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ICAM-1 Deletion Using CRISPR/Cas9 Protects the Brain from
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Intercellular adhesion molecule-1 (ICAM-1) is identified as an initiator of neuroinflammatory responses that lead to neurodegen-
eration and cognitive and sensory-motor deficits in several pathophysiological conditions including traumatic brain injury (TBI).
However, the underlying mechanisms of ICAM-1-mediated leukocyte adhesion and transmigration and its link with neuroinflam-
mation and functional deficits following TBI remain elusive. Here, we hypothesize that blocking of ICAM-1 attenuates the transmi-
gration of leukocytes to the brain and promotes functional recovery after TBI. The experimental TBI was induced in vivo by fluid
percussion injury (25 psi) in male and female wild-type and ICAM-1""" mice and in vitro by stretch injury (3 psi) in human brain
microvascular endothelial cells (hBMVECs). We treated hBMVECs and animals with ICAM-1 CRISPR/Cas9 and conducted several
biochemical analyses and demonstrated that CRISPR/Cas9-mediated ICAM-1 deletion mitigates blood-brain barrier (BBB) damage
and leukocyte transmigration to the brain by attenuating the paxillin/focal adhesion kinase (FAK)-dependent Rho GTPase pathway.
For analyzing functional outcomes, we used a cohort of behavioral tests that included sensorimotor functions, psychological stress
analyses, and spatial memory and learning following TBI. In conclusion, this study could establish the significance of deletion or
blocking of ICAM-1 in transforming into a novel preventive approach against the pathophysiology of TBI.
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~

Intercellular adhesion molecule-1 (ICAM-1) has a significant role in the regulation of vascular permeability and the transmi-
gration of leukocytes to the brain. The regulatory role of ICAM-1 in the transmigration of leukocytes to the brain and its
downstream pathways and its link with functional deficits following traumatic brain injury (TBI) are not clear. In this study,
using an in vitro stretch injury in human brain microvascular endothelial cells and an animal model of fluid percussion injury,
we demonstrated that the deletion of ICAM-1 using the method of CRISPR/Cas9 (clustered regularly interspaced short
palindromic repeats/CRISPR-associated protein 9) protects the brain from TBI-induced inflammatory leukocyte adhesion
and transmigration cascades by attenuating the paxillin/FAK-dependent Rho GTPase pathway.
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Introduction

Leukocyte adhesion and transmigration cascades are the major
hallmarks of traumatic brain injury (TBI)-induced neuroinflam-
mation that leads to brain tissue damage and impairments of
sensory/motor and cognitive functions (Schwarzmaier et al,
2013; Bhowmick et al., 2021). Although several factors are
involved in the mechanisms of the transmigration of leukocytes
to the brain, recently, we have demonstrated that intercellular
adhesion molecule 1 (ICAM-1) is one of the key regulators of
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the transmigration of leukocytes after TBI (Bhowmick et al,,
2021). ICAM-1, a recognized family of adhesion molecules, is
encoded by the ICAM-1 gene primarily found in endothelial cells,
epithelial cells, fibroblast, keratinocytes, and some immune cells
(Bui et al., 2020). Recently, we reported that ICAM-1 has a sign-
ificant role in neuroinflammation, neurodegeneration, and
impairing of cognitive and sensory-motor functions after TBI
(Bhowmick et al., 2021). Evidence from clinical studies suggests
that antisense oligonucleotide drug shows potential in reducing
the production of ICAM-1 and subsequent reduction in inflam-
matory responses in other diseases like Crohn’s disease and mul-
tiple myeloma (Di Fusco et al., 2019; Xu et al., 2019). In addition,
administration of anti-ICAM-1 antibody showed improvement
in motor function after an experimental TBI in rats (Knoblach
and Faden, 2002) and recovery from ICAM-1 mediated cerebro-
vascular endothelium damage in response to injury (Lutton et al.,
2017). However, in this study, deleting ICAM-1 using the mod-
ern molecular CRISPR/Cas9 tool, we analyzed the potential role
in the transmigration of leukocytes to the brain by attenuating
paxillin/focal adhesion kinase (FAK)-dependent Rho GTPase
pathway and demonstrated the protection of the brain from fur-
ther neuroinflammation and functional impairments.

Focal adhesions (FAs) are clusters of receptors that play a
potent role in leukocyte adhesion and transmigration (Parsons
et al., 2012). The two FA proteins paxillin and FAK regulate
many cellular processes of transmigration of immune cells
(Burridge et al., 1992; Schaller, 2001), and the regulation of trans-
migration signaling is achieved by the phosphorylation of paxil-
lin and FAK (Cuvelier et al., 2005). Luscinskas et al. evidenced
that the silencing of both paxillin and FAK impaired neutrophil
migration; however, the neutrophil adhesion was not affected
(Luscinskas, 2012). Moreover, phosphorylated paxillin regulates
the binding of ICAM-1 to its receptor leukocyte function-associ-
ated antigen-1 (LFA-1; Romanova and Mushinski, 2011).
However, the role of paxillin and FAK in the ICAM-1-mediated
transmigration of leukocytes is not well studied. Rho GTPases
family (e.g., RhoA, Racl, Cdc42) has a role in controlling a vari-
ety of cellular processes that include cell morphogenesis, prolif-
eration, migration, and survival (Hodge and Ridley, 2016). One
of the prominent members of the GTPase family, RhoA, is
involved in many neurodegenerative diseases (Schmidt et al.,
2022). Interestingly the previous study also suggested that a
major function of paxillin is to regulate Rho family GTPases in
Drosophila (Chen et al., 2005). Previous work demonstrated
that TBI causes profound activation of RhoA signaling and hence
blocking RhoA and/or ROCK signaling was discovered to be a
promising strategy to prevent TBI-related cell death and neuro-
nal damage (Mulherkar and Tolias, 2020). We recently demon-
strated the significant role of ICAM-1 in neuroinflammation
and neurodegeneration through the LFA-1/Mac-1 pathway
that leads to sensorimotor dysfunction and psychological stress
(Bhowmick et al., 2021). However, a clear role of ICAM-1 in reg-
ulating the transmigration of leukocytes via the paxillin/
FAK-Rho GTPase-dependent pathway is not yet studied in TBI.

Here, we hypothesized that phosphorylation of paxillin and
FAK by the induction of ICAM-1 is regulated by the Rho
GTPase pathway and the deletion of ICAM-1 by CRISPR/Cas9
will protect the brain from the blood-brain barrier (BBB) dam-
age and transmigration of leukocytes by attenuating paxillin/
FAK-dependent Rho GTPase pathway. We employed CRISPR/
Cas9 technology to delete ICAM-1 and demonstrated that the
deletion of ICAM-1 impairs the mechanism of leukocyte trans-
migration through the disruption of the paxillin-FAK signaling
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pathway. In conclusion, this study could pave the way to establish
a novel therapeutic approach against the pathophysiology of TBI
through the deletion or blocking of ICAM-1.

Materials and Methods

Cell culture

Human brain microvascular endothelial cells (hBMVECs) were cultured
in Dulbecco’s modified Eagle’s medium/F12 media supplemented with
10% heat-inactivated fetal bovine serum (FBS; Thermo Fisher
Scientific), 1% penicillin, and streptomycin (Thermo Fisher Scientific),
1% amphotericin, endothelial cell growth supplement (50 mg/ml; BD
Biosciences), heparin (100 mg/ml; Sigma-Aldrich). hBMVECs were
plated on rat tail collagen-coated (0.1 mg/ml) 6-well Bioflex culture
plates (Flexcell International) at a density of 250,000 cells/well and grown
until confluence. The cells were fed by changing the medium every 2 d,
and hBMVECs were grown to confluence before use.

ICAM-1 CRISPR/Cas9 and siRNA treatments
To remove ICAM-1, the CRISPR/Cas9 genome editing approach using
the AAV vector was applied in hBMVECs. The transduction was carried
out by adding the vector particles to the cells 30 min prior to cell injury in
a half volume of serum-free medium for 1 h and followed by the addition
of another half volume with 20% FBS. The hBMVECs were treated with
the CRISPR AAV (1.1 x 10’ GC/ml) as per the manufacture’s instruc-
tion. The cell lysates and culture supernatant were collected for further
analysis. The cytotoxicity of ICAM-1 CRISPR/Cas9 AAV treatment
was evaluated by MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide] assay. The average cell death in ICAM-1 CRISPR/
Cas9, control CRISPR/Cas9, and untreated cells were 3.72, 3.46, and
3.45%, respectively, and these values are not significant to each other.
ICAM-1 siRNA transfection was carried out as per the manufactur-
er’s instruction (Santa Cruz Biotechnology). The 60-80% confluent
hBMVECs were washed once with plain media and incubated with
1 ml siRNA transfection medium containing 2-8 pl siRNA duplex
(0.25-1 pg siRNA) at 37°C in a CO, incubator for 6 h. Without removing
the transfection mixture, then 1 ml of normal growth medium contain-
ing two times the normal serum and antibiotic concentration (2x normal
growth medium) was added and the cells were incubated for an addi-
tional 18-24 h. Then the fresh 1x normal growth medium was replaced,
and the stretch injury was conducted. The scrambled control siRNA was
used to compare the effect of ICAM-1 siRNA. Twenty-four hours after a
stretch injury, cells were fixed for immunostaining, or proteins and
mRNA were extracted for Western blotting, and qPCR, respectively.

In vitro stretch injury

The cultured hBMVECs were subjected to stretch injury using a biaxial
in vitro cell injury device, “cell injury controller II” (Custom Design and
Fabrication) with a pressure of 3.0 psi (Patel et al., 2017; Abdul-Muneer
et al., 2018; Bhowmick et al., 2019a; Bhowmick et al., 2021) with a pulse
duration of 50 ms. Twenty-four hours poststretch injury, cells were fixed
for immunostaining, proteins were extracted for Western blotting, and
RNA was isolated for qRT-PCR experiments.

Animals, fluid percussion injury, and CRISPR treatments

Male and female C57/BL6 mice wild-type (WT) and ICAM-1 ~/~ mice
(9 weeks old, 20—25 g; Jackson Laboratory) were used for this study.
Animals were maintained in sterile cages under pathogen-free conditions
in accordance with institutional ethical guidelines for the care of labora-
tory animals, the National Institutes of Health, and the Seton Hall
University Institutional Animal Care and Use Committee. We used a
diurnal 12 hlight cycle in our animal facility, and we carried out surgeries
for fluid percussion injury (FPI) during the light cycle. Standard surgical
methods for lateral FPI were performed in 10-week-old male mice
(Taconic Biosciences; (Bhowmick et al., 2018b, 2019b). Rectal tempera-
tures were continuously monitored and maintained within normal
ranges during surgical preparation by a feedback temperature controller
pad (model TC-1000; CWE). Before the injury, mice were anesthetized
with 5% isoflurane until the foot-pinch reflex stopped. The animal was
connected to a digitally controlled FPI system-FP302 (Amscien
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Instruments), and the injury was applied through the needle hub posi-
tioned 3.0 mm posterior from and 2.5 mm lateral from the bregma at
25psi (8-10 animals/group) with a pressure rise time of 8 ms.
Similarly, control mice received the same anesthesia and surgery as the
injury group and connected to the dc-FPI without the injury. Eight to
ten animals per group were used and are sufficient to get statistically sign-
ificant results as per our previously reported studies and power analysis
(Faul et al., 2007; Bhowmick et al., 2018b; Abdul-Muneer et al., 2022).

One hour after the injury, the CRISPR/Cas9 AAV was injected at a
concentration of 2 x 10® genome copies (GC) per milliliter stereotacti-
cally (Kim et al, 2014) through a stepper-motorized microsyringe
(Stoelting) at a rate of 1 ul/5min. CRISPR/Cas9 AAV was injected
into four sites below the injury area in the cortex; that is, posterior
2.0 mm, lateral 2.5 mm, depth 1.0 mm; posterior 3.0 mm, lateral
3.5mm, depth 2.0 mm; posterior 4.0 mm, lateral 2.5 mm, depth
1.5 mm; and posterior 3.0 mm, lateral 2.0 mm, depth 1.5 mm from
bregma. The results were compared with control CRISPR AAV injected
TBI or uninjured animals. After 2 weeks, animals were anesthetized with
a ketamine/xylazine mixture and transcardially perfused with 1x PBS
and then 4% paraformaldehyde. Autopsied brain tissues were kept frozen
until analyzing the mechanisms of pathophysiology by immunohisto-
chemical staining analysis (tissue-embedded OCT for staining), qPCR,
Western blotting, immunoprecipitation, and ELISA as per our well-
established protocols (Abdul Muneer et al., 2012; Abdul-Muneer et al.,
2013; Bhowmick et al., 2021). In Figure 1A, the schematic representation
of the whole animal procedure is given.

CRISPR validation

ICAM-1 CRISPR/Cas9 genome editing efficiency in hBMVEC culture
was determined using the Genomic Cleavage detection method. In this
method, DNA from ICAM-1 CRISPR-edited hBMVECs was used as a
template in PCR reactions and amplified with ICAM-1 primers specific
to the targeted region. In our experiment, the PCR product of the
ICAM-1 gene-targeted region is expected to have a product size of
565 bp size. In cleavage assay, the PCR products are denatured and rehy-
bridized, which produces mismatches in the double-stranded DNA, and
the detection enzyme recognizes and cleaves the mismatches, producing
two fragments. In our cleavage experiment, the target product was
cleaved at 199 and 366 bp. Agarose gel electrophoresis showed three
bands—an uncleaved band at 565 bp and two cleaved bands at 199
and 366 bp. This demonstrates the efficiency of ICAM-1-targeted
CRISPR editing. We included control samples supplied by the

Table 1. Details of the antibodies used for this study
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manufacturer to perform control PCR reaction, and this served as a con-
trol for denaturing, reannealing, and enzyme digestion steps. This con-
trol template has a size of 750 bp after PCR amplification and 500 and
250 bp after the cleavage assay. In agarose gel analysis, three bands
with 750, 500, and 250 bp were visualized. Next, we used a gel imaging
system to take images and gel analysis software (Alphalmager
Software); a microfluidic electrophoresis bioanalyzer was used to deter-
mine the relative proportion of DNA contained in each band. The cleav-
age efficiency was calculated from the band densities of the parental band
and cleaved bands using the formula given below. The efficiency of
ICAM-1 gene knock-out in endothelial cells was determined, and our
data show 25% of DNA was genetically modified in CRISPR-edited
samples.
The cleavage efficiency is calculated by the following equation:

Cleavage Efficiency = 1-[(1—fraction cleaved)!/].

Fraction Cleaved = sum of cleaved band intensities /

(sum of the cleaved and parental band intensities).

Immunostaining

Immunofluorescence. We carried out immunofluorescence staining
in both cultured endothelial cells (on silicone membrane) and
10-pm-thick coronal brain sections as previously described (Bhowmick
et al., 2018a; 2019a). Cells and tissue sections were washed with 1x
PBS and fixed using 4% paraformaldehyde for 20 min at 25°C. After
washing with 1x PBS, pH 7.4, for 5 min, the cells and cryostat sections
were blocked in 3% normal goat serum containing 0.1% Triton X-100
(5% heat-inactivated BSA, PBS at pH 7.4) for 1 h at room temperature
and then incubated with the appropriate primary antibodies (3.0 pg/
ml; Table 1) overnight at 4°C. Cells were then washed three times in
1x PBS at room temperature for 15 min and incubated with secondary
antibodies [Alexa Fluor 488 or 594 conjugated with anti-mouse or anti-
rabbit immunoglobulin G (IgG) according to the primary antibodies;
1:500 dilution or 4 pug/ml] for 1 h and mounted with 5-10 pl immuno-
mount containing DAPI (Invitrogen) on a slide. Semiquantitative anal-
ysis of the protein of interest was done as previously described
(Bhowmick et al., 2021), and images were captured using a laser confocal
microscope (Stellaris 5, Leica) and LAS X Stellaris (Leica) software in
three channels, DAPI (cell nuclei), Alexa Fluor-488 (green color emis-
sion), and Alexa Fluor-594 (red color emission). The imaging was

Antibodies Dilution (atalog number RRID Vendor

Anti-B-actin WB: 1:1,000 MA575739 AB_2545348 Thermo Fisher Scientific
Anti-ICAM-1 WB: 1:1,000; IHC: 1:250 MA5407 AB_22359% Thermo Fisher Scientific
Anti-Mac-1 WB: 1:1,000; IHC: 1:250 nb11089474 AB_1216361 Novus Biologicals
Anti-LFA-1 WB: 1:1,000; IHC: 1:250 ab186873 Not available Abcam

Anti-paxillin WB: 1:1,000 ab32084 AB_779033 Abcam

Anti-p-Rac1 WB: 1:1,000 ab203884 Not available Abcam

Anti-p-Src WB: 1:1,000 ab185617 AB_2924399 Abcam

Anti-RhoA WB: 1:1,000 ab187027 AB_2827434 Abcam

Anti-occludin WB: 1:1,000 ab31721 AB_881773 Abcam

Anti-claudin-5 WB: 1:1,000 ab15106 AB_301652 Abcam

Anti-N-cadherin WB: 1:1,000 ab18203 AB_444317 Abcam

Anti-CD68 WB: 1:1,000; IHC: 1:250 ab955 AB_307338 Abcam

Anti-vWF IHC: 1: 250 Ab11713 AB_298501 Abcam

Anti-JAM-a WB: 1:1,000 S¢53623 AB_784134 Santa Cruz Biotechnology
Anti-connexin-43 WB: 1:1,000 35128 AB_2294590 Cell Signaling Technology
Anti-FAK WB: 1:1,000 32855 AB_2269034 Cell Signaling Technology
Anti-p-FAK WB: 1:1,000 32835 AB_2173659 Cell Signaling Technology
Anti-Src WB: 1:1,000 2108S AB_331137 Cell Signaling Technology
Anti-Cdc42 WB: 1:1,000 46515 AB_10612265 Cell Signaling Technology
Anti-p-paxillin WB: 1:1,000 25415 AB_2174466 Cell Signaling Technology
Anti-Rac1 WB: 1:1,000 GTX100761 AB_10618495 GeneTex

IHC, immunohistochemistry; WB, Western blotting.
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performed by a researcher who was blinded to the experimental condi-
tions, and the area of image capture was randomized. The intensity of
immunostaining was analyzed by Image] (NIH) software (Bankhead,
2014). See more details in the experimental design and statistical analysis
section.

HRP-substrate immunohistochemistry. HRP-substrate immunohis-
tochemistry was performed in 10-pm-thick paraformaldehyde-fixed
coronal brain tissue sections on a glass slide. After washing the tissue sec-
tions in 1x PBS, the tissue sections were incubated with 0.3% H,O, in 1x
PBS and 0.3% Triton X-100 for 20 min at RT. Then, after washing three
times in 1x PBS, the tissue was blocked in 4% normal goat serum in phos-
phate buffer containing 0.3% Triton X-100 for 1 h at room temperature.
Then the tissue sections were incubated with primary antibodies
(Table 1) overnight at 4°C. Using 1x PBS, the primary antibody was
rinsed off three times, and the tissues were incubated with 1:200 HRP
goat secondary antibody in PBS containing 0.3% Triton X-100 for 1 h
at RT followed by three washes with 1x PBS. Then the tissue sections
were incubated with the peroxidase substrate reagent (SK-4600;
VectorLabs) mixed with 0.02% H,O, for 5-10 min to observe the color
changes under a dissecting microscope. Then after three times washing
with 1x PBS, tissue slides were mounted with histomount and glass cov-
erslips for microscopy analyses.

Western blotting

Protein was extracted from the cultured cells and 50 mg brain tissue
(from the injury area), and cells or tissue were lysed using Cell Lytic
MT Cell Lysis Buffer (Thermo Scientific) containing a mixture of Mini
Protease Inhibitor Cocktail Tablets (Sigma-Aldrich). The quantity of
the extracted protein was measured by bicinchoninic acid (BCA) assay
(Thermo Fisher Scientific). Immunoblots were performed by resolving
the protein (15 pg) in 4-15% gradient SDS-PAGE gel (Bio-Rad), and
the blots were transferred onto a nitrocellulose membrane and blocked
with (5%) skim milk for 1 h at room temperature. After removing the
blocking reagent, the primary antibody (Table 1) was added to the mem-
branes and incubated overnight at 4°C. After washing three times for
15 min each, the membranes were incubated for 1 h at room temperature
with horseradish peroxidase-conjugated secondary antibodies (1:5,000;
Fisher Scientific). The membrane was rinsed three times with
TBS-Tween for 15 min at RT. Protein bands were detected using chemi-
luminescence Western blot detection reagents (Advansta) and scanned
with an imaging system GE Healthcare ImageQuant LAS 4000. The opti-
cal density was quantified as arbitrary densitometry intensity units using
the Image]J software package (NIH). The protein of interest was normal-
ized and quantified using B-actin as a loading control.

Co-immunoprecipitation

The interaction between ICAM-1 and its receptors LFA-1 and Mac-1 was
analyzed by co-immunoprecipitation (co-IP) using Pierce Classic
Magnetic IP/Co-IP kit (catalog #88804; Bhowmick et al, 2021).
Approximately 50 mg of brain tissue from WT and ICAM-1""" mice
with and without FPI was collected, and tissues were lysed with 250 ml
of cell lysis buffer followed by centrifugation, and the supernatant was
then transferred to a new tube for determining the protein concentration.
In this experiment, Pierce Protein A/G Magnetic Beads were used for IP
according to the manufacturer’s instructions. For each sample, 500 ug of
total protein extract was subjected to an IP assay. The protein samples
were incubated with 10 ug of anti-ICAM-1 antibody at 4°C overnight.
Following the formation of the immune complex, A/G Magnetic Beads
were added and incubated for 1 h. Further, the IP complex was washed,
and the samples were suspended in 100 pl of sample buffer. Finally, 20 pl
of samples was subjected to Western blotting using ICAM-1, LFA-1, and
Mac-1 antibodies.

Monocyte adhesion assay in vitro

The adhesion of immune cells to the hBMVEC monolayer was quantita-
tively analyzed in vitro as previously reported (Schmitz et al., 2013; Sha
et al., 2015; Li et al.,, 2016; K. Xu et al., 2022). For this, hABMVECs were
cultured on rat tail collagen-coated (0.1 mg/ml) 6-well Bioflex culture
plates at a density of 250,000 cells/well and grown until confluence,
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and after the formation of the tight monolayer (approximately 2-3 d),
the cells were treated with ICAM-1 CRISPR/Cas9, control CRISPR/
Cas9, ICAM-1 siRNA, or control siRNA 30 min prior to the injury as
per the manufacturer’s protocol (see above, ICAM-1 CRISPR/Cas9
and siRNA treatments and In vitro stretch injury sections).
Twenty-four hours after the injury, Calcein-AM-labeled (a green fluor-
escence cell tracker; 2 uM, Invitrogen) primary human monocytes were
introduced into the endothelial monolayers (1x10° monocytes/well).
Cells were then allowed to adhere for 2 h at 37°C in a tissue culture incu-
bator. Nonadherent cells were then washed with 1x PBS and removed, and
cells were lysed subsequently. The relative fluorescence intensity of the
adhered cells was detected by a fluorescence-based assay using the Tecan
GENios fluorescence plate reader, and spectrofluorometric quantification
was performed at 492 nm (excitation) and 535nm (emission) on a
96-well plate reader. The actual numbers of adhered monocytes were cal-
culated from the internal standard curve of the labeled cells, and the data
were presented as the fold difference of the untreated control.

Transmigration assay in vivo

As we previously reported (Abdul Muneer et al., 2012), the bone marrow
was separated (by flushing out repeatedly using a 1 ml syringe with sterile
1x HBSS) from the femoral bones of euthanized GFP transgenic mice
(strain: C57BL/6-Tg(CAG EGFP)1310sb/LeySop]) under sterile condi-
tions and washed in 1x PBS. The bone marrow suspension was filtered
through a 40 mm cell strainer. The bone marrow filtrate was centrifuged
at 2,000 rpm for 5 min at 4°C. The pellet was suspended in 1 ml of
DMEM/F-12 media containing 10% FBS, penicillin, and streptomycin
(100 mg/ml each, Invitrogen) and 0.001% macrophage colony-stimulating
factor (MCSF; 500 pl in 500 ml media). Then the cells were dissociated
by trituration (10-15 times) and counted with trypan blue using a hemo-
cytometer. Bone marrow-derived GFP monocytes were differentiated
into macrophages, and after 6 d, the differentiated macrophages were
separated and suspended in 1 ml HBSS. Then the suspension was centri-
fuged at 2,000 rpm for 5 min at 4°C. The collected cell pellets were then
dissociated by repeated trituration and counted. The GFP macrophages
(2 x 10°) were infused through the common carotid artery using a 30 G
needle. The animals were euthanized 1 h after the cell infusion, and then
the brain tissue sections were prepared and observed for GFP macro-
phages under the fluorescent microscope.

Blood-brain barrier permeability assay

The BBB permeability after a brain injury was measured by infusing
sodium fluorescein (NaFl) and Evans Blue (EB) tracer dye mixtures
(5 uM each) into the common carotid artery 24 h after the injury. Two
hours later, the brains were removed, weighed, and homogenized in
600 pl 7.5% (w/v) trichloroacetic acid (TCA). The homogenized suspen-
sions were divided into two aliquots (300 ul each). In one aliquot, 50 ul
5 N NaOH was added and neutralized. Then the NaFl was measured by
fluorimetry on a GENios microplate reader (excitation 485 nm, emission
535 nm). The second aliquot was centrifuged at 10,000 rpm for 10 min at
4°C, and the supernatant was measured by absorbance spectroscopy at
620 nm for EB determination. A standard curve was constructed by serial
dilutions of a standard EB/NaFl solution in 7.5% TCA.

ELISA

Using the commercial ELISA kits, the quantification of ICAM-1 (Abcam),
VEGEF-A (catalog #BMS-277-2), CXCL-8 (IL-8; catalog #KHC0081), IL-1p
(catalog #88-7013-22), and TNF-a (catalog #88-7324-22) all from Life
Technologies-Thermo Fisher Scientific were analyzed in cell culture media,
tissue lysates, and blood plasma samples as per manufacturer’s instructions.

Quantitative reverse transcriptase-PCR

Quantitative reverse transcriptase-PCR (qQRT-PCR) was carried out to
determine the mRNA expression level of ICAM-1. Total RNA from tissue
samples and endothelial cells was extracted using Qiagen RNeasy Mini kit
(Qiagen, catalog #74104) based on the manufacturer’s protocol, and geno-
mic contamination was removed by DNase I treatment for 20 min at 37°C.
Using Qubit 2.0 (Thermo Fisher Scientific) and Agilent Bioanalyzer
(Agilent Technologies), the quantity, purity, and integrity of the RNA
were evaluated. Then the isolated total RNA from each sample was then
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converted to cDNA using the iScript cDNA synthesis kit (Bio-Rad), and
PCR amplification was performed with 25 ng of starting cDNA material
mixed with gene-specific forward and reverse primers and iTaq
Universal (Bio-Rad Laboratories) in a 20 pl reaction on a StepOne
Real-Time System (Applied Biosystems) with standard cycling conditions
(Bhowmick et al., 2021). The gPCR was performed using these primers:
mouse ICAM-1 (forward, 5'-CAATTTCTCATGCCGCACAG-3'; reverse,
5'-AGCTGGAAGATCGAAAGTCCG-3'), mouse GAPDH (forward,
5-GGTCGGTGTGAACGGATTT-3'; reverse, 5-GTGGATGCAGGG
ATGATGTT-3'). GAPDH mRNA was quantified as an endogenous
control. Fold-change differences across groups were determined using
the AACt method.

Behavioral study

To analyze the functional recovery after deleting ICAM-1 using CRISPR/
Cas9, we carried out different behavioral measures for sensorimotor, psy-
chological stress, and spatial memory and learning. The behavioral tests
were performed on day 0 (baseline), day 2, day 7, and day 14 postinjury.
All behavioral tests were conducted in the light phase of 12 h light/dark
cycle, and for the light/dark test, we were cautious to not enter any light
into the dark chamber. All the experimenters were blinded to the treat-
ment groups as described previously (Bhowmick et al., 2018b, 2021). We
evaluated sensory-motor deficits using the rotarod and grid walk test, the
light-dark test was used to analyze anxiety, the sucrose preference test
was used to analyze depression, and the Morris water maze (MWM)
test was used to analyze spatial memory and learning (Vorhees and
Williams, 2006; Carpenter et al., 2012; Powell et al., 2012; Ohtake et
al., 2014; Bhowmick et al., 2021). Rotarod, grid walk, sucrose preference,
and light-dark tests were followed exactly as we reported previously
(Bhowmick et al., 2021). In MWM, the spatial acquisition period, the
escape latency, and the time mouse takes to find the hidden platform
were measured. In addition, probe trials for all the experimental groups
were analyzed. From these probe trails, we analyzed the number of hid-
den platform crossings and probe time.

Experimental design and statistical analysis

Sample sizes were prospectively derived by conducting power analyses
using G*Power (University of Dusseldorf, Germany), and eight to 10 ani-
mals per group were used to get statistically significant results (Faul et al.,
2007; Bhowmick et al., 2018b; Abdul-Muneer et al., 2022). In hBMVECs,
we repeated the experiments six times unless otherwise noted. GraphPad
Prism V.9 was used for the statistical analysis of data. Significant inter-
actions between samples/groups were achieved by ANOVA (one-way
or two-way as applicable) followed by Bonferroni’s post hoc tests. Data
were expressed as mean+SD, and p <0.05 was considered for statistical
significance. For Western blot, data were quantified using densitometry
analysis using Image] software (Bhowmick et al., 2018a, 2019a, 2021).
The immunostaining intensity or the number of positive cells was quan-
tified using the standard method in Image] software (Alikunju et al.,
2011; Abdul Muneer et al., 2012; Bhowmick et al., 2019a; Bhowmick et
al., 2021). The analysis was performed on at least six samples for immu-
nofluorescence staining and captured six images from a single sample
(slide). The same parameters of the camera and software including the
brightness of the excitation light, the detector sensitivity (gain), or the cam-
era exposure time across the samples were used for keeping consistency
during image capture. To determine the percentage of positive cells for a
particular protein, we threshold the images by keeping a lower threshold
level of 80 and an upper threshold level of 200. To correct for uneven illu-
mination in fluorescence images, we kept a uniform dark background for all
images. The data for the light-dark test and MWM were analyzed using the
program ANY-maze v7.

Results

Expression of ICAM-1 elevates in TBI: ICAM-1 CRISPR/Cas9
modulates it

To remove ICAM-1, ICAM-1 CRISPR/Cas9 AAV (Fig. 1B) was
injected just below the injury (FPI) area in the parietal lobe
(Fig. 1C). Scrambled or control CRISPR/Cas9 AAV was used
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as control. ICAM-I CRISPR/Cas9 genome editing efficiency in
human endothelial cell culture and mouse brain tissue samples
was determined using a CRISPR genomic cleavage detection kit
(Applied Biological Materials; catalog #G932). The PCR product
of the ICAM-1 gene-targeted region is expected to have a product
size of 565 bp size, and the target product of 565 bp is expected to
cleave at 199 and 366 bp. In our experiment, using in vitro and in
vivo approaches, we observed three bands of size 565, 366, and
199 bp in ICAM-1 CRISPR/Cas9 AAV-treated groups in both
injured and uninjured samples; however, only one band of
565 bp was observed in control CRISPR/Cas9 AAV-treated
groups, which demonstrates the efficiency of genomics cleavage
through ICAM-1 CRISPR/Cas9 treatment (Fig. 1D,E). We
included control samples supplied by the manufacturer to per-
form control PCR reaction, and this served as a positive control
for denaturing, reannealing, and enzyme digestion steps. This
control template has a size of 750 bp after PCR amplification
and 500 and 250 bp after the cleavage assay. In agarose gel anal-
ysis, three bands with 750, 500, and 250 bp were visualized
(Fig. 1D,E).

Next, we analyzed the expression level of ICAM-1 protein by
Western blotting and immunohistochemistry. The protein
expression of ICAM-1 was significantly higher in injury com-
pared with that in uninjured controls in both stretch-injured
(in vitro; 3.2-fold; F(336)=335.2; p<0.0001) and FPI (in vivo;
3.25-fold; F336)=182; p<0.0001) samples (Fig. 1F,G). As
expected, the expression of ICAM-1 protein was significantly
reduced (to approximately one-fourth in vitro and to 0.31 in
vivo) in ICAM-1 CRISPR/Cas9-treated samples compared
with that in control CRISPR/Cas9-treated ones (p<0.0001;
Fig. 1F,G). We validated the expression of ICAM-1 protein in
immunohistochemistry using an HRP-conjugated secondary
antibody and its purple substrate. The expression of ICAM-1
was significantly elevated in FPI samples compared with that
in uninjured controls (F(ss4)=174.8; p<0.0001) and ICAM-1
was exclusively expressed in brain microvessels. The expression
of this protein was remarkably reduced in ICAM-1 CRISPR/
Cas9-treated animal samples, and ICAM-1 expression was
absent in ICAM-1 KO animals (Fig. 1H,I). Similarly, when we
analyzed the expression level of ICAM-1 mRNA by qRT-PCR,
we observed the relative mRNA expression of ICAM-1 was upre-
gulated in stretch-injured cells compared with that in uninjured
controls in vitro (2.15-fold; F(3 36) = 83.13; p <0.0001) and in vivo
(2.5-fold; F336)=216.3; p<0.0001; V). ICAM-1 CRISPR/Cas9
treatment significantly reduced the expression of mRNA com-
pared with control CRISPR/Cas9-treated samples as we observed
in the protein expression (p <0.0001; Fig. 1],K).

TBI augments the interaction of ICAM-1 with its receptors
LFA-1 and Mac-1 and removal of ICAM-1 impairs the binding
of ICAM-1 to its receptors

Since the binding of ICAM-1 to its receptors LFA-1 and Mac-1 is
crucial in promoting adhesion and transmigration of circulating
leukocytes and macrophages (Ding et al., 1999; Bhowmick et al.,
2021), we next analyzed the expression of LFA-1 and Mac-1 with
or without ICAM-1 CRISPR/Cas9 treatment in WT and
ICAM-17'" animals. Western blot analysis revealed that the
expression of LFA-1 and Mac-1 was significantly increased in
the FPI group compared with that in uninjured controls
(LFA-1: 1.6-fold; F(s54=1732, p<0.0001; Mac-1: 2.8-fold;
F(554=40.31, p<0.0001) and the treatment of ICAM-1
CRISPR/Cas9 reduced the level of LFA-1 and Mac-1 to the con-
trol level (p <0.0001; Fig. 2A-C). As expected, the LFA-1 and



6 - J. Neurosci., March 13, 2024 - 44(11):e1742232024

A

“a

Surgery
Neede hub fix
Do

- 9

ICAM1 CRISPR
AAV injection
D1 (4 h after injury)

Sacrifice
D15

In vitro
ICAM-1 s b b

B-aCtin eum t— e——
<0.0001

Saikia, Bhowmick et al. ® [CAM-1Removal Blocks Leukocyte Diapedesis in TBI

G In vivo
ICAM-1 e £d o e

B-aCtin e e e —

<0.0001

H

Control

Injury

Control
CRISPR

N
: % “
2 % A

Wild type

D1 D2 D14
Injury (FPI) Behavioral,
Bl

sampling

Baseline o7
Behavioral, Behavioral,
Bl

D15
Blood and
Blood 0o« tis

sampling  sampling

Blood sue
sampling sampling

ICAM1
CRISPR

lnjLury - -
Cont CRISPR + —
ICAM1 CRISPR - + — +

B  <EDCZp

PAAV-PGK-saCas9-U6-sgRNAsa Amp
74k

Lm_ Ampicillin®

Cont CRISPR + —
ICAM1 CRISPR -+

+
ICAM1 KO
(No CRISPR)

In vivo In vitro In vivo

-

<0.0001

P

l <0.0001 <0.0001

<0.0001 <0.0001

>0.9999 <0.0001 >0.9999
—

o) D 3.
A25 <Z( g)2.5 % g
2520 ZS20 g2
Frontal lobe £ ; E ; Ee
Injury site T =95 1.5 =90
Parietal lobe 1} g 15 6 @ 8 €
= S 3¢
= Z10 .5 10 =5
Sc >0 >0
€2 s 5805 58
E 35 3
0 S00 3o,
Injury = = + + - + Injury — — + + Injury = - + +
ContCRISPR + - + — - - ContCRISPR + — + ~— ContCRISPR + — + -—
ICAMICRISPR = + — + — — ICAM1 CRISPR— + — + ICAM1 CRISPR— + — +
WT KO

Figure 1.  Activation of ICAM-1 and its receptors LFA-1 and Mac-1 after TBI in vitro and in vivo. A, B, Schematic representation of whole animal procedure (A) and ICAM-1 CRISPR/Cas9 AAV
vector (B). €, The injury (FPI) site in the mouse skull. D, E, PCR amplification and cleavage analysis using ICAM-1 primer after treating the cells with ICAM-1 CRISPR/Cas9 AAV or control CRISPR/
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two-way ANOVA with Bonferroni’s post hoc test and statistically significant values are given in each bar graph.

Mac-1 expression was very faint in ICAM-1""" animals (Fig. 2A-

C). Next, we analyzed the interaction of ICAM-1 to its receptors
by immunofluorescence and co-IP. Double immunofluorescence
staining results showed not only the significant expression of
both ICAM-1 and LFA-1 in the FPI group compared with that
in the uninjured control group (p <0.0001) but the expression
of ICAM-1 and LFA-1 was colocalized in brain microvessels
(Fig. 2D,E). This shows the binding of ICAM-1 to its receptor
LFA-1. However, ICAM-1 CRISPR/Cas9 treatments resulted in
the reduced expression of both ICAM-1 and LFA-1 (Fig. 2D,
E). Further, we validated the interaction of ICAM-1 with
LFA-1 and Mac-1 by co-IP. Co-IP of ICAM-1 with LFA-1 or
Mac-1 revealed the elevated expression of ICAM-1 along with
LFA-1 and Mac-1 in the FPI group (p<0.0001). In contrast,
the cleavage of ICAM-1 using CRISPR/Cas9 reduced the expres-
sion of ICAM-1, LFA-1, and Mac-1 (Fig. 2F-I).

Removal of ICAM-1 reduces the transmigration of immune
cells to the brain

Since we observed the interaction of ICAM-1 with its receptors
LFA-1 and Mac-1, we next sought to analyze the transmigration
of leukocytes to the brain. First, in an in vitro BBB model, the
adhesion of immune cells was assayed by introducing Calcein-
AM-labeled (a green fluorescence cell tracker) monocytes to
the hBMVEC monolayer for 2 h. In stretch-injured cells, a

1.75-fold increase in Calcein-AM-labeled monocyte adhesion
was observed as compared with uninjured control cells (F(7.40) =
84.37; p <0.0001; Fig. 3A). However, the removal of ICAM-1 using
ICAM-1 CRISPR/Cas9 treatment remarkably reduced the mono-
cyte adhesion (1.75-fold to 1.29-fold vs uninjured control cells)
in stretch-injured cells (p <0.0001; Fig. 3A). Interestingly, in unin-
jured control cells, we noticed that the fluorescent intensity value
for the monocyte adhesion in ICAM-1 CRISPR/Cas9-treated cells
was significantly less in control CRISPR/Cas9 cells (p <0.05). For
further validation of this observation, we used siRNA technology
to silent ICAM-1 expression, and we found that the fluorescent
intensity for the number of adhered monocytes was higher in
stretch injury, and ICAM-1 siRNA treatment resulted in the
reduction of the number of monocytes (Fig. 3A).

Next, we validated the regulatory role of ICAM-1 in the
transmigration of immune cells to the brain in vivo. For this,
first, we analyzed the endogenous expression of macrophages in
the mouse brain by immunostaining CD68, a macrophage marker.
Using confocal microscopy, we observed a significant number of
CD68-positive cells in the cortical tissue part of the brain of the
WT FPI mice (p <0.0001) compared with those in uninjured con-
trols. ICAM-1 deletion using CRISPR/Cas9 or in ICAM-17~
mouse samples, the number of CD68-positive cells was significantly
reduced (Fs 42)=103.7; p <0.0001; Fig. 3B,C). Interestingly, in FPI
WT samples, the majority of CD68-positive cells were found
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Figure 2.

Deletion of ICAM-1 downregulates the expression of its receptors LFA-1 and Mac-1. A—(, Western blot analysis of LFA-1 and Mac-1 and their representative B-actin expression in

mouse cortex tissue lysates from FPI and control WT animals treated with control CRISPR/Cas9, or ICAM-1 CRISPR/Cas9, and from control and FPI [CAM-1~/~ animals (4). Bar graphs show the
densitometric ratio of LFA-1 (B) and Mac-1 (€) bands versus B-actin (n = 9—10/group). D, Double immunofluorescence staining of LFA-1 (red) and ICAM-1 (green) colocalized with DAPI (blue) in
control and FPI mouse brain samples treated with control CRISPR/Cas9 or ICAM-1 CRISPR/Cas9. Scale bar: 20 pm in all panels. E, Quantification of LFA-1 and ICAM-1 staining in the mouse cortex
tissue sections analyzed using ImageJ software (n = 10/group). F, Co-IP of ICAM-1, LFA-1, Mac-1, and B-actin 14 d after 25 psi FPI in the tissue lysates immunoprecipitated with ICAM-1 mAb.
Anti-lgG antibody was used as a negative control. G-/, Bar graphs show the densitometric ratio of ICAM-1 (G), LFA-1 (H), and Mac-1 (/) versus B-actin bands (n = 10/group). Data are shown as
mean =+ SD. Statistical analysis was performed by one-way ANOVA (E) and two-way ANOVA (B, , G—I) with Bonferroni's post hoc test and statistically significant values are given in each bar

graph.

surrounding the microvessels [Fig. 3B; injury(WT) + Cont CRISPR
panels]. To show the brain microvessel, the tissue sections were
stained with vWF, an endothelial cell-specific marker. In the second
experiment, we confirmed the transmigration of monocytes by
infusing GFP monocytes through the common carotid artery. In
this, we observed a higher number of GFP-positive monocytes
just below the injury area in the FPI group than those in uninjured
control samples (Fs 54)=160.7; p <0.0001; Fig. 3D,E). In ICAM-1
CRISPR/Cas9-treated WT animals and in ICAM-1""" animals,
the number of GFP-positive monocytes was significantly reduced
(Fig. 3D,E). This data shows that ICAM-1 has a significant role
in the transmigration of immune cells following TBI.

Removal of ICAM-1 protects the blood-brain barrier

A distinctive phenotype of BBB endothelial cells is characterized
by the presence of tight junctions (T]s) and the development of
certain polarized transport mechanisms (Persidsky et al., 2006).
Changes in TJ structure and integrity have a substantial impact
on BBB characteristics, especially in barrier permeability. To
determine the role of ICAM-1 in BBB integrity after TBI, we
examined various crucial BBB proteins such as occludin,
claudin-5, JAM-a, N-cadherin, and connexin-43 in both in vitro
stretch injury model and in vivo FPI model. First, we evaluated
the protein expression of two important T] proteins occludin
and claudin-5, which are crucial for barrier functionality.
Western blotting results showed that stretch injury caused a sign-
ificant decrease in the expression of occludin (reduced to one-
fourth) and claudin-5 (reduced to one-fifth) compared with the

uninjured control group (occludin: F(;40)=1.912, p <0.0001;
claudin-5: F(; 40)=2.325, p <0.0001), whereas the cells treated
with ICAM-1 CRISPR/Cas9 or ICAM-1 siRNA showed an
abrupt increase in the expression of both proteins compared
with control CRISPR/Cas9 or control siRNA-treated stretch-
injured cells (p < 0.05; Fig. 4A,B). Similarly, since JAM-a (a junc-
tional adhesion molecule that is involved in facilitating the
assembly of T] components; Bazzoni, 2011), N-cadherin (an
adherent junctional protein connected to pericytes; Bhowmick
et al.,, 2019b), and connexin-43 (a member of transmembrane
proteins that form gap junctions) have significant roles in main-
taining the BBB integrity (Zhao et al., 2015), next we analyzed the
role of ICAM-1 in the expression of these three proteins by
Western blotting. As we previously reported in mice (Bhowmick
et al, 2019b), the expression of JAM-a, N-cadherin, and
connexin-43 was significantly reduced in the stretch-injured cells
compared with that in the uninjured control cells (JAM-a:
F(7.40)=49.28; p<0.0001; N-cadherin: F; 4= 14.5, p<0.0001;
and connexin-43: F(;40)=21.56, p<0.0001); however, the
stretch-injured cells treated with ICAM-1 CRISPR/Cas9 or
ICAM-1 siRNA exhibited improved expression of JAM-a,
N-cadherin, and connexin-43 compared with control CRISPR/
Cas9 or control siRNA-treated injured cells (p < 0.01; Fig. 4A-D).

Next, in animals, we confirmed the changes of these BBB pro-
teins and validated the regulatory role of ICAM-1 in the expres-
sion of these proteins after TBI. First, when we examined the
expression level of occludin and claudin-5 in injured animals,
we observed a significant decrease in the expression (reduced
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Figure 3.

Deletion of ICAM-1 attenuates the transmigration of leukocytes to the brain after TBI. 4, Analysis of adhesion of monocytes to the monolayer of hBMVECs (the in vitro model of BBB).

Adhesion of monocytes to the monolayer of hBMVECs after treatment of hBMVECs with control CRISPR/Cas9, ICAM-1 CRISPR/Cas9, control siRNA, or ICAM-1 siRNA. Data are expressed as fold
difference from control (uninjured) cells treated with control CRISPR/Cas9; n = 6/group. B, €, Confocal microscopy of immunostaining of macrophage marker (D68 (red staining and yellow
arrowheads) and endothelial cell marker vWF (green) colocalized with DAPI (blue). Scale bar: 40 pm in all panels (B) and quantification of number of (D68-positive cells analyzed using ImageJ
software (n=8-9/group) (C). D, Transmigration of leukocyte analysis by infusing cultured GFP monocytes (green) through the common carotid artery of mouse and colocalized with immu-
nostaining images of Mac-1 (red) and DAPI (blue). Panels d’, €', and f' are selected and enlarged areas of d, e, and f panels. Scale bars: 400 ym in a—I panels and 80 pm in d’, ¢, and f panels. In f’
panel, the colocalized yellow cells are infused GFP cells stained with Mac-1; and red stained cells (Mac-1 alone) are endogenous blood cells. E, Quantitative analysis of the number of GFP/Mac-1-
positive cells. Data are shown as mean =+ SD. *p < 0.05, **p < 0.01, and ***p < 0.001 are statistically significant. Statistically significant values are given in C and E bar graphs. Statistical analysis
was performed by one-way ANOVA (4) and two-way ANOVA (C and E) with the Bonferroni’s post hoc test.

to one-half) in WT FPI mice compared with that in uninjured
control WT animals (occludin: Fss4)=186.4, p<0.0001;
claudin-5: Fs554)=45.6, p<0.0001; Fig. 4E,F). Deletion of
ICAM-1 using CRISPR/Cas9 protected the expression level of
occludin and claudin-5 in FPI samples (p <0.0001). Similarly,
in FPI ICAM-1""" mice, the expression of occludin and claudin-5
was not affected (Fig. 4E,F). A similar trend of results was
observed in JAM-a, N-cadherin, and connexin-43 where it was
reduced to one-third in JAM-a, one-half in N-cadherin, and
one-fifth in connexin-43 in FPI samples compared with that in
uninjured controls (p<0.0001); however, the expression of
N-cadherin was less when compared to the cell culture samples
(Fig. 4E-H). Interestingly, in ICAM-1""" samples and ICAM-1
CRISPR/Cas9-treated FPI samples, the expression of JAM-a,
N-cadherin, and connexin-43 was not significantly affected
(Fig. 4E-H).

Disruption of BBB integrity as a result of brain injury was
assessed by the permeability of NaFl and EB tracers across the
BBB (Abdul-Muneer et al., 2013; Bhowmick et al., 2019b). FPI
in mice greatly increased the permeability of small molecular
weight NaFl (MW =376 kDa; ~2 times) and large molecular
weight tracer EB (MW =961 kDa; ~2.4 times) across the BBB
compared with respective uninjured controls (NaFl: Fs5s4)=
53.18, p<0.0001; EB: Fs54 = 100.9, p <0.0001; Fig. 41,]), which

correlated with the enhanced immune cell adhesion and infiltra-
tion into the brain. However, ICAM-1 CRISPR/Cas9-treated FPI
mice showed a significantly reduced value of BBB permeability to
these two tracers compared with control CRISPR/Cas9-treated
controls (p <0.0001), whereas FPI ICAM-1""" mice showed a
significantly reduced permeability of NaFl and EB compared
with injured WT animals (p <0.0001; Fig. 41,]).

Paxillin-FAK pathway regulates the transmigration of
leukocytes to the brain

Next, we thrived to investigate the mechanisms of transmigration
of leukocytes to the brain after TBI. First, we analyzed the role of
paxillin-FAK signaling in regulating ICAM-1-induced trans-
migration of leukocytes to the brain. For this, we treated the
hBMVEC cultures with ICAM-1 CRISPR/Cas9, control
CRISPR/Cas9, ICAM-1 siRNA, and control siRNA 30 min
prior to stretch injury and analyzed the expression level of pax-
illin and FAK and their phosphorylated forms by Western blot-
ting. In stretch-injured hBMVECs, the levels of p-paxillin
(Fi7.40)=0.637; p<0.001) and p-FAK (F(y40)=1.476; p<
0.0001) immunoreactive proteins were significantly increased
when compared with those in uninjured control cells, whereas
deleting or silencing of ICAM-1 using CRISPR/Cas9 or siRNA
blocked the phosphorylation of paxillin and FAK proteins
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Figure 4. Deletion of ICAM-1 protects the TBI-induced blood—brain barrier damage. A-D, Western blot analysis of occludin, claudin-5, JAM-a, N-cadherin, connexin-43, and their repre-

sentative B-actin expression in hBMVECs treated with control CRISPR/Cas9, ICAM-1 CRISPR/Cas9, control siRNA, or ICAM-1 sirNA 24 h poststretch injury. Bar graphs show the quantification
of occludin and claudin-5 (B), JAM-a (C), and N-cadherin and connexin-43 (D) bands versus B-actin bands (n=6/group). E-H, Western blot analysis of occludin, claudin-5, JAM-a,
N-cadherin, connexin-43, and their representative B-actin expression in brain cortex tissue lysates of control and FPI WT mouse treated control CRISPR/Cas9, or ICAM-1 CRISPR/Cas9, and
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@@ < 0.001. ®®®p < 0.001 versus WT FPI group. Statistically significant values are given in H—J bar graphs. Statistical analysis was performed by one-way ANOVA (B—D) and two-way ANOVA

(F=J) with Bonferroni’s post hoc test.

(Fig. 5A,B). However, there was no perceptible change in the
levels of paxillin and FAK proteins (Fig. 5A,B). The significant
reduction in p-paxillin and p-FAK levels with ICAM-1 inhibi-
tion shows ICAM-1 is linked with the paxillin-FAK pathway
and has a significant role in the transmigration of immune cells
after TBI. Further, in WT and ICAM-1"'" animals, we vali-
dated the changes in the protein expression of p-paxillin and
p-FAK in the cortical brain tissue lysates beneath the site of
injury from FPI mouse samples and compared them with

uninjured controls. Here too, the expression of p-paxillin
(F(5)54) =0.964; p< 0.0001) and p-FAK (F(5,54) =0.136; p<
0.0001) were higher in FPI animals than that in uninjured con-
trols in both WT and ICAM-17"~ (Fig. 5C,D). However, as we
expected, the levels of p-paxillin and p-FAK were significantly
reduced in ICAM-1 CRISPR/Cas9-treated WT FPI animal
samples as compared with those in untreated WT FPI animal
samples (p<0.0001), and the levels of paxillin and FAK
remained unchanged (Fig. 5C,D).
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Figure 5.  ICAM-1—induced transmigration of leukocytes is dependent on the paxillin/FAK

pathway. A, B, Western blot analysis of paxillin/p-paxillin (4) and FAK/p-FAK (B) and their
representative B-actin expression in stretch-injured and control hBMVECs treated with control
CRISPR/Cas9, ICAM-1 CRISPR/Cas9, control siRNA, or ICAM-1 siRNA. Bar graphs show the den-
sitometric ratio of paxillin and p-paxillin (4) and FAK and p-FAK (B) versus B-actin bands in
hBMVECs (n = 10/group). C, D, Western blot analysis of paxillin/p-paxillin (€) and FAK/p-FAK
(D) and their representative B-actin expression in brain cortex tissue lysates of control and FPI
WT mouse treated control CRISPR/Cas9, or ICAM-1 CRISPR/Cas9, and untreated control and FPI
ICAM-1~'~ mice. Bar graphs show the densitometric ratio of paxillin and p-paxillin () and
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Data are shown as mean+SD. *p <0.05 and ***p <0.001 are statistically significant.
Statistical analysis was performed by one-way ANOVA (A, B) and two-way ANOVA (C, D)
with Bonferroni’s post hoc test.

Transmigration of leukocytes is regulated by the Rho GTPase
pathway
Paxillin plays a central role in coordinating the spatial and tem-
poral action of the Rho family of small GTPases, which regulate
the actin cytoskeleton by recruiting an array of GTPase activa-
tors, suppressors, and effector proteins to cell adhesions
(Hodge and Ridley, 2016). Activation of Rho GTPase is a contin-
uous mechanism of ICAM-1-induced transmigration of
immune cells. After analyzing the expression level and phosphor-
ylation of paxillin, next we analyzed the expression of Src and its
phosphorylated form. Like FAK, Src is also involved in the phos-
phorylation of paxillin, and to demonstrate the phosphorylation
of Src, we analyzed the expression level of p-Src by Western blot-
ting. In our stretch-injured samples, we observed a significantly
high level of p-Src compared with that in uninjured control sam-
ples (F(7.40)=0.185; p<0.0001), and ICAM-1 CRISPR/Cas9 or
ICAM-1 siRNA treatment significantly reduced the protein con-
tent of p-Src in stretch-injured samples (p < 0.0001; Fig. 6A,B).
To determine the role of the Rho GTPase pathway in ICAM-1-
induced transmigration of leukocytes after TBI, we analyzed the
expression of different molecules of the Rho GTPase family includ-
ing Racl, RhoA, and Cdc42 with or without treating ICAM-1
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CRISPR/Cas9 or ICAM-1 siRNA in hBMVECs. In stretch-injured
hBMVECs, the expression of p-Racl (F(749)=0.749; p <0.0001)
was significantly increased when compared with that in uninjured
control cells, whereas the phosphorylation of Racl protein was
inhibited when deleting or silencing of ICAM-1 using CRISPR/
Cas9 or siRNA (Fig. 6A,C). However, the expression of the Racl
protein was not changed (Fig. 6A,C). Similarly, we analyzed the
expression level of the other two important members of the Rho
GTPase pathway, Cdc42 and RhoA, that are involved in cellular
functions such as cell migration, endocytosis, and actin organiza-
tion (Etienne-Manneville and Hall, 2002). A remarkable highly
significant expression of Cdc42 and RhoA was found in stretch-
injured cell samples compared with that in uninjured controls
(F(7,40)=4.904; p<0.0001). As predicted, ICAM-1 CRISPR/Cas9
or ICAM-1 siRNA treatment significantly reduced the expression
of Cdc42 and RhoA in stretch-injured samples (p<0.0001;
Fig. 6D,E).

Next, in animals, we validated the role of Src and Rho GTPase
molecules in the regulatory mechanisms of ICAM-1-induced
transmigration of leukocytes after TBI. First, when we examined
the expression level of Src and p-Src in FPI animals, we observed
a significant increase in p-Src expression (~8 times fold) in WT
FPI mice compared with that in uninjured control WT animals
(F(s,54)=0.698; p <0.0001). Removal of ICAM-1 using CRISPR/
Cas9, the expression level of p-Src was highly reduced in FPI
samples compared with that in untreated FPI samples (p<
0.0001). However, in ICAM-1"'" mice, a negligible level of
p-Src protein was observed in both FPI and uninjured samples
(Fig. 6F,G). A similar trend of results was observed in p-Racl
in both FPI and uninjured WT and ICAM-1"'" mice (F(ss4) =
0.255; p <0.0001; Fig. 6F,H). As observed in cells, the expression
of Src and Racl did not change in FPI samples of WT and
ICAM-1""" mice (Fig. 6F-H). Likewise, a similar trend in the
expression of Cdc42 and RhoA was observed where it was
increased to ~6 times (F(s 54y = 9.652; p < 0.0001) in FPI samples
when compared with that in uninjured controls (Fig. 6I).
Interestingly, when we removed the ICAM-1 using CRISPR/
Cas9, the expression of Cdc42 and RhoA substantially reduced
(p<0.0001), whereas, in [CAM-1""~ samples, a faint expression
of Cdc42 and RhoA was observed (Fig. 61).

Removal of ICAM-1 protects the brain from TBI-induced
neuroinflammation

Since VEGF-A has a significant role in neuroinflammation and
cell migration (Abdul Muneer et al,, 2012), in the beginning,
we analyzed if ICAM-1 has any role in the induction of
VEGF-A in stretch-injured cells by ELISA. Even though the level
of VEGF- A was increased significantly in stretch-injured samples
compared with that in uninjured cells (F7 49y = 27.5; p <0.0001),
the deletion or silencing of ICAM-1 by treating ICAM-1
CRISPR/Cas9 or ICAM-1 siRNA did not affect the level of
VEGF-A in stretch-injured cells (Fig. 7A). This data shows that
ICAM-1 has no role in inducing VEGF-A. Next, since the neu-
trophil chemotactic factor, CXCL-8 also known as IL-8, induces
chemotaxis in primary neutrophils and other granulocytes caus-
ing them to migrate toward the site of infection (Meliton et al,,
2010), we analyzed the expression level of CXCL-8 (IL-8) by
ELISA. A 2.5-fold increase in CXCL-8 was observed in stretch-
injured samples compared with that in uninjured controls;
however, ICAM-1 CRISPR/Cas9 or ICAM-1 siRNA treatment
significantly reduced the level of CXCL-8 in stretch-injured cells
(F7.40)=27.91; p <0.0001; Fig. 7B). Similarly, when we quantified
two common proinflammatory cytokines, IL-1p and TNF-a, we
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Figure 6. ICAM-1—induced transmigration of leukocytes is requlated by the Rho GTPase pathway. A-C, Western blot analysis of p-Src, Src, p-Rac1, Racl, and their representative B-actin

expression in control and stretch-injured hBMVECs treated with control CRISPR/Cas9, ICAM-1 CRISPR/Cas9, control siRNA, or ICAM-1 siRNA. Bar graphs show the quantification of p-Src, Src,
p-Rac1, and Rac1 in hBMVECs. Bar graphs (B, €) show the densitometric ratio of p-Src and Src (B) and p-Rac1 and Rac1 () versus B-actin bands in hBMVECs (n = 10/group). D, E, Western blot
analysis of Cdc42 and RhoA and their representative B-actin expression in hBMVECs lysates (D). Bar graph (E) shows the densitometric ratio of Cdc42 and RhoA to B-actin bands (n = 10/group).
F, H, Western blot analysis of p-Src, Src, p-Rac1, Rac1, and their representative -actin expression in control and FPI WT mouse’s cortex tissue lysates treated with control CRISPR/Cas9, or ICAM-1
CRISPR/Cas9, and untreated control and FPI CAM-1~/~ animals (F). Bar graphs (G, H) show the densitometric ratio of p-Src and Src (G) and p-Rac1 and Rac1 (H) versus B-actin bands in mouse
cortex tissue lysates (n = 10/group). I, Western blot analysis of Cdc42 and RhoA and their representative B-actin expression in mouse cortex tissue lysates. Bar graph (/) shows the densitometric
ratio of Cdc42 and RhoA versus B-actin bands in mouse cortex tissue lysates (n = 10/group). Data are shown as mean = SD. *p < 0.05 and ***p < 0.001 are statistically significant. Statistical
analysis was performed by one-way ANOVA (B, C, and E) and two-way ANOVA (G—/) with the Bonferroni’s post hoc test.

observed a similar trend as we found for CXCL-8 (IL-1f: F(7 409y =
51.24, p<0.0001 and TNF-a: F;40, = 33.39, p <0.0001; Fig. 74,
B). These data show that ICAM-1 has a significant role in induc-
ing CXCL-8, IL-1B, and TNF-a in stretch-injured cells.

Next, we validated the expression levels of these four inflam-
matory markers in animal samples including blood plasma and

cortex tissue lysates. The quantification of VEGF-A in blood
plasma and cortex tissue lysates shows significantly high (three-
fold in blood plasma and 2.5-fold in the cortex) in FPI animal
samples compared with that in uninjured controls (blood
plasma: Fgss4)=67.65, p<0.0001; cortex: Fss4=27.1, p<
0.0001). Interestingly, as we found in cell culture samples,
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ICAM-1 CRISPR/Cas9 or ICAM-1 siRNA treatment did not
affect the level of VEGF-A in both blood plasma and cortex tissue
lysates (Fig. 8A,B). Next, when we estimated the quantity of
CXCL-8, a significant increase was noticed in blood plasma
and cortex samples of FPI animals compared with that of unin-
jured controls; however, ICAM-1 CRISPR/Cas9 or ICAM-1
siRNA treatment significantly reduced the level of CXCL-8 in
blood plasma and cortex samples of FPI animals (blood plasma:
Fiss4= 1265, p<0.0001; cortex: Fssq)=447.7, p<0.0001;
Fig. 8C,D). Similarly, when we estimated the level of other active
proinflammatory cytokines such as IL-1p and TNF-a in the
blood plasma and cortex tissue lysates by ELISA, we found a sign-
ificant increase in the level of these proteins in blood plasma and
cortex samples of FPI animals compared with that of uninjured
controls (IL-1P: blood plasma, 3.4-fold, Fss4=132.1, p<
0.0001; cortex tissue, 4.8-fold, Fss4)=131.5, p<0.0001; and
TNF-a: blood plasma, 3.5-fold, F(s 54y =132.1, p <0.0001; cortex
tissue, 6.86-fold, F(ss4 =197, p<0.0001); however, ICAM-1
CRISPR/Cas9 or ICAM-1 siRNA treatment significantly reduced
the level of IL-1B and TNF-a in FPI animal’s blood plasma and
cortex samples (p <0.0001; Fig. 8E-H). Taken together, these
data indicate that ICAM-1 has a significant role in inducing
CXCL-8, IL-1f, and TNF-a after TBL

Deletion of ICAM-1 protects the TBI victims from functional
deficits

Since we previously observed ICAM-1 causes sensorimotor
deficits and psychological stress following TBI (Bhowmick
et al,, 2021), in this study, we ought to evaluate whether deletion
of ICAM-1 protects the TBI victims from sensorimotor deficits,
psychological stress, and memory impairments. In sensorimotor
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function analysis, the rotarod test showed that deletion of
ICAM-1 substantially increased the time for latency to fall
from the rotarod as compared with FPI animals 7 and 14 d after
ICAM-1 CRISPR/Cas9 treatment (reduced to half after 7 and
14 d; F(s 48y =354, p <0.0001; Fig. 9A). We further validated the
recovery from the sensorimotor function in a grid walk test.
ICAM-1 deletion in FPI mice significantly reduced the grid
walk time (reduced to 65%; F(s 45y = 34.56, p <0.0001) and errors
(reduced to 57%; Fs 45y = 92.58, p <0.0001) to complete one grid
walk length (Fig. 9B,C).

Next, for assessing psychological stress such as anxiety-like
and depression-like behaviors, we used the light-dark test and
sucrose preference test, respectively. In the light-dark test,
ICAM-1 deletion (in ICAM-1 CRISPR/Cas9 treatment and
ICAM-17"") causes a significant increase in latency to stay in
the light chamber or the number of transition when compared
with control CRISPR/Cas9 treatment and WT FPI mice (F(s 4s)
=14.62; p<0.0001; Fig. 9D,E). In the sucrose preference test,
although the WT FPI group showed a significant reduction in
the sucrose preference to the uninjured control groups at 14 d
post-TBI (F(s4s) = 32.58; p < 0.0001; Fig. 9F), ICAM-1 CRISPR/
Cas9 treatment substantially improves sucrose preference at
14 d when compared with control CRISPR/Cas9 treatment ani-
mals (Fig. 9F). As expected, the sucrose preference in injured
ICAM-17"" was significantly less compared with WT FPI animals
(Fig. 9F).

Next, we assessed spatial learning and memory using the
MWM test. During the spatial acquisition period, the escape
latency, the time mouse took to find the hidden platform, was
measured (Fig. 9G). For WT FPI mice, the escape latency
decreased over four consecutive training trials on each experi-
ment day with the value on the 14th day (average 27.33 s) only
47% of the value on the initial day (baseline: average 51.33 s).
Comparatively, for the WT FPI group on the 14th day, it still
took 78.8% of the initial latency on the baseline day (average
53.66 s) to find the hidden platform (average 42.33 s), which
was 2.12-fold of the time of the WT uninjured group (p<
0.0001), indicating learning and memory impairment in the
FPI mice (Fig. 9G). However, in the ICAM-1 CRISPR/Cas9-
treated FPI group, the escape latency for the fourth training
time on the 14th day (average, 32 s) was significantly reduced,
and it was only 57.8% of the value of the initial training (average,
55.33 s; p<0.001). When we compared ICAM-1 CRISPR/Cas9-
treated FPI group with the control CRISPR/Cas9-treated FPI
group, on the 14th day, the escape latency time was significantly
less in ICAM-1 CRISPR/Cas9-treated FPI group (32 s vs 42.33 s;
p<0.0001). In [CAM-1""" uninjured and FPI animals, the escape
latency of the fourth training was significantly less compared
with that of the baseline test; interestingly, these values are sign-
ificant when compared with WT respective groups (Fig. 9G). The
probe trials for all the experimental groups are given in
Figure 9H. From these probe trails, we analyzed the number of
hidden platform crossings and probe time. The number of hid-
den platform crossings showed a considerable less in the FPI
group compared with that in uninjured controls (average, 4.4
vs 0.33; F(s 54) = 34.93; p < 0.0001); however, as expected the num-
ber of crossings was high in ICAM-1 CRISPR/Cas9-treated FPI
mice compared with that in control CRISPR/Cas9-treated FPI
mice (2.4 vs 0.33; Fig. 9I). Interestingly, in ICAM-1""~ FPI
mice, the number of crossings was significantly high when com-
pared with that in control WT FPI mice (Fig. 9I). Next, the probe
time was significantly high in the FPI group compared with that
in uninjured controls, and ICAM-1 CRISPR/Cas9 treatment
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ICAM-1 activates chemokines and cytokines and causes neuroinflammation in animals after TBI. A-H, ELISA quantification of VEGF-A (A, B), CXCL-8 (IL-8; C, D), IL-1B (E, F), and

TNF-a (G, H) in the blood plasma and brain tissue lysates, respectively, of control and FPI WT mouse treated with control CRISPR/Cas9, or ICAM-1 CRISPR/Cas9, and control and FPI ICAM-1~/~
animals. Bar graphs (A—H) show the quantification of ELISA. Data are shown as mean + SD and n = 6/group. *p < 0.05 and ***p < 0.001 are statistically significant. Statistical analysis was

performed by two-way ANOVA with Bonferroni’s post hoc test. ns, not significant.

reduced it (F(s 54y =46.52; p < 0.0001; Fig. 9]). These data indicate
that ICAM-1-induced brain damage is involved in regulating
sensorimotor, depression, and anxiety-like psychological stress
and cognitive functions behavior.

Discussion
Inflammatory leukocyte adhesion and transmigration events and
their impact on neuroinflammation and cognitive impairments
are reported in TBI incidents (Schwarzmaier et al., 2013;
Bhowmick et al., 2021). Though several authors reported the
role of two adhesion molecules, ICAM and VCAM in the trans-
migration of leukocytes to the brain, the exact mechanisms or the
downstream pathways of the transmigration process are not yet
established in TBI. We previously reported that ICAM-1 plays a
significant role in the transmigration of leukocytes to the brain
and neuroinflammatory cascades that lead to sensorimotor defic-
its and psychological stress (Bhowmick et al., 2021). In this study,
we showed the role of ICAM-1 in the transmigration of leuko-
cytes and neuroinflammation by regulating paxillin/FAK and
Rho GTPase pathways after TBI in vitro utilizing stretch injury
model in hBMVEC and in vivo in FPI model in mice. We deleted
ICAM-1 and validated our results by treating the cells and ani-
mals with ICAM-1 CRISPR/Cas9 and in ICAM-1""" mice.
ICAM-1 is a transmembrane endothelial cell adhesion mole-
cule that belongs to the supergene family of immunoglobulins

(Dietrich, 2002; Frank and Lisanti, 2008). Changes in the expres-
sion of ICAM-1 have been reported in various models of TBI. In
mouse models of controlled cortical impact (Muradashvili et al.,
2015; Baban et al., 2021), weight drop (Jin et al., 2008), and FPI
(Witcher et al., 2021), and repetitive head impacts in humans
(Kirsch et al., 2023) and cortical contusion model in rats
(Isaksson et al., 1997), an elevation of endothelial expression of
ICAM-1 in brain cortical vessels was reported. In the same
model, Whalen et al. reported the role of ICAM-1 in neutrophil
accumulation, lesion volume, and impairment of cognitive func-
tions using ICAM-1""" mice (Whalen et al., 1999). ICAM-1-
induced inflammatory leukocyte adhesion, and transmigration
processes are carried out when ICAM-1 binds with its receptors
LFA-1(CD11a/CD18) and Mac-1 (CD11b/CD18) present in leu-
kocytes (Kelly et al., 1996). In our previous study, we reported
that a strong cooperative interaction of ICAM-1 with its receptors
LFA-1 and Mac-1 exists following injury, and this cooperative
interaction plays a major role in downstream neuroinflammatory
and pathophysiology outcomes apart from leukocyte transmigra-
tion (Bhowmick et al.,, 2021). This strong interaction of ICAM-1
with its receptors LFA-1 and Mac-1 was validated in this study
and confirmed the role in the transmigration of leukocytes to the
brain. Here, in co-IP, we observed that the deletion of ICAM-1
compromised the binding of ICAM-1 with its receptors because,
in the absence of ICAM-1, the receptors LFA-1 and Mac-1 were
less activated. We validated these findings in ICAM-1~"" animals.
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Figure 9.  ICAM-1 deletion promotes sensorimotor and cognitive functions and reduces psychological stress after TBI. A, Latency to fall time in rotarod was examined in WT and /CAM-1~/=
mice at baseline (0 d), 2, 7, and 14 d after 25 psi FPI (n = 9—10/group). B, €, The grid walk analysis (the time to finish a grid walk; B), and the number of grid walk errors (€) were monitored in
WT and /CAM-1"~ mice at baseline (0 d), 2, 7, and 14 d after 25 psi FPI (n=9-10/group). D, E, The light—dark box test for anxiety-like behavior expressed as percentage of time spent
exploring the light chamber (D) and the number of transitions between the chambers (E) monitored at baseline (0 d), 2, 7, and 14 d after 25 psi FPI in WT and /CAM-1~"~ mice subjected to
25 psi FPI (n = 10/group). F, The sucrose preference test for depression behavior was calculated as a percentage of the volume of sucrose intake over the total volume of fluid intake at baseline
(0.d), 2,7, and 14 d after 25 psi FPI in WT and ICAM-1~"~ mice subjected to 25 psi FPI (n = 10/group). G—J, The performance of the mice in the MWM test. G, The escape latencies in the six
experimental groups over four consecutive trials at baseline (0 d), 2, 7, and 14 d of the spatial acquisition session. H, Representative swimming paths of the control and FPI WT and ICAM-17/~
mice during the probe trial. WT mice were treated with control CRISPR/Cas9 or ICAM-1 CRISPR/Cas9 1 h after FPI. I, J, The average crossing number over the platform-site (/) and the latency of
the first target-site crossover (probe time; J) during the probe trial. Data are shown as mean = SD and n = 10. Statistically significant *p < 0.05, **p < 0.01, ***p < 0.001 versus WT control
group; *p < 0.01, #p < 0.001 versus control CRISPR/Cas9—treated group in WT; ®p < 0.01 versus WT FPI group in A—G. For graphs I and J, statistically significant values are given in the
graphs. Statistical analysis was performed by two-way ANOVA with Bonferroni’s post hoc test.

et al., 2006; Abdul Muneer et al., 2012; Heinemann et al., 2012;
Abdul-Muneer et al,, 2015; Ueno et al., 2016; Marchetti and
Engelhardt, 2020). However, we mainly focused on the therapeu-
tic side in which ICAM-1 CRISPR/Cas9 treatment can attenuate
BBB damage in vitro and in vivo. In this study, we noticed that
there are several CD68-positive cells surrounding microvessels
showing the infiltration of immune cells across the BBB. This dis-
tinctive localization of CD68 surrounding the perivascular region
lends inevitable evidence that vascular BBB injury/inflammation
paves the path for the infiltration of immune cells across the
BBB. This event is functionally validated in the present study
by infusing Fluo3-labeled macrophages through the carotid
artery, and the infiltration of these cells was analyzed in the brain
cortex. Further, we validated that the leakage of NaFl and EB
tracers from the blood circulation is possible only if the BBB
function is impaired.

Even though both receptors LFA-1 and Mac-1 appear to be impor-
tant in leukocyte adhesion, LFA-1 has more contribution to cell
adhesion and transmigration than Mac-1 (Ding et al., 1999;
Dunne et al., 2003). Many therapeutic strategies are also focused
on LFA-1 by changing its conformation, clustering, or cell signaling
(Ding et al., 1999; Dunne et al., 2003); however, defects in LFA-1
cause genetic abnormalities, deficient immune response, and
autoimmunity (Springer et al., 1985; Lowin and Straub, 2011).
In the context of these findings, next, we emphasized that brain
injury causes BBB damage and increases permeability and leakage
to the brain. TBI causes BBB disruption that has important clinical
implications (Adams et al., 2018; van Vliet et al., 2020; Kiani, 2022;
Sulimai et al., 2023). It can lead to the entry of blood components,
immune cells, and potentially harmful substances into the brain,
contributing to secondary injury processes like brain edema,
inflammation, and long-term neurological deficits (Persidsky
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Next, we provide evidence of ICAM-1’s role in regulating the
paxillin and FAK signaling that facilitates leukocyte transmigra-
tion in in vitro and in vivo TBI models. Paxillin is a scaffolding
protein and a main component of FAs (Burridge et al.,, 1992;
Schaller, 2001). The phosphorylation of paxillin by FAK allows
the recruitment of several enzymes and structural molecules,
and the association of paxillin with these molecules results in
changes in cell movement and migration. In addition, there are
reports on the involvement of Src in the phosphorylation of pax-
illin during cell adhesion and growth factor stimulation.
Autophosphorylation of FAK and Tyr phosphorylation of paxil-
lin provides a scaffold for the recruitment of tyrosine kinases
FAK and Src. Paxillin phosphorylates at Tyr88 and Tyr118 by
Src, as well as at Tyr118 and Tyr31 at the N terminus by FAK
(Zaidel-Bar et al., 2007). In this study, we confirmed the involve-
ment of ICAM-1 in the activation of paxillin, FAK, and Src. The
phosphorylated form of these three molecules was expressed less
in ICAM-1 CRISPR/Cas9 or ICAM-1 siRNA treatment in vitro
and ICAM-1 CRISPR/Cas9 treatment and ICAM-1""" animals
in vivo.

Rho GTPase signaling plays a crucial role in the regulation of
FAs and cell migration (Chen and Gallo, 2012). The FAK/paxillin
pathway regulates small Rho GTPases including Racl, RhoA, and
Cdc42, which are critical determinants of leukocyte transmigra-
tion (Hodge and Ridley, 2016). Among the members of Rho
GTPases, Racl and Cdc42 are respectively involved in the forma-
tion of lamellipodia and filopodia, whereas RhoA promotes the
maturation of adhesion of immune cells (Ridley, 2015). Paxillin
coordinates the spatiotemporal activation of Racl, RhoA, and
Cdc42 GTPases by recruiting guanine nucleotide exchange fac-
tors (GEFs) and GTPase-activating proteins (GAPs) along with
specific effector proteins to FAs, thus regulating cell adhesion
and migration (Ridley, 2015). This gives us further room to study
the role of ICAM-1 in activating Rho GTPase molecules by
recruiting GEFs and GAPs. However, in this study, we analyzed
the role of ICAM-1 in the transmigration of leukocytes by phos-
phorylating paxillin, FAK, Src, and Racl and activating RhoA
and Cdc42 molecules.

Inflammatory leukocyte adhesion and transmigration cas-
cades are regulated by certain cytokines produced by the inflam-
matory response. In this study, we demonstrated whether
ICAM-1 has any role in the induction of angiogenesis protein
VEGF-A, chemoattractant CXCL-8 (IL-8), and two common
inflammatory cytokines IL-13 and TNF-a. In our previous study,
we found that VEGF-A has a significant role in inducing ICAM-1
(Bhowmick et al., 2021), whereas, in this study, we tried to
demonstrate the reverse action, that is, induction of VEGF-A
by ICAM-1. Interestingly, we did not notice any effect of
ICAM-1 on inducing VEGF-A. CXCL-8 is a chemokine, which
induces monocyte extravasation and activates leukocyte integ-
rins. CXCL-8, also known as “neutrophil chemotactic factor,”
induces chemotaxis in target cells, primarily neutrophils but
also other granulocytes, causing them to migrate toward the
site of injury or infection (Meliton et al., 2010). Here, we demon-
strated that ICAM-1 induces CXCL-8 and other two proinflam-
matory cytokines IL-1p and TNF-a that have significant roles in
the pathophysiology of TBI.

Cognitive impairments, prolonged sensorimotor deficits, and
psychological stress behavior are common in TBI patients (Xing
et al., 2013; Bhowmick et al., 2018b). The role of ICAM-1 in
developing fear and anxiety responses has been previously impli-
cated (Zhang et al., 2017). Recently, we showed that TBI-induced
ICAM-1 activation is associated with sensorimotor function
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impairment and the development of depression and anxiety-like
psychological stress behaviors (Bhowmick et al., 2021). In this
study, we validated that ICAM-1 activation following TBI
impairs sensorimotor function as monitored by the rotarod
and grid walk tests and severely exacerbates depression and
anxiety-like psychological stress as monitored by the sucrose
preference test and the light-dark test. Further, we validated
the role of ICAM-1 in the impairment of spatial memory and
learning by conducting MWM experiments, and we confirmed
that the deletion of ICAM-1 promotes functional recovery
from these behavioral impairments following TBI. Together,
these findings validate novel evidence for the contribution of
ICAM-1 in facilitating brain damage and impairment in func-
tional outcomes following TBI.

In conclusion, the data of this study validates the role of
ICAM-1 in the transmigration of leukocytes to the brain by reg-
ulating the paxillin/FAK-dependent Rho GTPase pathway fol-
lowing TBI. Moreover, we confirm that the deletion of
ICAM-1 promotes functional recovery from sensorimotor func-
tional deficits, psychological stress, and spatial memory and
learning impairments. Since the recombinant DNA technology
is not feasible for developing a therapeutic strategy against
TBI-induced neurological complications, we suggest here that
our present study encourages further work on developing a ther-
apeutic strategy targeting ICAM-1 by blocking the biological
activity of ICAM-1 using antagonistic peptides.

Data and Materials Availability

The data and materials that support the findings of this study are
available from the corresponding author upon reasonable
request.
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