain
injury (TBI), which is the leading cause of mortality in
young adults and a major cause of death and disability
across all ages worldwide."? The classification of TBI
can be etiological, symptomatologic, prognostic or
anatomopathological. Practice guidelines include struc-
tural imaging and neurological scoring, including the
15-point Glasgow Coma Scale, in their criteria for clas-
sifying injury severity as being severe, moderate, or
mild TBI.? Clinical research has mainly been directed
toward moderate and severe TBI, but the majority
(70-90%) of patients suffer from mild TBI (miTBI).
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Cumulative epidemiological data show that moder-
ate or severe TBI, and very likely mild TBI, are impor-
tant risk factors for disabilities (the so-called “silent
epidemic”), including neurodegenerative diseases or
psychiatric disorders.*® The sparse quantitative esti-
mations vary greatly, but patients with mild TBI may
suffer from physical symptoms, cognitive dysfunctions,
anxiety, depression, post-traumatic stress disorder, that
risk to interfere with professional or social life."”®
Mild TBI is thus a serious condition and it is important
to predict who are at risk patients and to understand
the underlying pathogenic mechanisms. The current
armamentarium remains insufficient, but imaging, or
multimodal imaging is likely a key to success for
these goals.

After the initial biomechanical injury, TBI induces
a progressive secondary injury, which includes a
neuroinflammatory response.” Accordingly, the ability
to monitor inflammatory responses can have major
diagnostic/prognostic implications for TBI. Beside
plasma/CSF biomarkers, some brain biomarkers of
inflammation can be targeted in humans by molecular
imaging such as single photon emission computed
tomography (SPECT) or positron emission tomogra-
phy (PET). In this context, highly sensitive imaging of
neuroinflammation is available using translocator
protein (TSPO) PET ligands. Indeed, brain imaging
of TSPO is now recognized as a relevant index of
active microglia and is increasingly used in acute
brain injuries such as stroke'® neurodegenerative dis-
eases such as Alzheimer’s disease and multiple sclero-
sis,'""'? and moderate to severe TBL'} In parallel,
molecular magnetic resonance imaging (MRI) to
study endothelial activation has recently emerged as
a promising axis of research,'* with solid proof-
of-concept studies in animal models. The recently
developed contrast agents called micro-sized particles
of iron oxide (MPIO) have significantly improved
molecular MRI sensitivity and specificity. MPIOs
harboring antibodies against adhesion molecules
recruited at the endothelial luminal membrane
(including VCAM-1 and P-selectin), have proven as
highly relevant MRI tools to detect neuroinflamma-
tion in various pathological conditions,'”™"” including
transient ischemic attack for which —like for miTBI -
conventional MRI shows no evidence of brain
infarction.'®

Here, in mice, we tailored a model of miTBI below
any detectable damage by conventional MRI, to test
whether miTBI is associated to selective cognitive def-
icits and whether advanced translatable imaging of
inflammation by molecular MRI or PET may inform
on functional post-TBI sequelae.

Material and methods

Ethics

All experiments were performed and reported in accor-
dance with the Animal Research: Reporting of In Vivo
Experiments (ARRIVE) guidelines (http://www.nc3rs.
org.uk'®) in accordance with French laws (act no.
87-848; Ministere de 1’Agriculture et de la Forét),
European Communities Council Directives of
November 24, 1986 (86/609/EEC) guidelines, and
have been approved by the ethical committee (authori-
zation number #15301). The Mario Negri Institute
adheres to the principles set out in the following laws,
regulations, and policies governing the care and use of
laboratory animals: Italian Governing Law (D.lgs
26/2014; Authorization no.19/2008-A issued March 6,
2008 by Ministry of Health). They were reviewed and
approved by the Mario Negri Institute Animal Care
and Use Committee which includes ad hoc members
for ethical issues, and by the Italian Ministry of
Health (Decreto no. D/07/2013-B and 301/2017-PR).

Animals

Experiments were performed on two months-old male
Swiss mice (35-45g; Centre Universitaire de
Ressources Biologiques, Normandy University, Caen,
France) or on male C57BL/6J mice (20-24g; from
Envigo for the Istituto di Ricerche Farmacologiche
Mario Negri). Animals were housed at 21°C in a 12h
light/dark cycle with food and water with ad libitum
free access. For each experiment, the number of ani-
mals used has been approved by the ethical committee.
Sample sizes have been defined via an online power
analysis  tool (https://clincalc.com/stats/samplesize.
aspx) and/or on our expertise.

Surgical procedure for traumatic brain injury

For surgeries, mice were anesthetized with isoflurane
5% and maintained under anesthesia with 1.5-2.5%
isoflurane in a 70%/30% gas mixture (N,O/O,). The
body temperature was maintained at 37+0.5°C
throughout wusing a feedback-regulated heating
system. Breathing was constantly checked and adjusted
with anesthesia level. A sagittal incision (not midline to
avoid major bleeding) was made to expose the skull.
Mice were placed on a stereotaxic frame, and the head
was maintained using both nose and ear bars. The
whole body was elevated using a 3 cm-high box to
limit contrecoup injuries. Then, the left parietal skull
was cleaned with a cotton bud. Close-head controlled
cortical impact (CCI) brain injury was induced using a
3 mm diameter rigid impactor driven by an electromag-
netic controlled impact device (ImpactOne, Leica®)
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rigidly mounted at an angle of 20° from the vertical
plane and applied between the bregma and lambda of
the left exposed skull (deformation depth was either
1.5mm for mild TBI (miTBI) and 2mm for moderate
TBI (modTBI); velocity: 5.0 m/s; time of impact: 0.2s,
see schematic cartoon in Fig. S1). Using these two
depths, skull fractures were not detected in miTBI
mice, but were present on modTBI mice. Mice were
sutured and placed in a separate box until recovery
(i.e., restoration of a normal gait). Sham animals
were subjected to the same procedure, except that
they did not receive any impact.

As positive controls of molecular imaging, a series of
mice was either injected with LPS in the striatum (1 pg)
or subjected to severe TBI, induced by a 1 mm depth
impact after craniectomy, as described earlier.?!

MRI of brain lesions

Mice were deeply anesthetized with 5% isoflurane in
30/70% O,/N,O and then maintained under anesthesia
during all the experiment with 1.5-2.5% anesthesia in
30/70% O,/N,O. Imaging was carried out on a
Pharmascan 7T/12cm system using surface coils
(Bruker, Germany). T2-weighted sequences were used
to visualize oedema formation at 1, 7 and 21 days post-
TBI using MSME sequences (multi-spin multi-echo):
TE/TR: 51 ms/2500ms TE/TR 33 ms/2500 ms with a
70%70*500 um®  spatial resolution. Haemorrhagic
events were assessed using T2*-weighted sequences
(TE/TR: 7.7ms/500ms TE/TR 8.7064 ms/500 ms).
Lesion size was calculated using Image J software
(v1.52k, NIH).

Behavioural assessments

A separate group of animals was subjected to behav-
ioural tests before and after inducing mild or moderate
TBI. Based on the literature,”*** our minimally inva-
sive sham procedure was not expected to impact the
behavioural parameters measured per se, so that no
sham animals were included. Mouse weight was mon-
itored before each behavioural assessment, the day and
the day after the surgical procedure. A control MRI
(T2 and T2%*) session was systematically performed 24 h
after surgery to exclude animals with lesion and/or
bleeding. One mouse with moderate TBI died a few
days after surgery and two mice displayed brain hae-
morrhage after mild TBI; these three animals have thus
been excluded from further analyses.

Place recognition test. Spatial memory was tested 7 days
before and 7 and 21 days after mild TBI (n= 10 mice/
group) in a white plastic Y-maze with three identical
arms (34 x7x 14.5cm). Mice were tested after a

two-session procedure with a 2h30 intersession interval,
as previously described.>* During the acquisition ses-
sion, one arm was randomly closed with a guillotine
door. The position of the closed arm was chosen ran-
domly among the three arms. Each mouse was placed
in one of the two other arms (arms A and B), with its
head facing away from the center of the maze) and
allowed to explore the two accessible arms for 5min.
Mice were then placed in their home cage for 2h30
before being subjected to the retention test, in which
they had free access to all three arms for Smin. The
number of visits to each arm (considered only when the
mouse passed two-thirds of the arm) was recorded for
each session. Spatial memory was assessed through the
comparison of the percentage of visits in each arm for
the Smin of the retention test. In the absence of defi-
cits, the percentage of visits in the new arm is higher
than 33% (the threshold of random visit).

Open field. Mice were placed in a squared box
(31.5x31.5cm) for 10 minutes as previously
described,” 7 days before and 7 and 21 days after
mild TBI (n=10 mice/group). Animals were video-
tracked (DMK 21AF04, The Imaging Source®) and
distance and velocity were analyzed with EthoVision
XT 11.5 software (Noldus). Additionally, a central
region of 15 x 15cm was defined, and the percentage
of time spent in the center area was measured to assess
anxiety-like behaviour. Rodents typically spend more
time exploring the periphery of the arena by walking
along the walls (thigmotaxis) than the central area.?

Targeting-moiety conjugation to MPIOs and
molecular imaging

Microparticles of iron oxide (MPIOs; diameter
1.08 um) with p-toluenesulphonyl reactive surface
groups (Invitrogen) were used for peptide conjuga-
tion.'® Purified polyclonal goat anti-mouse antibodies
for P-selectin (R&D Systems, clone AF737) were cova-
lently conjugated to MPIOs in borate buffer with
ammonium sulphate (pH 9.5), by incubation at 37°C
for 48h. The specificity of these MPIOs targeting
P-selectin has been validated in a previous study.'®
MPIOs were then washed in phosphate buffered
saline (PBS) containing 0.5% bovine serum albumin
(BSA) at 4°C and incubated for 24 h at room temper-
ature, to block the remaining active groups. MPIOs
were rinsed in PBS (0.1% BSA) and stored at 4°C.
Imaging was carried out at Cyceron on a
Pharmascan 7T/12cm system using surface coils
(Bruker) or at IRFMN on a 7T Bruker Biospec
(Ettlingen, Germany) running ParaVision 6.01 and
equipped with a quadrature cryogenic surface coil
as transmitter and receiver. Three-dimensional
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T2*-weighted gradient echo imaging with flow com-
pensation (GEFC) (spatial resolution of
70 x 70 x 70 um®), TE/TR 13.2ms/200ms and a flip
angle (FA) of 21° was performed to visualize MPIOs.
Specifications with the 7T Bruker Biospec system
were the followings: resolution of 80 x 80 x 80 um®,
TE/TR =7.5ms/50ms, FA of 14°. A baseline GEFC
image was acquired before and after MPIO injection
to evaluate the percentage of signal variation.

MRI acquisitions started immediately after the
intravenous injection of MPIOs (200 pl of 2mg Fe/kg
of conjugated MPIOs) and lasted 17-20 min. The qual-
ity of conjugated MPIOs was systematically checked in
a mouse that received an intrastriatal injection of lipo-
polysaccharide (1pul, 1mg/kg; coordinates: 0.5mm
anterior, 2.0mm lateral, —3mm ventral from the
Bregma).

Furthermore, a high-resolution angiography was
performed using a 3D-FLASH sequence suppressing
signals from static tissue (Field of view (FOV)=
30 x 16 x 8.4mm?®; Resolution 100 x 100 x 100 pm;’
FA of 80°; TE/TR =3.1 ms/16 ms; Number of average
(NA) =06; scan time: 16 min), only in mice subjected to
the severe TBI model.

[3H]DPA-7 14 autoradiography

Seven days (n=7 mice/group) or 21 days (n=6 mice/
group) after mild TBI, brains were harvested, frozen in
isopentane cooled at —35°C and stored at —80°C.
Coronal brain sections 20-um thick (coordinates:
Bregma —2.30 mm according to Franklin & Paxinos)
were sliced using a cryostat at —20°C (CM 3050S™,
Leica, Germany), collected on gelatin-coated slides and
stored at —80°C for at least 4 days. The density of
TSPO binding sites was measured by ex vivo autora-
diographic experiments using [H]DPA-714 (Molar
activity 2.01 GBgq/umol).?”*® Brain sections were
allowed to equilibrate at room temperature (RT) for
3 hours and then incubated with 1nmol/L of [*H]
DPA-714 in 50 mmol/L Tris—=HCI buffer pH 7.4 at
RT for 60 minutes. The non-specific binding was mea-
sured in the presence of 1pumol/L PK-11195 (Sigma
Aldrich, Lyon, France). Sections were rinsed twice in
ice cold buffer (4°C) for 5 minutes, then briefly in dis-
tilled water at 4°C and dried at RT. Acquisitions were
compiled over a period of 4 hours using the
B-imager™ 2000 (Biospace Lab, Paris, France). Four
sections were analyzed per mouse. ROIs were manually
drawn on the ipsi- and contro-lateral hippocampus and
frontal cortex. The level of bound radioactivity was
directly determined by counting the number of
B-particles emitted from the delineated area using the
B-vision software (Biospace Lab, France). The radio-
ligand signal in the ROIs was expressed as counts per

minute per square millimeter (cpm/mm?). Specific
binding was determined by subtracting nonspecific
binding from total binding.

MicroPET experiments

PET experiments were conducted 21 days post mild
TBI (5 mice). ["*F]DPA-714 was prepared as described
elsewhere® and obtained with a molar activity of 96
GBg/umol at the time of injection. Mice were deeply
anesthetized with isoflurane at 4-5% in O, and
maintained with 1.5-2% isoflurane during scanning.
Mice were placed on a thermo-regulated bed
(Minerve, France) in the prone position with a nose
cone. Acquisitions were made on a microPET-CT
SuperArgus system (Sedecal, Madrid, Spain) which
has an effective axial/transaxial FOV of 4.8/6.7cm, a
spatial resolution less than 2mm and a sensitivity
above 2.5% in the whole FOV. Before PET acquisition,
a S-minute computed tomography (CT) scan was
acquired for attenuation correction. ['*F]DPA-714
was administered into the tail vein as a bolus (22 +
1 MBq). During the 50 minutes of PET acquisition,
the respiratory rate and body temperature were moni-
tored and kept as constant as possible.

The PET list-mode scans were rebinned into
27 frames: 4 frames of 10-seconds followed by 4 of
20-seconds, 4 of 60-seconds, 14 of 180-seconds, and
1 of 120-seconds. Each scan was corrected for ran-
doms, scatter and attenuation, and the images were
reconstructed using a 2D OSEM algorithm (GE
Healthcare, France) into voxels of 0.3875 x 0.3875 x
0.775mm’. Dynamic PET images were corrected for
partial volume effect using a Reblurred Van Cittert
approach.®® The estimation of the system point
spread function (PSF) was slightly narrowed to avoid
Gibbs ringing artifacts. Data summed over the entire
acquisition were used for image registration. Since
brain anatomy is very similar for mice of similar
weight relatively to PET resolution, registration was
accomplished as a rigid body transformation, with no
warping or scaling. Each summed scan was individually
smoothed with a Gaussian filter to improve the signal-
to-noise ratio and to reduce the bias of misregistration
into Mirrione template space. For this smoothing, a
kernel of 0.6 x 0.6 x 0.6mm® FWHM was used. Each
scan was coregistered using PMOD v3.4 software
(PMOD Technologies Ltd, Switzerland) to a '"SFDG
PET template in Mirrione coordinates using a mutual
information similarity function with Powell’s conver-
gence optimization method.”' The registered images
were then used to create a template that was also reg-
istered to Mirrione space. Finally, all initial PET
images were registered again to this template.
The results were visually checked for misregistration.
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To normalize the ['* F]DPA-714 uptake, tissue activity
was divided by the average whole brain activity. Each
voxel of the 3D volume was paired with its correspond-
ing contralateral voxel. Based on the Mirrione’s tem-
plate, regions of interest of at least 50 contiguous
significant voxels were drawn from the z-score map
using PMOD v3.2 software (PMOD Technologies
Ltd, Switzerland). These regions of interest were then
applied to individual ['"*F]DPA-714 images to retrieve
["® F]DPA-714 uptake values in each brain.

Immunohistochemistry

One, 7 or 21 days post-TBI, deeply anesthetized mice
were transcardially perfused with cold heparinized
saline (15mL) and fixed with 100 mL of 2% parafor-
maldehyde and 0.2% picric acid phosphate buffer (pH
7.4) (n=4 or 6 mice/group). Brains were post-fixed
with 2% paraformaldehyde and 0.2% picric acid phos-
phate buffer (18 hours; 4°C) and cryoprotected
(sucrose 20% in PBS; 24 hours; 4°C) before freezing
in Tissue-Tek (Miles Scientific, Naperville, IL, USA).
Cryostat-cut sections (10 um-thick sections) were col-
lected on poly-lysine slides and stored at —80°C
before processing.

Sections were co-incubated overnight with rabbit
polyclonal anti-mouse Ibal (1:1000, Wako 019-
19741), rat polyclonal anti-mouse CD68 (1:1000,
Abcam 53444), goat polyclonal anti-mouse P-selectin
(1:1000, RD System AF737), chicken polyclonal anti-
mouse GFAP (1:2000, Abcam 4674), sheep anti-
fibrinogen (1:10000, kind gift from Dr. E. Angles
Cano) and rabbit polyclonal anti-mouse Laminin
(1:1500, Abcam 11575). Primary antibodies were
revealed by using Fab’2 fragments of Donkey anti-
rabbit linked to FITC or Cy5, anti-rat linked to Cy3,
anti-goat IgG linked to FITC (1:600, Jackson
ImmunoResearch, West Grove, USA). Infiltrated
immunoglobulins were detected with a Cy3-
conjugated Donkey Anti-Mouse IgG (1:600, Jackson
ImmunoResearch 715-165-150). Washed sections were
coverslipped with antifade medium containing DAPI.
Epifluorescence images were digitally captured using a
Leica DM6000 epifluorescence microscope-coupled
coolsnap camera, visualized with Leica MM AF 2.2.0
software (Molecular Devices, USA) and further proc-
essed using ImageJ 1.52k software. Data collection and
analyses were performed in a random order and blind
to the experimental group, as well as to the ipsi/con-
tralateral side. The quantifications were done in both
ipsi- and contralateral cortices and hippocampi. A total
of 15 to 18 images were quantified per animal. The
number of astrocytes, microglia, activated microglia
as well as infiltrated/perivascular macrophages were
quantified in a total of 9 to 12 regions of interest,

divided in ipsi- versus contralateral sides of the TBI.
We then compared the average number of cells between
ipsi- and contralateral sides of the TBI. We also quan-
tified the number of cells in sham animals that under-
went all the surgical procedures but the TBI.

Statistical analyses

Results are the mean 4+ SD. For immunohistochemical
analyses, cell counts were compared between ipsilateral
versus contralateral regions of interest by the non-
parametric Wilcoxon paired test. For cognitive func-
tions (Y maze test and open field test), variables were
compared by 2-way ANOVA followed by multiple
comparisons with FDR corrections. For autoradiogra-
phy, comparisons between the binding both sides were
performed using the 2-way ANOVA and Bonferroni
post-hoc test. The level of significance was p < 0.05.
The intra-animal comparison of ['"*F]DPA-714 uptake
between the ipsi- and contra-lateral sides in a brain
area was performed using a Student z-test (normality
was assessed using the Shapiro-Wilk test) . For the
in vivo microPET experiment, individual differences
were calculated between paired voxels; 3D z-scores
maps were calculated using a paired Wilcoxon non-
parametric test. The statistical threshold was set at
p<0.01. All statistical tests were performed using
GraphPad Prism software v9, San Diego, USA. All
the experiments were done in a blind manner, and
blinding was revealed after all analyses were processed.

Results

Despite the lack apparent lesion on conventional
MR, a single mild TBI induces persistent
behavioural deficits

We first characterized our model of closed-head CCI to
tailor the biomechanical injury to a degree not associ-
ated with brain damage on conventional MRI, thus
mimicking one single mild TBI. Two depths of CCI
(Figure 1(a)) were analyzed by MRI 24h after TBI
(Figure 1(b)). Impact immediately induced a respirato-
ry arrest that was similar in both groups (Fig. S2,
t=33.18sec in miTBI; t=57.27sec in modTBI,
p=0.1024, n=11 mice/group). CCI at 1.5mm depth
did not induce any skull fracture and did not translate
into measurable parenchymal lesion or bleeding on
MRI (Figure 1(b)). By contrast, CCI at 2.0 mm depth
led to a skull fracture, bleeding in the parenchyma in
some animals, and to a 6 mm® edematous lesion
(n=7-8 mice/group; Figure 1(b)). Based on these
imaging findings, we thus selected CCI at 1.5mm as a
model of mild TBI (miTBI) and CCI at 2mm as a
model of moderate-to-severe TBI (modTBI).
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Figure I. Mild TBI is undetectable by conventional MRI but induces long-term behavioural deficits. (a) Experimental design showing
that two depths of impact (1.5 mm: mild TBI; 2 mm: moderate TBI) have been compared in the CCl model. (b) Representative
T2-weighted (contusion) and T2*-weighted (hemorrhage) MRI acquisitions and corresponding quantifications 24 hours after mild or
moderate TBI. n=7/8 mice/group. *p < 0.05 vs mild TBI; *p < 0.0 vs mild TBI; **p < 0.001 vs mild TBI, Mann-Whitney test;

#b < 0.05 vs dO; #p < 0.01 vs dO, Wilcoxon paired-test. Red arrows indicate the site of impact. (c) Measures of mouse weights 7 days
before TBI, and day O, I, 7 and 21 days after TBI. (d) Schematic representation of Y maze behavioural test and quantifications of the
percentage of entries in the new arm 7 days before and 7 and 21 days after mild or moderate TBI and (e) Representative sample traces
and corresponding quantifications of the total distance moved, velocity, time of movement and time spend in the center on the open
field test 7 days before, 7 and 21 days after mild or moderate TBI. n= 10 mice/group, #p < 0.05 vs new arm, Wilcoxon paired-test;
##5 < 0.01 vs d-7 Wilcoxon paired-test.
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We then compared functional outcome after miTBI
versus modTBI, as a function of time, before and after
TBI. In both groups, mice lost weight 24 h after surgi-
cal procedure. Interestingly, miTBI mice recovered
their weight at 7 days, while modTBI mice did not
(Figure 1(c)). Four mice (out of 11) displayed circling
episodes after modTBI (none in the miTBI group).
These animals were not excluded from the study but
contributed to the heterogeneity of the results. Spatial
memory was evaluated using the Y maze 7 days before,
then 7 and 21 days post-TBI (Figure 1(dl1)). As
expected, mice from both groups were initially able to
differentiate the new arm from the old arms (number of
entries >33.33%; Figure 1(d2)). However, mice were
no longer able to discriminate old arms and the
newly open arm 7 days after miTBI or modTBI (respec-
tively p=0.30 and p=0.75 compared to 33.33%:;
Figure 1(d2)). Interestingly, this deficit was only tran-
sient in the miTBI group (38.2%, p =0.004 compared
to 33.33% at d+21) but not in the modTBI group
(35.4%, p=0.32 compared to 33.33% at d+2I;
Figure 1(d2)).

We also evaluated the general activity of mice using
the open field test (Figure 1(el)). We found an impor-
tant decrease in the total distance (—36% d -+ 7- and
d+21 vs before surgery, Figure 1(e2)), the velocity
(=37% d+7 and d+21 vs before surgery; Figure 1
(e3)), and the time in movement (—26% and —28%
d+7 and d+21 vs before surgery; Figure 1(e4)) in
miTBI animals 7 and 21 days after miTBI. Velocity,
distance and time in movement were significantly
higher in modTBI animals versus miTBI animals. We
did not detect any anxiety-like behaviour, since animals
did not reduce their time spent in the center of the open
field after surgery (Figure 1(e5)).

Altogether, these data highlighted that this mouse
model of single miTBI induces persistent behavioural
deficits without any evidence of a cerebral lesion on
conventional imaging.

Mild TBI does not induce cerebrovascular
inflammation

In the absence of macroscopic lesion, we suspected that
subtle cerebrovascular alterations may explain these
behavioural deficits. In a previous study, we found in
a mouse model of transient ischemic attack, that while
conventional MRI detects no damage, molecular MRI,
using MPIOs targeting the adhesion molecule P-
selectin, allows a sensitive detection of an area of cere-
brovascular inflammation.'® We postulated that miTBI
could as well induce an activation of the cerebral endo-
thelium, and we thus transposed molecular imaging of
P-selectin to our model, 1, 7 or 21 days post-miTBI
(Figure 2). MPIOs coated with antibodies against

P-selectin were indeed able to bind the cerebral endo-
thelium challenged by LPS-induced inflammation
(Figure S3A for molecular MRI and S3B-C for immu-
nohistochemistry). However, ultrasensitive MRI after
administration of oP-selectin  MPIOs in miTBI
mice did not detect any positive signal on MRI
1- (Figure 2(a) and (b); n=4 mice/condition), 7- or
21-days post miTBI (Figure 2(al); n=6 mice/time).
Sham animals and modTBI animals did not show
any P-sel signals after 1 day (Figure 2(d)). The absence
of P-selectin expression was confirmed by immunohis-
tochemistry, with all six animals per group showing no
signal at all (Figure 2(e); n =6 mice/time). These data
coincide with the absence of any leukocyte infiltration
into the brain parenchyma after miTBI (data not
shown). The lack of molecular MRI signal was not
due to a failure of the technique: in a model of severe
TBI (Figure S3D-H), oP-selectin MPIOs induced a
strong signal in the ipsilateral hemisphere (Figure 2
(f)), which coincides with P-selectin expression by
immunohistochemistry (Figure 2(g)). The specificity
of the signal obtained by molecular MRI using
MPIOs conjugated to P-selectin signal was confirmed
by an absence of signal using MPIOs conjugated to
isotypic immunoglobulins (IgG) (Figure S3H).

To assess blood-brain barrier (BBB) integrity, we
performed stainings of fibrin/ogen and IgG. Although
we could detect some positive signals for both fibrin/
ogen and IgG in modTBI, we could not detect signals
in miTBI (Figure S4), suggesting that the BBB integrity
is unaffected by miTBI.

Altogether, these molecular MRI data show that in
contrast to moderate-to-severe TBI, miTBI does not
induce acute or delayed cerebrovascular inflammation.

MicroPET imaging of TSPO unmasks
neuroinflammation after mild TBI

We then took advantage of the development of radio-
labeled ligands of TSPO to investigate whether miTBI
induces parenchymal neuroinflammation. First, ex vivo
autoradiography was performed with [PH]DPA-714
(Figure 3(al)). In the cortex, we observed a significant-
ly higher specific binding of ['H]DPA-714 in the ipsi-
vs contralateral cortex both at 7 days (8.90+1.00 vs
4.64+0.22cpm/mm?®) and 21 days (8.73+0.57 vs
5.524+0.34cpm/mm?) after miTBI (Figure 3(a2)). In
the hippocampus, a significantly higher specific binding
of ["'H]DPA-714 was measured in the ipsi- vs contralat-
eral hemisphere both at 7 days (10.14 £0.51 vs 6.14 £
0.32cpm/mm?) and 21 days (10.04+0.23 vs 6.78 +
0.25 cpm/mm?) after miTBI (Figure 3(a3)).

These positive ex vivo autoradiography studies
prompted us to explore TSPO imaging in vivo using
the fluor-18 labeled analog of DPA-714. Analyses of



Drieu et al. 2223
Cerebrovascularinflammation at the acute phase (+24h) in sham, miTBl or modTBI
(a) (b) (c)
- | Psal
: . | -
= = — -
[ ; " o = )
2 10+ £ ¢
L M =
m 'g © T
= £ 5-
E o o . ;
L~ = P
o % _& * _® iia 3
= % *® @8 m & § Thel
— 0 T T T T T |_E = /
Y o Y (1] \
o FEELLELE 25
T QL D P e g
<! P SN -
E & & c&‘@ &
5‘0

Molecular MRI for P-selectin

(d) (e)

b d+7
=R
R ® c
3 | E L 2- o
T Cw =
o® E =]
= i o
0 .H—
Contra Ipsi
4 -
pd d+21
239 2
—_ c =
o~ E = 2
+ o o
2 a1
= Z :
ol F
Contra Ipsi

Cerebrovascularinflammation after the post-acute phase of miTBI

IHC for P-selectin

Contra

Ipsi

Figure 2. Unlike severe TBI, mild TBI does not induce cerebrovascular inflammation. (a, b) Representative T2*-GEFC oP-selectin
MPIO acquisitions 24 h after sham surgery, miTBl or modTBI and their respective MPIO-marked area quantifications (n =4 per
condition). (c) Representative photomicrographs of P-selectin immunostaining 24 h after sham surgery, miTBl or modTBI (blood
vessels were stained with laminin) (representative of 4 mice/group) (d) Representative T2*-GEFC oP-selectin MPIO acquisitions 7 and
21 days after miTBI and their respective MPIO-marked area quantifications and (e) Representative photomicrographs of P-selectin
immunostaining 7 and 21 days after miTBI (blood vessels were stained with laminin) (n =6 mice/group).

microPET acquisitions thus showed that the average
images of ['F]DPA-714 uptake detect an increased
binding of the tracer in the cortex 21 days after
miTBI (n=35 mice/group; Figures 3(bl) and (b2)).
The Z-score maps revealed a significant increased
uptake of ["*FIDPA-714 in the ipsi- vs. contra-lateral
cortex with a z-score value of 6.05+1.86 (Figure 3
(b3)). A small but significant increase in the ipsilateral
uptake of ['*F]DPA-714 was also observed in a group
of 50 voxels located in the hippocampus (z-score=
5.74 £ 1.32, Figure 3(b4)).

Mild TBI induces a long-lasting neuroinflammatory
response in both ipsilateral cortex and hippocampus

Since TSPO is generally considered as a marker of
microglial/astroglial activation, we performed immu-
nohistochemical analyses to support our PET findings.
One day after miTBI, the number of microglial cells
(Ibal+) tended to increase in the ipsilateral cortex
(Figure S5A, +426% vs contralateral hemisphere),
while the the number of activated microglial cells was
already higher (Ibal+/CD68+) (Figure S5C, +1040%
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Figure 3. [*’H]DPA-714 imaging reveals long-lasting neuroinflammation induced by miTBI. (a) Ex vivo autoradiographic experiment.
(al) Representative coronal brain sections of [’H]DPA-714 autoradiography 7 days and 21 days after miTBI. (a2) Quantifications of
[*H]DPA-714 binding in cortex and hippocampus. n = 7 mice/group, **p < 0.001 vs contralateral ROI; 2-way ANOVA and (b) In vivo
microPET experiment. (bl) Representative fusion images between a MRI template and images of averaged uptake of ['®F]DPA-714 in 2
coronal images (left panels), and one sagittal image (right panel). (b2) Representative coronal brain image of Z-score maps fused with a
MRI template showing ['®F]DPA-7 14 uptake. n=>5 mice, p < 0.01 vs contralateral ROI. (b3,4) Quantifications of ['®FJDPA-7 14 uptake
in (b3) cortex and (b4) hippocampus 21| days after miTBl. n=5 mice, p=0.0015 vs contralateral cortex; p=0.0022 vs contralateral

hippocampus.

vs contralateral hemisphere). The number of Ibal—/
CD68+ cells near blood vessels, which we identified
as infiltrated/perivascular macrophages began to
increase (Figure S5B, +52% vs contralateral hemi-
sphere). Microglial activation as well as the proportion
of infiltrated/perivascular macrophages markedly
increased at both 7- and 21 days after miTBI (7 days:
Figure 4(al), respectively; +774, +148, +233% vs con-
tralateral hemisphere; 21 days: Figure 4(a2) and Figure
S6A-3B, respectively; 4219, +755 and +239% vs con-
tralateral hemisphere).

Furthermore, microglial cell number also markedly
increased 7 days after miTBI in the ipsilateral hippo-
campus (Figure 4(bl), +163% vs contralateral hemi-
sphere), as well as activated microglia and infiltrated/
perivascular macrophages (Figure S6C, respectively
4379 and +230% vs contralateral hemisphere). This
increase in microglial cell numbers persisted up to 21
days after miTBI but to a lesser degree than at 7 days
(Figure 4(b2), +123% vs contralateral hemisphere), as
well as activated microglia and infiltrated/perivascular

macrophages (Figure S6C, respectively +278 and
+152% vs contralateral hemisphere).

We also performed immunohistochemical analyses
7- and 21-days post miTBI to assess astroglial activa-
tion as another index of neuroinflammation (n=06
mice/group). We found an increase in the number of
cortical GFAP positive astrocytes 7 days after miTBI
(Figure 4(cl); +385% vs contralateral hemisphere),
which was even more pronounced 21 days after
miTBI (Figure 4(c2); +1218% vs contralateral hemi-
sphere). There was a notable astrocytic reactivity in
the hippocampus 7 days after miTBI (see dotted
areas in Figure 4(d1); +123% vs contralateral hemi-
sphere). Hippocampal astrocyte numbers also
increased 21 days after miTBI, but less than 7 days
after miTBI (Figure 4(d2); +119% vs contralateral
hemisphere).

Taken together, these data highlight that microPET
was able to detect non-apparent lesions on MRI, which
were correlated with persistent microglia/astrocyte acti-
vation in both the cortex and hippocampus.
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Figure 4. Immunohistochemistry analyses reveal long-lasting neuroinflammation induced by miTBI. (a and b) Long-lasting microgliosis
induced by miTBI using Ibal and CD68 immunostainings. (a) Cortical microgliosis. Representative photomicrographs of microglia and
respective quantifications (al) 7 days and (a2) 2| days after miTBI. (b) Hippocampal microgliosis. Representative photomicrographs of
microglia and respective quantifications (bl) 7 days and (b2) 21 days after miTBI (c,d) Mild TBI provokes a long lasting astrogliosis.

(a) GFAP positive astrocytes were found in the cortex 7 days after miTBI. (b) Astrocytes were found abundantly in the cortex 21 days
after miTBI. (c) GFAP positive astrocytes were found abundantly in the hippocampus 7 days after miTBI. (d) Astrocytes were found in
the hippocampus 21 days after miTBI. n =6 mice/group, *p < 0.05, **p < 0.01 vs contralateral ROI, Wilcoxon paired-test.
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Discussion

The individual impact (severity of damages and cost) of
patients with miTBI is lower than moderate to severe
cases, but obviously, as a whole, this group of patients
should not be neglected as they represent the largest
contribution to the global burden of TBI'. For these
patients, there is limited medical intervention for both
diagnosis and acute therapy, and even less at the mid-
and long-terms. However, a significant portion of
miTBI patients suffers from persisting neurocognitive/
psychological dysfunctions.! Furthermore, there is
compelling evidence showing that patients suffering
from repetitive miTBI (pediatric individuals, soldiers
and sports players) develop brain abnormalities that
likely explain long-term deficits.*

Here, we chose to investigate pathogenic mecha-
nisms in a murine model of miTBI, the closed-head
controlled cortical impact. This model has several
advantages, including preservation of the skull and
dura, and the fact that injury severity can be graded
by adjusting impact depth and/or velocity.>
Accordingly, we show that under a specific threshold
of impact depth, conventional MRI detects neither
contusion nor bleeding. Yet, animals in this case acute-
ly lost weight, but more importantly, exhibited tran-
sient behavioural deficits in spatial memory and
general activity that persist for at least after 21 days.
These findings add to previous ones, that reported
white and gray matter lesions associated with chronic
behavioural deficits in mice subjected to opened-skull
controlled cortical impact.>* Collectively, these studies
highlight the importance of considering patients with
one single miTBI as patients with potential disabilities
later in life. Risk-stratification by biomarker(s) may
help predicting which patients with miTBI will develop
cognitive/neurological dysfunctions.*®> Formerly, we
developed a technique of molecular MRI targeting
endothelial activation to uncover an area of inflamma-
tion in an experimental model of transient ischemic
attack (another condition with no infarction on con-
ventional imaging).'® Using the same approach here, as
well as a series of histological analyses, we detected
cerebrovascular  inflammation  after = moderate-
to-severe TBI but not after miTBI. This indicates that
therapeutic interventions focusing on cerebrovascular
inflammation and leukocyte recruitment may be rele-
vant to moderate-severe TBIL,'”*® but not to miTBI
patients. By contrast, we found that one single miTBI
induces a marked persistent parenchymal inflammato-
ry response (microgliosis and astrogliosis), up to 3
weeks post injury, consistent with histological observa-
tions on human biopsies.>” TBI has extensively been
associated with microglial activation.*®*° It also has
been shown in another model of miTBI consisting on

compressing the thinned-skull bone, microglia can
become activated.*® Although one could argue that
Ibal is not a specific marker for microglial cells as it
can also reflect infiltrating monocytes,*® the absence of
cerebrovascular inflammation in our model suggests
that Ibal staining mostly corresponds to microglia.
Moreover, plasmatic levels of GFAP have been sug-
gested to be a strong predictor/surrogate marker of
miTBI severity, which also supports the idea that neu-
roinflammation is a key player after miTBIL*!
Considering its spatio-temporal profile, the neuroin-
flammatory response elicited in the present model of
miTBI may participate in the functional deficits we
observed, as previously shown in other mouse models
of TBL*** Notably, the inflammatory response in our
miTBI model occurred not only immediately under-
neath the biomechanical impact (i.e., at the cortical
level), but also deeper in the brain, in the hippocampus,
a structure well-known to control key memory process-
es. It would be very interesting to explore how manip-
ulation of this inflammatory response could affect
the persistent behavioural deficits. Indeed, anti-
inflammatory treatments after TBI has shown some
promising results, in both preclinical and clinical
studies.**

Based on the higher frequency of TBI in men than in
women, we performed our studies in male mice. It
could be interesting to extend our work to females, as
sex-related differences have been well documented in
(neuro)inflammatory responses, including in intrinsic
properties of microglial cells.*

Compared to fluid biomarkers, imaging biomarkers
have the advantage to shed light on the brain patho-
genic mechanisms recruited, and this at the spatial
level. For instance, SPECT and PET studies have
been performed to investigate regional perfusion and
metabolic disturbances after miTBL.>® TSPO imaging
stands as an interesting approach, considering the great
number of available radiotracers compatible with the
clinical setting. With TSPO imaging, Coughlin and col-
leagues have provided alarming data showing that
repetitive miTBI in NFL players induce a significant
neuroinflammatory response, which may relate to
brain dysfunctions.”’ Higher TSPO signals have also
been reported even long after single events of moderate
and severe TBI.'** Finally, a recent study with the
TSPO tracer ["*F]PBR111 has suggested that combin-
ing PET and DTI could help predicting long term func-
tional outcome after moderate TBI.>® Altogether, these
clinical observations pledge for the interest of TPSO
imaging, but to our knowledge, no data is yet available
for patients after a single mild TBI.

TSPO imaging in experimental models has largely
confirmed the occurrence of an extensive neuroinflam-
matory response after moderate or severe TBIL.3* 38
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Regarding miTBI, a previous microPET study did not
report a higher brain uptake of ['*F]DPA-714%%. By
contrast, we were able to detect a long-lasting increased
signal in the ipsilateral hemisphere in our closed-head
mild TBI model, both ex vivo (autoradiography with
[*’H]DPA-714) and in vivo (microPET with ['*F]DPA-
714). Thanks to its higher resolution compared to
microPET, autoradiography suggested the occurrence
of neuroinflammation both at the cortical and hippo-
campal levels. This was further supported by our
immunostainings, reporting a strong and persisting
microglial activation in the cortex and hippocampus.
While microglia, astrocytes and endothelial cells may
all be able to produce TSPO,* our immunohistochem-
ical and molecular imaging analyses suggest that the
PET signals we observed originated from glial, but
not endothelial responses.

In conclusion, we provide a solid proof of concept
that one single mild TBI can induce long-lasting
behavioural deficits, as well as a neuroinflammatory
response, despite no lesion detectable by conventional
imaging techniques. As revealed by our microPET
study, we propose that patients with miTBI and persis-
tent cognitive abnormalities could suffer from neuro-
inflammatory responses, possibly at the origin of
functional sequelae.
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