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Abstract

Intercellular adhesion molecule-1 (ICAM-1) promotes adhesion and transmigration of circulating leukocytes
across the blood-brain barrier (BBB). Traumatic brain injury (TBI) causes transmigrated immunocompetent
cells to release mediators [function-associated antigen (LFA)-1 and macrophage-1 antigen (Mac-1)] that stimu-
late glial and endothelial cells to express ICAM-1 and release cytokines, sustaining neuroinflammation and
neurodegeneration. Although a strong correlation exists between TBI-mediated inflammation and impairment
in functional outcome following brain trauma, the role of ICAM-1 in impairing functional outcome by inducing
neuroinflammation and neurodegeneration after TBI remains inconclusive. The experimental TBI was induced
in vivo by fluid percussion injury (FPI; 10 and 20psi) in wild-type (WT) and ICAM-1�/� mice and in vitro by
stretch injury (3 psi) in brain endothelial cells. We manipulate ICAM-1 pharmacologically and genetically and
conducted several biochemical analyses to gain insight into the mechanisms underlying ICAM-1-mediated
neuroinflammation and performed rotarod, grid-walk, sucrose preference, and light-dark tests to assess func-
tional outcome. TBI-induced ICAM-1-mediated neuroinflammation and cell death occur via LFA-1 or Mac-1
signaling pathways that rely on oxidative stress, matrix metalloproteinase (MMP), and vascular endothelial
growth factor (VEGF) pathways. The deletion or blocking of ICAM-1 resulted in a better outcome in attenuating
neuroinflammation and cell death as marked by the markers such as NF-kB, IL-1b , TNF-a, cleaved-caspase-
3 (cl-caspase-3), Annexin V, and by terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL),
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Intercellular adhesion molecule-1 (ICAM-1) is known to initiate neuroinflammatory responses and causes
neurodegeneration and cognitive and sensory-motor deficits in several pathophysiological conditions.
However, the mechanisms of ICAM-1-mediated neuroinflammation and cell death, and its link with function-
al deficits following traumatic brain injury (TBI) are not clear. In this study, using an in vitro stretch injury in
human brain microvascular endothelial cells (hBMVECs) and an animal model of fluid percussion injury
(FPI), we elucidated the mechanisms of activation of ICAM-1 signaling and subsequent neuroinflammation
and neurodegeneration leading to sensorimotor deficits and psychological stress. We propose ICAM-1 sig-
naling cascade as a target for developing new therapeutic strategies against TBI related neurologic
diseases.
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and Trypan blue staining. ICAM-1 deletion in TBI improves sensorimotor, depression, and anxiety-like behavior
with significant upregulation of norepinephrine (NE), dopamine (DA) D1 receptor (DAD1R), serotonin (5-HT)
1AR, and neuropeptide Y (NPY). This study could establish the significance of ICAM-1 as a novel therapeutic
target against the pathophysiology to establish functional recovery after TBI.

Key words: traumatic brain injury; ICAM-1 signaling; LFA-1 and Mac-1; cerebral blood flow; neuroinflammation;
neurodegeneration

Introduction
One of the major hallmarks of early events of traumatic

brain injury (TBI) is neuroinflammation that stimulates sec-
ondary cell death (Frank and Lisanti, 2008; Bhowmick et
al., 2018). Strong evidence in different models of animal
focal brain injury suggests a link between the accumula-
tion of leukocytes within the brain to increased blood-
brain barrier (BBB) permeability and adhesion molecule
expression (Daneman and Prat, 2015; Bhowmick et al.,
2019b). Leukocytes-mediated neuroinflammation is con-
ducted via a cascade of molecular steps wherein it in-
volves recognition of binding sites by leukocytes and tight
adherence of leukocytes rolling on the endothelium
(Bevilacqua, 1993; Sumagin et al., 2011). Intercellular ad-
hesion molecule-1 (ICAM-1) is a transmembrane glyco-
protein of the Ig-superfamily constitutively expresses
at low levels in the CNS (Dietrich, 2002); however, it is
abundantly present during certain neuropathophysiology
conditions (Sobel et al., 1990). ICAM-1 on the vascular
endothelium can serve as a ligand for both leukocyte
function-associated antigen (LFA)-1, a receptor found on
leukocytes, and macrophage-1 antigen (Mac-1), a recep-
tor found on neutrophils, monocytes, and macrophages
(Ding et al., 1999; Henderson et al., 2001). The binding of
ICAM-1 to its integrin counterparts LFA-1 and Mac-1 me-
diates leukocyte adhesion, increases vascular permeabil-
ity and loss of the endothelial barrier, and rearrangement
of the actin cytoskeleton (Sumagin et al., 2011).
Although in recent years, the vascular pathology in the

brain has been studied extensively, the pathogenic mech-
anisms that contribute to disease progression remain

elusive. Our recent studies indicate that inflammatory re-
sponse is modulated by oxidative stress in TBI (Abdul-
Muneer et al., 2013, 2015, 2018) and leads to disruption
of BBB, and activates inflammatory signaling (Abdul-
Muneer et al., 2017b; Patel et al., 2017). Oxidative
stress alters the signaling pathways that regulate the
immune system (McKee and Lukens, 2016) and causes
the infiltration of CD41T cells into the CNS during the
neuroinflammatory and neurodegenerative processes
(González and Pacheco, 2014). TBI-mediated neuroin-
flammation also produces a wide-ranging deficit in sensori-
motor and cognitive functions (Draper and Ponsford, 2008)
with concomitant psychosocial stress causing a higher
prevalence of anxiety and depression (Miller et al.,
2009). Psychological stress increases pro-inflammatory
cytokines production, promotes rapid leukocyte trans-
migration (Cole, 2008), and activates neuroendocrine
pathways releasing glucocorticoids, catecholamines,
and cytokines compromising physiological, immuno-
logic, and behavioral outcomes in both humans and ro-
dents (Wohleb et al., 2012). Besides, the monoamine
hypothesis proposes that the serotonin (5-HT), norepi-
nephrine (NE), dopamine (DA), and neuropeptide Y
(NPY) pathways play a crucial role in the pathophysiol-
ogy of depression and anxiety (Eaton et al., 2007;
Mickey et al., 2011; Hamon and Blier, 2013) and may
aggravate depression and anxiety (Brigitta, 2002; Aan
Het Rot et al., 2009) and sensorimotor deficits (Geyer et
al., 2001; Wurm et al., 2007). Previous work has demon-
strated an important role for psychological stress on
cellular expression of adhesion molecules on circulat-
ing leukocytes (Goebel and Mills, 2000). However, the
mechanisms of ICAM-1-mediated neuroinflammation
and cell death, and its functional outcome following
TBI, are still not clear.
In the present study, using an in vitro human brain mi-

crovascular endothelial cells (hBMVEC) stretch injury
and an animal model of fluid percussion injury (FPI), we
elucidated the mechanisms by which oxidative stress,
matrix metalloproteinase (MMP), and vascular endothe-
lial growth factor (VEGF) signaling activate ICAM-1 and
result in subsequent neuroinflammation and neurode-
generation that leads to sensorimotor deficits and psy-
chological stress. We propose that the activation of
ICAM-1 following TBI upregulates NF-kB and other in-
flammatory cytokines and activates the caspase-3 en-
zyme that upregulates neurodegenerative markers. By
studying the regulation of neurotransmitters expression,
we also demonstrated the biochemical mechanisms of
ICAM-1-mediated sensorimotor deficits and psychologi-
cal stress after TBI. In the present study, we used ICAM-
1 knock-out (KO; ICAM-1�/�) mouse in vivo and ICAM-1

Received May 29, 2021; accepted June 4, 2021; First published June 16,
2021.
The authors declare no competing financial interests.
Author contributions: P.M.A.-M. designed research; S.B., A.M., D.C., N.P.,

V.D., and C.F. performed research; S.B. and P.M.A.-M. analyzed data; S.B.
and P.M.A.-M. wrote the paper.
This work was supported by the New Jersey Commission on Brain Injury

Research Grant CBIR19PIL010 and the Neuroscience Institute at JFK Medical
Center (P.M.A.-M.).
D. Caruso’s present address: Environmental and Occupational Health

Sciences Institute, 170 Frelinghuysen Road, Piscataway, NJ 08854.
C. Finn’s present address: The Center for Plastic Surgery, McLean, VA.
V. D’Mello’s present address: Department of Pharmacology, Physiology,

and Neuroscience, Rutgers University, 185 South Orange Ave, Newark, NJ
07103.
Correspondence should be addressed to P. M. Abdul-Muneer at mohammed.

muneer@hmhn.org.
https://doi.org/10.1523/ENEURO.0242-21.2021

Copyright © 2021 Bhowmick et al.

This is an open-access article distributed under the terms of the Creative
Commons Attribution 4.0 International license, which permits unrestricted use,
distribution and reproduction in any medium provided that the original work is
properly attributed.

Research Article: New Research 2 of 21

July/August 2021, 8(4) ENEURO.0242-21.2021 eNeuro.org

mailto:mohammed.muneer@hmhn.org
mailto:mohammed.muneer@hmhn.org
https://doi.org/10.1523/ENEURO.0242-21.2021
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


siRNA and ICAM-1 inhibitor A205804 to validate the role
of ICAM-1 in regulating neuroinflammation and neurode-
generation after TBI. We conclude that ICAM-1 has a
specific role in impairing sensorimotor function and en-
hancing psychological stress by regulating neuroinflam-
mation and neurodegeneration via the pathway of LFA-1
or Mac-1 proteins.

Materials and Methods
Reagents
The primary antibodies used were listed in Table 1. All

secondary Alexa Fluor-conjugated antibodies, terminal
deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) kit, and DAPI were purchased from
Invitrogen. siRNA transfection kit was purchased from
Santa Cruz Biotechnology Inc. VEGF (recombinant
human VEGF, catalog #293-VE) and ICAM-1 recombi-
nant protein (IRP; recombinant human ICAM-1/CD54
protein, catalog #ADP4-050) were purchased from the
R&D Systems. TIMP1 (MMPs inhibitor, catalog #580-
RT) was from Calbiochem; Ki8751 (VEGFR-2 kinase in-
hibitor, catalog #676484) was from Sigma-Aldrich.
Apocynin (NADPH oxidase inhibitor, catalog #11976)
and A205804 (ICAM-1 inhibitor; catalog #21252) were
purchased from Cayman Chemicals.

Endothelial cell culture
hBMVECs were grown in DMEM/F12 media (Invitrogen)

containing 10 mM HEPES, 13 mM sodium bicarbonate (pH
7), 10mmol/l L-glutamine and supplemented with 10%
heat-inactivated fetal bovine serum (FBS; Thermo Fisher
Scientific), penicillin and streptomycin (100 mg/ml each,
Life Technologies), 1% amphotericin (Caisson Labs),

endothelial cell growth supplement (ECGS; 50mg/ml; BD
Bioscience), heparin (100mg/ml; Sigma-Aldrich Co, Ltd;
Abdul Muneer et al., 2012, 2018). hBMVECs were plated
on rat tail collagen Type I (0.1mg/ml) coated six-well
Bioflex culture plates (Flexcell International Corp) at a
density of 250,000 cells/well (Patel et al., 2017; Abdul-
Muneer et al., 2018). The cells were fed by changing the
medium every 2 d and grown until tight monolayers were
formed in;6–8d.

In vitro stretch injury and treatment conditions
Confluent cells cultured in the Bioflex six-well culture

plates were subjected to a stretch injury (biaxial) with a
pressure of ;3.0 psi using an in vitro cell injury device,
Cell Injury Controller II (Custom design and fabrication
Inc.) as we and others described previously (Geddes-
Klein et al., 2006; Salvador et al., 2013; Patel et al., 2017;
Abdul-Muneer et al., 2018; Bhowmick et al., 2019a). For
experiments with pharmacological treatments and gene
manipulations, the hBMVECs were treated with A205804
(ICAM-1 inhibitor, 100 ng/ml), IRP (recombinant human
ICAM-1/CD54 protein, 2.5 mg/ml), apocynin (inhibitor of
NADPH oxidase, 100 mM), VEGF-A (100 ng/ml), Ki8751
(VEGFR-2 kinase inhibitor, 10mmol/l), Timp-1 (MMPs in-
hibitor, 100 ng/ml) 30min before the stretch injury. For
siRNA treatment groups, hBMVECs were transfected ei-
ther with ICAM-1 siRNA (catalog #sc29354) or control
siRNA (catalog #sc-37007) as per the manufacturer’s pro-
tocol (Santa Cruz Biotechnology). Before 30-min stretch
injury (3 psi), the cells were treated with A205804 and IRP.
For control siRNA and ICAM-1 siRNA transfection, the
cells were incubated for 6 h in transfection media followed
by replacing the transfection media with 1� normal
growth media before the injury. Control hBMVECs were

Table 1: Details of the antibodies used for this study

Antibody Dilution Catalog number RRID Vendor
Anti-ICAM-1 WB: 1:1000

IF: 1:250
ma5407 AB_223596 Invitrogen

Anti-Glut-1 IF: 1:250 ab80024 AB_2190927 Abcam
Anti-NeuN IF: 1:250 ab104224 AB_10711040 Abcam
Anti- VEGF-A WB: 1:1000 ma5-13182 AB_10981661 Invitrogen
Anti-4HNE WB: 1:1000 ab46545 AB_722490 Abcam
Anti-MMP-9 WB: 1:1000 ab76003 AB_1310463 Abcam
Anti-LFA-1 WB: 1:1000

IF:1:250
ab186873 Not available Abcam

Anti-MMP-2 WB: 1:1000 87809S RRID:AB_2800107 Cell Signaling Technology
Anti-VEGFR-2 (p-Tyr1059) WB: 1:1000 3817s RRID:AB_2132351 Cell Signaling Technology
Anti-VEGFR-2 (p-1175) WB: 1:1000 2478 RRID:AB_331377 Cell Signaling Technology
Anti-caspase-3 WB:1:1000 9662S RRID:AB_331439 Cell Signaling Technology
Anti-NF-kB p65 WB: 1:1000 3033 RRID:AB_331284 Cell Signaling Technology
Anti-cleaved-caspase3 WB: 1:1000

AP IHC: 1:250
MAB835 AB_2243951 R&D Systems

Anti-NPY WB: 1:1000 MAB8517 Not available R&D Systems
Anti-Annexin V WB: 1:1000 PA5-27872 AB_2545348 Thermofisher
Anti-b -actin WB: 1:1000 MA575739 AB_2545348 Thermofisher
Anti-DA D1 receptor (DAD1R) WB: 1:1000 NBP2-16213 AB_2819252 Novus Biologicalalals
Anti-NE WB: 1:1000

IF: 1:200
AB120 AB_90481 EMD Millipore

Anti-5-HT1A receptor (5-HT1AR) WB: 1:1000 GTX104703 AB_1241307 GeneTex
Anti-vWF IF:1:250 ab11713 AB_298501 Abcam
Anti-NOX1 WB: 1:1000 GTX103888 AB_1951012 GeneTex
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also cultured in the stretch injury culture plates but were
devoid of stretch injury (Patel et al., 2017). At 24 h postin-
jury, cells were extracted and lysed in lysis buffer and pro-
teins were extracted for western blotting. Subsequently,
the supernatant was also collected for cytokine analysis.

Animals and FPI
Male C57/BL6 wild-type (WT) and ICAM-1�/� (ICAM-1

KO) mice (nineweeks old, 20–25 g; The Jackson
Laboratory) were used for this study. Animals were main-
tained in sterile cages under pathogen-free conditions in
accordance with institutional ethical guidelines for the
care of laboratory animals, the National Institutes of
Health, and the Seton Hall University Institutional Animal
Care and Use Committee. We use a diurnal 12-h light
cycle in our animal facility, and we conducted surgeries
for FPI during the light cycle. To avoid the potential con-
founding effect of social heterogeneity in mixed-group
housing of WT and KO littermates that might induce
changes in each other’s behavior based on group in-
equality, and in a particular social hierarchy, on behavioral
and physiological measures, we used independent non-
littermate WT mice as controls.
Standard surgical methods for lateral FPI were per-

formed in nine-week-old male mice (Kabadi et al., 2010;
Abdul-Muneer et al., 2017b; Patel et al., 2017). We used
male mice for this study and excluded female mice to
avoid the potential effect of estrogen that might have anti-
inflammatory properties by repressing the expression of
ICAM-1 (Hou and Pei, 2015). Although sex-specific hor-
mones are often associated with beneficial effects after
TBI in animal models, translation to human studies has
not been shown beneficial in any clinical trial (Stein et al.,
2015). Briefly, 24 h before the injury, the animals were
anesthetized with ketamine/xylazine mixture (80mg/kg
ketamine and 10mg/kg xylene, i.p.) and surgically im-
planted with a Luer-Lok syringe hub to the right side of
the skull in a stereotaxic device. This hub surrounds a cra-
niotomy of the same size, positioned 1.0 mm posterior
from and 2.0 mm lateral from the bregma (Fig. 1A). An ad-
ditional cap that surrounds the syringe hub was applied.
Two screws were implanted into the skull for additional
support. The syringe hub was firmly fixed using the cra-
nioplastic cement (AM Systems). Rectal temperatures
were continuously monitored and maintained within nor-
mal ranges during surgical preparation by a feed-back
temperature controller pad (model TC-1000; CWE Inc);
5% isoflurane was used to anesthetize the mice and
anesthetize was confirmed when the foot-pinch reflex
stopped. The animal was connected to a digitally con-
trolled FPI system-FP302 (AmScien Instruments), and the
injury was applied at 10 psi (mild) and 20psi (moderate)
with a pressure rise time of 8ms. Animals exhibited
apnea, loss of consciousness, and hyperextension of the
tail and hind limbs after the injury. We observed a similar
duration of transient apnea following moderate injury in
both WT and ICAM-1 KO mice and no mortality rate was
evident following transient apnea and all animals survived
48 h and 14d post-TBI. The duration of apnea persists for
;15–25 s followed by restoration of regular respiration

and all animals gained consciousness within 35–40 s indi-
cating that the groups had similar injury severity at the
onset. Similarly, control mice received the same anesthe-
sia and surgery as the injured group and connected to the
dc-FPI without the injury. Six animals were used in each
group and sample sizes for statistically significant results
were prospectively derived by conducting power analyses
using G*Power (University of Dusseldorf, Germany) based
on our previous observations with outcome variations and
effect sizes in the mouse model (Abdul-Muneer et al.,
2013, 2017b). Our sample sizes were determined with the
condition of an 80% chance of detecting a moderate ef-
fect size. Ketamine/xylazine mixture was used to anesthe-
tize the animals after 6 h, 12 h, 24 h, 48 h, and 14d
postinjury and transcardially perfused with 1� PBS and
4% paraformaldehyde (PFA).
The in vivo study was conducted in the prefrontal cortex

(PFC) and hippocampus because these two regions of the
brain are considered part of the limbic system (Amunts et
al., 2005; Morgane et al., 2005) and are vulnerable to TBI
(Gray and McNaughton, 2000) and involve in sensorimo-
tor and cognitive functions. Brain tissues from the PFC
and hippocampus were collected and stored. Similarly,
blood was drawn from the tail vein, separated blood plas-
ma, and used for ELISA analysis. For immunostaining and
TUNEL experiments, the brain tissues were embedded in
an optimal cutting temperature (OCT) compound, stored
frozen until analysis. Figure 1A shows the injury site and
tissue sampling area in the mice brain cortex.

Immunostaining andmicroscopy
Immunofluorescence
Immunofluorescence staining was performed in both

cultured endothelial cells (on silicone membrane) and 10-
mm-thick coronal brain sections as previously described
(Abdul Muneer et al., 2012, 2013). Cells were washed with
1� PBS and fixed using 4% PFA for 20min at 25°C. The
coverslip culture cells and cryostat sections were then im-
mersed in 1� PBS (pH 7.4) for 5min, and then blocked in
3% normal goat serum containing 0.3% Triton X-100 in
1� PBS (pH 7.4) for 1 h at room temperature and later in-
cubated with the primary antibodies overnight at 4°C. All
antibodies were used at a concentration of 3.0 mg/ml.
Cells were then washed in 1� PBS at room temperature
for 15min and incubated with secondary antibodies
[Alexa Fluor 488 or 594 conjugated with anti-mouse or
anti-rabbit immunoglobulin G (IgG); 1:500 dilution or 4 mg/
ml] for 1 h and mounted with 5- to 10-ml immunomount
containing DAPI (Invitrogen) on a slide. Semi-quantitative
analysis of the protein of interest was done as previously de-
scribed (Abdul Muneer et al., 2012, 2018), and images were
captured using the Eclipse TE200 fluorescent microscope
(Nikon) and NIS Elements software (Nikon) in three channels,
DAPI (cell nuclei, blue color emission), Alexa Fluor 488 (green
color emission), and Alexa Fluor 594 (red color emission). For
imaging, the area of image capture was randomized and was
performed by a researcher that was blinded to the experi-
mental conditions. The analysis was performed on at least
four samples for immunofluorescent staining and captured
six images from a single sample (slide). For consistency
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Figure 1. TBI activates ICAM-1 protein in both mild and moderate injury. A, Representative illustration of injury site and tissue sampling area
in the mice brain subjected to FPI. The injury site, PFC, and hippocampus are labeled with red, blue, and green colors, respectively. B,
Immunofluorescent staining of ICAM-1 (red) in the hippocampus area and merged with GLUT-1 (green) and DAPI (blue) after 10 and 20psi
FPI. Scale bar:100mm (shown in c is for a–c, first column) and 40mm (shows in c3 is for a1–a3, b1–b3, and c1–c3, columns 2–4). C,
Quantification of ICAM-1 staining in the hippocampus area of WT uninjured, 10 and 20psi FPI mice using ImageJ software (n=4/group). D,
E, Western blot analysis of ICAM-1 and b -actin in the tissue lysates from PFC and hippocampus of WT and ICAM-1�/� mice 48 h after 10
and 20psi FPI. The bar graph with dot plots shows the quantification of ICAM-1 versus b -actin (n=6/group). F–H, ELISA quantification of
ICAM-1 in PFC (F), hippocampus (G) tissue lysates and blood plasma (H) 48 h and 14d following 10 and 20psi FPI (n=6/group). I, J, mRNA
expression level of ICAM-1 using qPCR from PFC and hippocampus of WT and ICAM-1�/� mice 48 h and 14d after 10 and 20psi FPI (n =
6/group). K, L, Western blot analysis of ICAM-1 and b -actin expression at different time points (6 h, 12 h, 24 h, 48 h, and 14d) in the PFC (K)
and hippocampus (L) of WT uninjured and 20psi FPI. Bar graph represents the densitometric ratio of ICAM-1 bands versus b -actin bands
(n=6/group). M, ELISA quantification of ICAM-1 at different time points (6 h, 12 h, 24 h, 48 h, and 14d) in the blood plasma of WT uninjured
and 20psi FPI mice (n=6/group). All values are expressed as mean 6 SD. Statistically significant *p, 0.05, **p, 0.01, ***p, 0.001 versus
WT uninjured group; #p, 0.05, ###p, 0.001 between 10 and 20psi; $p, 0.05, $$p, 0.01 between time points; ns = non-significant.
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during image capture, the same parameters of camera
and software including the brightness of the excitation
light, the detector sensitivity (gain), or the camera expo-
sure time across the samples were used. The intensity
of immunostaining was analyzed by ImageJ (NIH) soft-
ware (Bankhead, 2014). The uneven illumination in fluo-
rescence images was corrected by keeping a uniform
dark background for all the images.

Alkaline phosphatase (AP) immunohistochemistry
Ten-micrometer thickness PFA-fixed coronal brain tis-

sue sections were washed in 1� PBS and incubated with
0.3% H2O2 in 1� PBS and 0.3% Triton X-100 for 20min
at room temperature. Then the tissue slides were rinsed
three times in 1� PBS followed by blocking the tissues in
2% normal goat serum in phosphate buffer containing
0.3% Triton X-100 for 20min at room temperature. After
three times wash with 1� PBS, the tissue sections were
incubated with primary antibody rabbit anti-cleaved-cas-
pase-3 (cl-caspase-3) with 0.3% Triton X-100 overnight at
4°C. The primary antibody was rinsed off three times with
1� PBS, and the tissues were incubated with 0.5 ml of
AP-conjugated secondary antibody (1:500 dilution in
blocking reagent) for 1 h followed by two washes with 1�
PBS and once with assay buffer of AP substrate (100 mM

Tris-Cl, pH 9.5), 5min each. Then applied 500ml of AP
substrate reagent to each tissue section followed by incu-
bation in dark for 20–30min at room temperature. After
washing, the tissue slides were mounted with histomount
and glass coverslips for microscopy analyses.

Western blotting
Protein lysates from in vitro and in vivo experiments

were prepared as we described previously (Abdul-Muneer
et al., 2018; Bhowmick et al., 2019b). Briefly, the cells
(three wells of the same condition) and tissues (50mg
cortical tissue below the injury from the neo-cortex area)
were lysed with Cell Lytic-M buffer (Thermo Scientific) con-
taining a mixture of mini protease inhibitor cocktail tablets
(Sigma-Aldrich) and protein were extracted. Protein concen-
tration was measured by the bicinchoninic acid (BCA) assay
kit (Thermo Scientific). Immunoblots were performed by re-
solving the protein (10mg) in 4–15% gradient SDS-PAGE gel
(Bio-Rad), and the blots were transferred onto a nitrocellu-
lose membrane and blocked with (5%) dry milk for 1 h at
room temperature. The membranes were incubated over-
night at 4°C with primary antibodies (1mg/ml) against ICAM-
1, VEGF-A, VEGFR-2, 4HNE, MMP-2, MMP-9, LFA-1,
pVEGFR2Tyr1059, pVEGFR2Try1175, caspase-3, NFkB p65, cl-
caspase-3, Annexin V, DAD1R/DRD1R, NE, 5-HT, 5-
HT1AR, NPY, and b -actin antibodies. After washing three
times at 10-min intervals, the membranes were incubated
for 1 h at room temperature with horseradish peroxidase-
conjugated secondary antibodies (1:5000; Fisher Scientific).
The membrane was rinsed three times with TBS-Tween for
10min at room temperature. Protein bands were detected
using chemiluminescence western blot detection reagents
(Advansta) and scanned with an imager, Syngene gel docu-
mentation system. The optical density was quantified as ar-
bitrary densitometry intensity units using the ImageJ

software package (NIH). The protein of interest was normal-
ized and quantified using b -actin as a loading control.

Quantitative real-time PCR (qRT-PCR)
The mRNA expression levels of ICAM-1 was deter-

mined by qRT-PCR. Following 48 h and 14d after mild
(10psi) and moderate (20psi) FPI, WT, and ICAM-1�/�

mice were euthanized and the brains were removed and
stored at �80°C. Total RNA from the injured PFC and hip-
pocampus was extracted using Qiagen RNeasy Mini kit
(QIAGEN, catalog #74104) following the manufacturer’s
protocol followed by DNase I treatment for 20min at 37°C
to remove genomic DNA contamination. The quantity,
purity, and integrity of the RNA were evaluated using
Qubit 2.0 (Thermo Fisher Scientific) and Agilent Bioanalyzer
(Agilent Technologies). Isolated total RNA from the sample
was then converted to cDNA using the iScript cDNA synthe-
sis kit (Bio-Rad). The qPCR was performed using these
primers: mouse ICAM-1 (forward, 59-CAATTTCTCATG
CCGCACAG-39; reverse, 59-AGCTGGAAGATCGAAA
GTCCG-39), mouse GAPDH (forward, 59-GGTCGGTGT
GAACGGATTT-39; reverse, 59-GTGGATGCAGGGAT
GATGTT-39). PCR amplification was performed with
25 ng of starting cDNA material mixed with gene-spe-
cific forward and reverse primers and iTaq Universal
(Bio-Rad Laboratories) in a 20ml reaction on a StepOne
Real-Time System (Applied Biosystems) with the PCR con-
ditions: 95°C for 10min, 95°C for 30 s, 55°C for 1min, 72°C
for 1min for 40 cycles and then 95°C for 1min, 55°C for 30
s, and 95°C for 30 s. GAPDH mRNA was quantified as
an endogenous control. Fold-change differences across
groups were determined using the DDCt method.

Co-immunoprecipitation (IP)
Co-IP was performed to analyze the ICAM-1, LFA-1,

and Mac-1 protein-protein interactions using Pierce
Classic Magnetic IP/Co-IP kit (catalog #88804). Briefly,
brain tissue (50mg) from WT and ICAM-1�/� mice with
and without FPI were harvested and lysed with 500ml of
IP Lysis/Wash buffer and following lysis and centrifuga-
tion, the supernatant was transferred to a new tube for
protein concentration determination. For this experiment,
Pierce Protein A/G Magnetic Beads were used for IP ac-
cording to the manufacturer’s protocol. Briefly, 500mg of
total protein extract per sample was subjected to IP assay
using 10mg of anti-ICAM-1 antibody and incubated over-
night at 4°C. After the formation of the immune complex,
A/G Magnetic Beads were added and incubated for 1 h.
After washing the IP complexes, the samples were sus-
pended in 200ml of 2xSDS sample buffer. Twenty microli-
ters of aliquots were then subjected to Western blotting
using ICAM-1, LFA-1, and Mac-1 antibodies.

In vitro cell transmigration across the BBB
To quantitatively analyze the changes in cell adhesion

and monocytes traffic across the altered BBB, hMBECs
(2.5� 104 cells/insert) were cultured on Type I collagen-
coated FluoroBlok tinted tissue culture inserts (with 3-mm
pores, BD Biosciences). After the formation of the tight
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monolayer, cell cultures were treated with A205804, IRP,
ICAM-1 siRNA, or control siRNA as per the manufac-
turer’s protocol (see above, In vitro stretch injury and
treatment conditions). Then cell tracker Fluo3 (a green flu-
orescence cell tracker; 5 mM, Invitrogen)-labeled primary
human macrophages were introduced into the endothelial
monolayers (1� 106 monocytes/insert). Cells were then
allowed to infiltrate into the monolayers for 2 h at 37°C in
tissue culture incubator in the absence of test com-
pounds. The relative fluorescence intensity of the mi-
grated cells at the lower chamber and those cells that
were stuck between the porous membranes and the
lower chambers were detected by a fluorescence-based
assay using the Tecan Genios fluorescence plate reader.
The actual numbers of migrated cells were calculated
from the internal standard curve of the labeled cells, and
the data were presented as the fold difference of the un-
treated control.

In vivo cell adhesion andmigration assay
As we previously reported (Abdul-Muneer et al., 2017a),

femoral bones from euthanized mice were dissected out
under sterile conditions and washed in 1� PBS. Bone
marrow was flushed out repeatedly with 1� HBSS
through the cut ends of the bones using a 1-ml syringe.
The bone marrow suspension was filtered through a 40-
mm cell strainer. The filtrate was collected and centrifuged
at 1, 800 rpm for 5min at 4°C. The pellet was suspended
in 1 ml of DMEM/F-12 media containing 10% FBS, peni-
cillin and streptomycin (100mg/ml each, Invitrogen) and
0.001% macrophage-colony stimulating factor (MCSF;
500 ml in 500-ml media). Then the cells were dissoci-
ated by trituration (10–15 times) and counted with
Trypan Blue using Hemocytometer. Bone marrow-de-
rived cells were differentiated to macrophages in cul-
ture containing the MCSF in the culture medium
(plating 2� 106 cells/T-75 flask). Cells were fed every
third day. After 6 d, the differentiated macrophages
were detached by a cell scraper, suspended in 1 ml
HBSS and centrifuged at 1800 rpm for 5min at 4°C.
Cell pellets were then dissociated by repeated tritura-
tion, counted and were labeled with Fluo3 (Invitrogen,
Invitrogen) in 1 ml of HBSS at 37°C for 15min. Excess
unbound Fluo3 was washed out by centrifugation and
cell pellets resuspended in HBSS (2� 106 cells) was in-
fused through the common carotid artery using 30-G
needle. The animal was euthanized 1 h after the cell in-
fusion and brain microvessels were surgically removed
for observation of calcein AM-labeled macrophages
under the fluorescent microscope.

ELISA
Using commercial ELISA kits, the level of IL-1b , and

TNF-a (Life Technologies-Thermo Fisher Scientific; Abdul
Muneer et al., 2012, 2018) and ICAM-1 (Abcam) were ana-
lyzed in cell culture media, cell lysates, tissue lysates from
PFC and hippocampus, and blood plasma as per the
manufacturer’s instructions.

Analysis of cerebral blood flow (CBF) and lesion
volume
CBF was monitored over the cortices ipsilateral to the

injury before the injury to establish a baseline and 48 h
after experimental FPI injury using a Perimed laser dopp-
ler flowmeter (LDF) device (Periflux 5000, Perimed AB).
Briefly, the optical brain probe was placed (�1 mm ante-
rior-posterior and 12 mm lateral to the bregma) and was
installed on the stereotaxic frame to reduce the influence
of movements that otherwise would affect the recorded
signals. The probe was kept at the same skull site for at
least 10 s up to several minutes to receive stable signals.
Two signals output is extracted from the LDFM device: (1)
the total backscattered light (TLI), which represents the
diffuse reflection of light and is related to the tissue type;
and (2) the perfusion (microvascular blood flow), which
represents relative changes in the tissue’s microcircula-
tion. The total range of the TLI and perfusion signals are
presented as 0–10.0 arbitrary units (a.u) and 0–999 a.u.,
respectively. For all measurements, the data acquisition
sampling frequency (fs) was set to 100Hz. The probe was
tested in Motility Standard solution (Perimed AB) before
each measurement to verify comparable perfusion and
TLI levels between measurements. Laser Doppler blood
flow was measured as perfusion units and normalized to
the preinjury baseline.
Lesion volume was measured as previously reported

(Villapol et al., 2015).

TUNEL and trypan blue histologic staining
Using the TUNEL (Invitrogen-Thermo Fisher Scientific)

assay kit, cell apoptosis was determined in fixed cultured
cells and tissue sections as per the manufacturer’s in-
structions (Patel et al., 2017; Abdul-Muneer et al., 2018).
Briefly, coronal brain tissue sections (10-mm thickness)
fixed with 4% PFA were incubated with DNA labeling so-
lution containing reaction buffer, terminal deoxynucleoti-
dyl transferase (TdT) enzyme, and BrdUTP for 1 h at 37°C.
The tissue slides were rinsed three times (5min each) in
rinse buffer with gentle shaking and then incubated with
Alexa Flour 488 dye-conjugated anti-BrdU antibody for
30min in the dark. The slides were then incubated with
propidium iodide/RNase A staining buffer for 30min at
room temperature in the dark. The slides were then rinsed
with wash buffer for 5min and after drying mounted with
DAPI for imaging. For analyzing the dead cells, trypan
blue staining was performed to determine the percentage
of dead cells 24 h after 2.0 psi stretch injury in the cell ly-
sates of hBMVEC treated with control siRNA, ICAM-1
siRNA, A205804, and IRP.

Behavioral studies
To measure the immediate effect of TBI on behavioral

outcomes in male C57/BL6 WT and ICAM-1�/� (ICAM-1
KO) mice, behavioral tests were performed on day 0
(baseline), 48 h, and 14 d postinjury. All behavioral
tests were performed within the 12/12 h light/dark
cycle, and experimenters were blinded to the treatment
groups as described previously (Bhowmick et al., 2018).
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For monitoring motor functions, rotarod and grid walk test
were performed. The sucrose preference test was used to
analyze depression and the light-dark box test was used
to analyze anxiety.

Rotarod test
Briefly, for the rotarod test, the latency to fall on the

rotarod was monitored using the rotarod system by
trained personnel blinded to animal groups as de-
scribed (Liu et al., 2018). Animals were pretrained on
an automated four-lane rotarod unit and the task was
performed on day 0 (baseline), 48 h, and 14 d after FPI.
The animal was placed on the rod and tested for its la-
tency to fall time. The starting speed was set to 0, and
the speed was increased by 2 rpm every 5 s up to
40 rpm. Total time in seconds that the animal could
stay on the rod was recorded. Each animal was given
four trials, and the mean latency to fall from three trials
was calculated for each animal.

Grid-walk test
For the grid walk test, mice were placed on an elevated

metallic grid (45� 100 cm) having 1.0-cm separation
between two grids and allowed to walk for 1min while
being videotaped from below, as previously described
(Bhowmick et al., 2018). Videos were later analyzed for
total walking time and the number of forelimb foot errors
for each foot. The grid walk errors were counted (four sep-
arate trials per test) and averaged from the trials. Anxiety-
like behavior was assessed using the sucrose preference
test and light-dark box test (Bourin and Hascoët, 2003;
Boccella et al., 2020).

Sucrose preference test
For the sucrose preference test, all mice were habitu-

ated to the presence of two drinking bottles (one contain-
ing 1% sucrose and the other water) for 3 d in their home
cage. Following this acclimation, mice have the free
choice of either drinking the 1% sucrose solution or plain
water, and the positions of two bottles are switched daily
to reduce any confound produced by a side bias. The quan-
tities of pure water and sucrose consumed were recorded at
baseline, 48 h, and 14d. Sucrose preference was measured
as: sucrose preference percentage (%) = sucrose solution
consumption (g)/[sucrose solution consumption (g) 1 water
consumption (g)]� 100%. The quantities of pure water and
sucrose consumed were recorded at baseline, and again at
48 h and 14d post-TBI.

Light-dark box test
For the light-dark test, the apparatus (60 � 30 � 30 cm;

length � width � height) is divided into two equally sized
compartments: the dark chamber was covered, whereas
the light compartment was opened brightly illuminated
(;150 lux). The two boxes were separated by a guillotine
door. Mice were placed in the light compartment and al-
lowed to explore between the two chambers for 10min.
The time spent in each compartment and the number of
transitions were recorded.

Data analysis
Statistical analyses of the data were performed using

GraphPad Prism V7. All the results are expressed as the
mean 6 SD. For data with a normal distribution, as tested
with Kolmogorov– Smirnoff tests, one-way (treatment) or
two-way ANOVA (treatment � strain) with and without
repeated measures (time) were performed wherever app-
licable to obtain significant main effect followed by
Bonferroni post hoc tests to determine the significant dif-
ferences between controls and experimental conditions
within and between strains, and a probability value of
p, 0.05 was considered significant.

Results
ICAM-1 expression is upregulated after FPI in vivo and
in vitro stretch injury in a time-dependent manner
We first elucidated the spatial and temporal distribution

of ICAM-1 in WT and ICAM-1�/� mice subjected to 10psi
(mild) and 20psi (moderate) FPI. Figure 1A shows the
area of interest and FPI-induced injury and penumbra
sites (PFC: �0 to 12.5 to bregma, hippocampus: �0.5 to
�3 to bregma) used for evaluation. Immunofluorescence
staining in the hippocampus revealed a marked increase
in ICAM-1 expression in 10 and 20psi injury than the WT
uninjured group and are in colocalization with the endo-
thelial cell marker, GLUT-1 (F(2,9) = 186.1, p=0.0001; Fig.
1B,C). Similarly, the ICAM-1 was significantly expressed
and colocalized with the endothelial cell marker, von
Willibrand factor (vWF) in the PFC subjected to 10 and
20psi FPI (data not shown). Further validation of ICAM-1
expression in the PFC and hippocampus using western
blotting revealed a significant increase in ICAM-1 expres-
sion in both 10 and 20psi FPI WT mice consistent with
the immunofluorescence analysis, however, in ICAM-1�/�

mice, a negligible level of ICAM-1 protein was observed
in both 10 and 20psi FPI without any significant difference
in the expression pattern of ICAM-1 when compared
with uninjured ICAM-1�/� group (PFC: F(2,30) = 331.6,
p=0.0001; hippocampus: F(2,30) = 149.4, p=0.0001; Fig.
1D,E). The temporal expression of ICAM-1 in tissue ly-
sates from the PFC (F(2,14) = 15.46, p=0.0002), hippo-
campus (F(2,15) = 7.078, p=0.0068), and blood plasma
(F(2,15) = 25.19, p,0.0001) shows a significant increase in
the level of ICAM-1 at 14d compared with 48 h postinjury
in only 20 psi (moderate) injury groups but not in 10psi
(mild) injury group (Fig. 1F–H) indicating a differential ex-
pression of ICAM-1 correlates to the level of injury (mild vs
moderate) and time. In context to the transcriptional pro-
file of ICAM-1, a significant upregulation of ICAM-1
mRNA in the PFC (F(1,15) = 10.73, p=0.0051) and hippo-
campus (F(2,15) = 10.1, p=0.0017) was observed in injured
samples (Fig. 1I,J). Although the 20 psi FPI group showed
significant upregulation of ICAM-1 mRNA between 48 h
and 14d FPI, there was no significant change in ICAM-1
mRNA expression in the 10 psi FPI group when compared
between 48 h and 14d post-FPI (Fig. 1I,J). When the
altered expression of constitutively expressed ICAM-1
was examined at various times following FPI, tissue ly-
sates from both PFC (F(5,25) = 2.759, p=0.0406) and
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hippocampus (F(5,25) = 2.883, p=0.0307) displayed a sig-
nificant increase in the expression of ICAM-1 protein level
at 6 h, 12 h, 24 h, 48 h, and 14d as compared with unin-
jured group (Fig. 1K,L). Although in both PFC and hippo-
campus we did not notice any significant increase in
ICAM-1 protein expression between 6 h and 12 h, 24 h,
48 h, and 14d post-TBI causes a significant induction in
ICAM-1 protein expression in 20psi injured samples.
Interestingly, a significant change in ICAM-1 protein ex-
pression was noticed between 24 and 48 h and 48 h and
14d post-TBI injury (Fig. 1K,L). When blood plasma was
analyzed, the trend in the expression level of ICAM-1 was
similar to the PFC and hippocampus (F(5,25) = 304.5,
p, 0.0001; Fig. 1M).
Next, using an in vitro approach, we validated the regu-

latory mechanisms of ICAM-1 expression. Our western
blotting result shows that hBMVEC cells subjected to
3psi stretch injury incurred a ;5.0-fold increase in the
expression of ICAM-1 protein 24 h after injury, however,
pretreatment with ICAM-1 siRNA or ICAM-1 inhibitor
(A205804) in injured cells markedly reduced the ICAM-1
expression (F(6,35) = 234.7, p, 0.0001; Fig. 2A). ELISA
analysis in cell lysates (F(6,35) = 209.1, p, 0.0001) and in
the cell-supernatant (F(6,35) = 189, p, 0.0001) further vali-
dated a similar reduction in the expression of ICAM-1 with
ICAM-1 siRNA or ICAM-1 inhibitor pretreatment (Fig. 2B,
C). Evaluation of ICAM-1 expression with the treatment of
positive control, IRP further confirms an increase in the
expression of ICAM-1 similar to what was observed in the
injury group (Fig. 2A–C). Similarly, the level of ICAM-1
mRNA expression analyzed by qRT-PCR shows a trend
similar to the ICAM-1 protein expression (F(6,35) = 88.97,
p, 0.0001; Fig. 2D). Next, we examined the temporal re-
solution of ICAM-1 expression level at 1, 6, 12, 24, and 48
h following 3psi stretch injury in both cell lysates and su-
pernatant. Western blotting data showed a significant in-
crease in the expression pattern of ICAM-1 protein
from 6 h until 48 h after stretch injury. The temporal reso-
lution was conducted until 48 h since no significant
change was observed between 24 and 48 h (F(5,30) =
195.2, p,0.0001; Fig. 2E). Likewise, ELISA data showed
a similar trend in the increase in ICAM-1 levels during the
time course of study in both cell lysates and supernatant
from 6 h with a maximum increase in ICAM-1 expression
at 48 h (cell lysate: F(5,25) = 2.85, p=0.0360; supernatant:
F(5,25) = 5.157, p=0.0022; Fig. 2F,G).

ICAM-1 expression is in part modulated by oxidative
stress, MMPs, and VEGF signaling
Next, to decipher the upstream processes that possibly

trigger the induction of ICAM-1 (Ksiazek et al., 2010;
Dong et al., 2011), we investigated the role of oxidative
stress (using apocynin, NADPH inhibitor), VEGF (using
Ki8751, an inhibitor of VEGFR phosphorylation), and
MMPs (using TIMP1, an MMP inhibitor) signaling in the
regulation of ICAM-1 expression and subsequent activa-
tion of oxidative stress markers, MMPs, VEGF-A, and
VEGFR-2 and its phosphorylated forms. Western blot
analysis reveals that apocynin pretreatment causes a sig-
nificant reduction in ICAM-1 expression in 3 psi stretch

injured cells. Although exogenous VEGF-A induction with
3 psi injury shows no marked increase in ICAM-1 protein
expression, inhibiting VEGF signaling with Ki8751 re-
sulted in a significant decrease in ICAM-1 expression
when compared with 3 psi injury alone. Similarly, MMP in-
hibitor, TIMP1 pretreatment showed a significant effect in
alleviating the expression level of ICAM-1 (F(5,30) = 148.9,
p, 0.0001; Fig. 2H). Further evaluation of oxidative stress
markers revealed a significant decrease in NOX-1 (F(5,30) =
230, p,0.0001) and 4HNE (F(5,30) = 184.3, p, 0.0001)
expression in the stretch injured group on pretreatment
with apocynin, Ki8751, or TIMP1 inhibitor (Fig. 2I–K). A
similar reduction in MMP2 (F(5,30) = 214.2, p, 0.0001) and
MMP9 (F(5,30) = 534.6, p, 0.0001) protein expression was
evident in stretch injured cells on pretreatment with apoc-
ynin, Ki8751, or TIMP1 inhibitor (Fig. 2I–K). Next, to ana-
lyze the role of VEGF signaling, we measured the
expression levels of VEGF and its receptors. Although
stretch injury, causes a marked increase in the expression
levels of VEGF-A, VEGFR-2, and its phosphorylated
forms (Y1059 and Y1175), no further increase was ob-
served on exogenous VEGF-A treatment along with 3 psi
injury. Interestingly, induction of apocynin, Ki8751 or
TIMP1 inhibitor before injury resulted in a substantial alle-
viation in the expression levels of VEGF-A (F(5,30) = 295.6,
p, 0.0001), VEGFR-2 (F(5,30) = 172.9, p, 0.0001), and its
phosphorylated forms: Y1059 (F(5,30) = 438.9, p, 0.0001)
and Y1175 (F(5,30) = 450.6, p, 0.0001; Fig. 2L–N).

TBI augments the expression and cooperative
interaction of ICAM-1 with its receptors LFA-1 and
Mac-1 and promotes transmigration of leukocytes to
the brain
Since ICAM-1 is crucial in promoting adhesion and

transmigration of circulating leukocytes and macro-
phages (Ding et al., 1999; Abdul Muneer et al., 2011;
Desai et al., 2016), we next analyzed the effect of TBI in
the expression of LFA-1 and Mac-1. In the PFC and hip-
pocampus, compared with uninjured group, both 10 and
20psi FPI causes a significant increase in LFA-1 (PFC:
F(2,29) = 65.63, p,0.0001; hippocampus: F(2,30) = 419.9,
p, 0.0001) and Mac-1 (PFC: F(2,30) = 246.1, p, 0.0001;
hippocampus: F(2,30) = 529.3, p, 0.0001) expression in
WT groups. In contrast, when the PFC and hippocampus
were analyzed, no significant change in the expression
levels of LFA-1 (PFC: F(2,3) = 0.4514, p=0.6740; hippo-
campus: F(2,3) = 0.653, p=0.5815) and Mac-1 (PFC:
F(2,3) = 0.5589, p=0.6218; hippocampus: F(2,3) = 0.3736,
p=0.7163) was evident between the uninjured and injured
ICAM-1�/� mice (Fig. 3A–D). The validation of the interac-
tion of ICAM-1 with LFA-1 and Mac-1 using immunofluo-
rescence staining further confirms the colocalization of
LFA-1 with ICAM-1 in brain microvessels and the intensity
of colocalization increased in both 10 and 20psi when
compared with the uninjured group (Fig. 3E). Further co-
IP of ICAM-1 with LFA-1 or Mac-1 provides strong evi-
dence that injury in WT group results in a concomitant in-
crease in LFA-1 (F(2,30) = 37.12, p, 0.0001) and Mac-1
(F(2,30) = 188.4, p, 0.0001) expression level with in-
creased ICAM-1 expression (F(2,30) = 271.5, p,0.0001).
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Figure 2. Stretch injury causes the activation of ICAM-1 in a time-dependent manner and is regulated by oxidative stress, MMPs,
and VEGF signaling. A, Western blot analysis of ICAM-1 and b -actin 24 h after 3.0 psi stretch injury in the cell lysates of hBMVEC
treated with control siRNA, ICAM-1 siRNA, A205804, and IRP. Bar graph represents the quantification of ICAM-1 versus b -actin
(n=6/group). B, C, ELISA quantification of ICAM-1 in cell lysates (B), and cell culture supernatant (C) of hBMVEC following 3.0 psi
stretch injury treated with control siRNA, ICAM-1 siRNA, A205804, and IRP (n=6/group). D, mRNA expression level of ICAM-1
using qPCR from hBMVEC treated with control siRNA, ICAM-1 siRNA, A205804, and IRP (n=6/group) 24 h after 3.0 psi stretch in-
jury. E, Western blot analysis of ICAM-1 and b -actin expression at different time points (1, 6, 12, 24, 48 h) in hBMVEC lysates after
24 h 3.0 psi stretch injury. Bar graph represents the quantification of ICAM-1 versus b -actin (n=6/group). F, G, ELISA quantification
of ICAM-1 in cell lysate (F), and cell culture supernatant (G) of hBMVEC at different time points (1, 6, 12, 24, 48 h) following 3.0 psi
stretch injury. H, Western blot analysis of ICAM-1 and b -actin 24 h after 3.0 psi stretch injury in the cell lysates of hBMVEC treated
with apocynin (NADPH oxidase inhibitor), VEGF-A (recombinant human VEGF), Ki8751 (inhibitor of VEGFR phosphorylation), and
TIMP1 (MMPs inhibitor). Bar graph represents the quantification of ICAM-1 versus b -actin (n=6/group). I–K, Western blot analysis
of NOX1, 4HNE, MMP-2, MMP-9, and b -actin 24 h after 3.0 psi stretch injury in the cell lysates of hBMVEC treated with apocynin,
VEGF-A, Ki8751, and TIMP1. Bar graph represents the quantification of ICAM-1 versus b -actin (n=6/group). L–N, Western blot
analysis of VEGF-A, VEGFR-2, p-VEGFR-2Y1059, p-VEGFR-2Y1175, and b -actin 24 h after 3.0 psi stretch injury in the cell lysates of
hBMVEC treated with apocynin, VEGF-A, Ki8751, and TIMP1 (n=6/group). All values are expressed as mean 6 SD. Statistically sig-
nificant, ***p, 0.001 versus uninjured group; ##p, 0.01, ###p,0.001 versus injury group.
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Figure 3. TBI enhances the activation of LFA-1 or Mac-1 with ICAM-1 and promotes transmigration of leukocytes. A, B,
Western blotting of LFA-1 (A), Mac-1 (B), and b -actin following 10 and 20psi FPI in the prefrontal cortical tissue lysates of WT and
ICAM-1�/� mice. Bar graph represents the densitometric ratio of LFA-1 or Mac-1 bands versus b -actin bands (n=6/group). C, D,
Western blotting of LFA-1 (C), Mac-1 (D), and b -actin in the hippocampal tissue lysates of WT and ICAM-1�/� mice. Bar graph rep-
resents the densitometric ratio of LFA-1 or Mac-1 bands versus b -actin bands (n=6/group). E, Immunofluorescent staining of
ICAM-1 (green) merged with LFA-1 (red) and DAPI (blue) in WT mice 48 h after 10 and 20psi FPI (n=4). F, Western blotting of
ICAM-1, LFA-1, Mac-1, and b -actin 48 h after 10 and 20psi FPI in the tissue lysates immunoprecipitated with ICAM-1 mAb. Anti-
IgG antibody was used as a negative control (fourth lane in WT blots). G–I, Bar graphs show the densitometric ratio of ICAM-1 (G),
LFA-1 (H), and Mac-1 (I) bands versus b -actin bands (n=6/group). J–L, In vivo and in vitro analysis of transmigration of leukocytes
across the BBB. Fluo3-labeled macrophage adhesion/migration in brain capillary after infusion of cells into the common carotid ar-
tery (J), and the quantification of Fluo3-labeled cells in the brain part (K). L, Migration of monocytes across the in vitro model of
BBB after treatment of various test compounds as shown in figure (n = 6/group). All values are expressed as mean 6 SD two-way
ANOVA followed by Bonferroni post hoc tests. Statistically significant ***p, 0.001 versus WT uninjured group; ##p, 0.01,
###p, 0.001 uninjured versus uninjured, 10 versus 10psi, and 20 versus 20psi between WT and KO groups; ns = non-significant.
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ICAM-1 deletion resulted in a complete downregulation of
both LFA-1 and Mac-1 protein expression despite the in-
duction of injury further validating the strong interaction of
ICAM-1 with LFA-1 or Mac-1 (Fig. 3F–I).
To validate the regulatory role of ICAM-1 in the transmi-

gration of immune cells to the brain, we next infused
Fluo3-labeled macrophages via the common carotid ar-
tery in WT, and ICAM-1�/� animals 48 h following injury.
Frontal cortical tissues were processed 2 h after macro-
phages infusion and analyzed for transmigration of mac-
rophages to the brain. To show the brain microvessel, the
tissue sections were stained with GLUT1, the endothelial
cell-specific marker. Using fluorescence microscopy, we
observed a significant number of Fluo3-positive cells in
the cortical tissue part of the brain of the WT injured mice
(p,0.0001) compared with uninjured controls. However,
injured ICAM-1�/� mice resulted in preventing the leakage
of Fluo3-positive macrophages to the abluminal part of
the brain microvessel (p, 0.0001; Fig. 3J,K).
Since we observed the role of ICAM-1 in regulating

transmigration of monocytes to the brain in vivo, we next
sought to determine the mechanisms of regulation of
monocyte transmigration in injured hBMVECs. Infiltration
of immune cells into the brain was assayed by adhesion
and migration of Fluo3 (a green fluorescence cell tracker)-
labeled macrophage using an in vitro BBB model. A 2-fold
increase in macrophage transmigration was observed
with stretch injury as compared with uninjured control
cells (F(6,35) = 178.3, p, 0.0001). However, pretreatment
with ICAM-1 siRNA or ICAM-1 inhibitor (A205804) in in-
jured cells markedly reduced the macrophage transmigra-
tion (Fig. 3L). As expected, when the cells were induced
with IRP, we observed a sharp increase in macrophage
transmigration (F(6,35) = 142.7, p, 0.0001). This indicates
that ICAM-1 has significant role in transmigration of leu-
kocytes following brain injury.

TBI reduces CBF in the pericontusional area after FPI
injury
Next, to validate an early event in the pathotrajectory of

TBI, we monitored the CBF in the pericontusional region
at baseline and 48 h after experimental FPI. Figure 4A
shows the quantification of CBF monitored by Laser
Doppler perfusion method for 1min taken at baseline and
48 h in uninjured WT, 10psi, and 20psi FPI. Quantification
of blood flow shows a 52.7% decrease in CBF after 10 psi
injury compared with the baseline level. In the 20 psi injury
group, we observed a 69.4% decrease in CBF as com-
pared with the baseline level. In WT uninjured group, the
CBF observed at 48 h was of similar magnitude with no
significant differences when compared with the baseline
level (Fig. 4A). Similarly, ICAM-1�/� animals showed sig-
nificantly lower CBF in 10 psi (31.02% decrease) and
20psi (52.59% decrease) compared with the baseline
level (F(5,30) = 95.32, p, 0.0001; Fig. 4A). Interestingly,
when compared with WT animals, significantly higher
CBF was observed in ICAM-1�/� animals in uninjured, 10
and 20psi groups that validate the role of ICAM-1 in CBF
(F(2,30) = 5.963, p=0.0066; Fig. 4A), which are in accord
with the previous report shown by Connolly et al. (1996).

ICAM-1 increases lesion volume and activates
neuroinflammatory response following both in vivo
and in vitromodel of TBI
Next, we measured the lesion volume by cresyl violet

staining as previously reported (Villapol et al., 2015). We
observed that 10 and 20psi injury resulted in a significant
increase in the lesion volume in the injury area of both WT
and ICAM-1�/� mice (p, 0.001) compared with their cor-
responding uninjured groups (Fig. 4B). However, when
WT and ICAM-1�/� groups were compared a significant
decrease (p, 0.001) in the lesion volume was observed in
ICAM-1�/� groups compared with the corresponding WT
injured groups (Fig. 4B).
To examine whether ICAM-1 upregulation after TBI

onset regulates proinflammatory response, we analyzed
the proinflammatory markers such as NF-kB, IL-1b , and
TNF-a in both in vivo FPI and in vitro stretch injury model.
Western blotting revealed that induction of injury (10 and
20psi) in WT group causes a significant increase in NF-kB
expression in both the PFC and hippocampus. In con-
trast, although ICAM-1 deletion in 20 psi FPI group results
in a significant increase in NF-kB in both PFC (F(2,30) =
24.67, p, 0.0001) and hippocampus (F(2,30) = 53.8,
p, 0.0001) compared with ICAM-1�/� uninjured group,
we observed a significant decrease in the expression of
NF-kB in both 10 and 20psi injured ICAM-1�/� groups
compared with the corresponding WT groups (Fig. 4C,D).
Similarly, 3 psi stretch injury in in vitro resulted in a 5.99-
fold increase in NF-kB protein expression than uninjured
control. Interestingly, inhibiting cells with either ICAM-1
siRNA or A205804 significantly decreased the expression
level of NF-kB; however, when the cells were induced
with IRP, we observed a sharp increase in NF-kB expres-
sion (F(6,35) = 128.3; p, 0.0001; Fig. 4E).
Next, evaluation of IL-1b levels using ELISA after 10

and 20psi FPI animals revealed a substantial increase in
IL-1b levels in blood plasma (F(5,30) = 33.94, p, 0.0001;
Fig. 4F) and the PFC (F(5,60) = 15.6, p, 0.0001) and hippo-
campus (F(5,60) = 11.48, p, 0.0001) tissue lysates sam-
ples of WT groups (Fig. 4G,H). Although a similar trend of
results was observed in ICAM-1�/� groups, but values are
significantly less compared with the WT group. To further
evaluate neuroinflammatory response in the chronic
phase of an injury, we compared the levels of IL-1b at
day 14 with respect to 48 h postinjury. In the WT 10psi
group, except the hippocampus, we did not observe any
significant increase in the level of IL-1b at 14 d when
compared with 48 h. However, with moderate injury
(20psi), a marked increase in IL-1b was evident in the
blood plasma, PFC, and hippocampus at day 14 in com-
parison to 48 h. Although, 14d postinjury resulted in a
similar trend in the increase of IL-1b levels in the blood
plasma and hippocampus of ICAM-1 deleted 20psi FPI
group in comparison to 48 h, a significant reduction in the
levels of IL-1b was evident in both 10 and 20psi FPI
ICAM-1�/� when compared with corresponding WT in-
jured groups (Fig. 4F–H).
Next, to determine whether ICAM-1 deletion downregu-

lates TNF-a, we quantified the levels of TNF-a over time
(48 h and 14d). Upregulation of TNF-a, as measured by
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Figure 4. ICAM-1 decreases CBF, increases lesion volume, and activates neuroinflammatory response following both in vivo and
in vitro model of TBI. A, CBF was measured by LDF perfusion monitored at baseline and 48 h after 10 and 20psi FPI injury in WT
and ICAM-1�/� animals and compared with their respective baseline values (n=6/group). B, Measurement of lesion volume by cre-
syl violet staining method (n = 6/group). C-E, Western blotting of NF-kB and b -actin in PFC (C) and hippocampal (D) tissue lysates
48 h after 10 and 20psi FPI (n=6/group) and in the cell lysates of hBMVEC (E; n=6/group) 24 h after 3.0 psi stretch injury. Bar
graphs show the quantification of NF-kB. F–H, ELISA of IL-1b in the blood plasma samples (F), the brain prefrontal cortical tissue
lysates (G) and in the hippocampal tissue lysates (H; n=6/group). I–K, ELISA of TNF-a in the in the blood plasma samples (I), the
brain prefrontal cortical tissue lysates (J) and in the hippocampal tissue lysates (K; n=6/group). L, M, ELISA of IL-1b in the cell ly-
sates (L) and cell culture supernatant (M) of hBMVEC 24 h after 3.0 psi stretch injury (n=6/group). N, O, ELISA of TNF-a in the cell
lysates (N) and cell culture supernatant (O) of hBMVEC (n=6/group) 24 h after 3.0 psi stretch injury. All values are expressed as
mean 6 SD one-way ANOVA for E, L–O and two-way ANOVA for A–D, F–K followed by Bonferroni post hoc tests. Statistically sig-
nificant *p, 0.05, **p, 0.01, ***p, 0.001 versus WT uninjured group; #p, 0.05, ##p, 0.01, ###p, 0.001 versus corresponding
WT injury groups in A–D, F–K; @p, 0.05; @@p, 0.01, @@@p, 0.001 versus uninjured ICAM-1�/� group in A–D, F–K; #p, 0.05,
##p, 0.01, ##p, 0.01 between WT and KO groups in their respective groups in A–D, F–K. $p, 0.05, $$p,0.01 between 48 h and
14d postinjury in (F–K); ***p, 0.001 versus uninjured hBMVEC in E, L–O; #p, 0.05, ##p, 0.01, ###p,0.001 versus 3 psi injury in
E, L–O; ns = non-significant.
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ELISA was evident in the blood plasma (F(5,30) = 55.11,
p, 0.0001), PFC (F(5,30) = 51.98, p, 0.0001), and hippo-
campus (F(5,60) = 11.48, p, 0.0001) of both 10 and 20psi
WT and ICAM-1�/� mice compared with their corre-
sponding WT uninjured group (Fig. 4I–K). ICAM-1 deletion
resulted in significantly reduced levels of TNF-a in the
blood plasma, PFC, and hippocampus of both 10 and
20psi injured groups compared with the corresponding
WT injured groups (Fig. 4I–K). These results suggest that
while a significant elevation in the levels of TNF-a occurs
following TBI, levels of biologically active TNF-a are sig-
nificantly reduced concurrent depletion of ICAM-1.
Similar to IL-1b , the temporal changes (48 h vs 14 d) in
the levels of TNF-a were observed in the blood plasma,
PFC, and hippocampus of both WT and ICAM-1�/�

groups with 20psi FPI injury. (Fig. 4I–K). Similarly, 3 psi
stretch injury caused a significant release of IL-1b in the
cell lysate (F(6,35) = 198.2, p, 0.0001) and cell supernatant
(F(6,35) = 262.1, p, 0.0001). TNF-a levels in both cell ly-
sate (F(6,35) = 82.84, p, 0.0001) and cell supernatant
(F(6,35) = 145.8, p, 0.0001) were also significantly
increased with stretch injury, however, the levels of both
IL-1b and TNF-a were significantly reduced on prior
treatment of the cells with either ICAM-1 siRNA or
A205804. As expected, the induction of IRP leads to a
substantial increase and release of IL-1b and TNF-a in
both cell lysate and cell supernatant (Fig. 4L–O).

TBI-induced ICAM-1 triggers the activation of
caspase-3 in vivo and in vitro
To investigate whether activation of ICAM-1 induces

apoptosis cascade, we analyzed the expression of the
cleaved form of caspase-3 (cl-caspase-3), an apoptosis-
inducing enzyme. In AP immunostaining, we observed
that 10 and 20psi injury results in a significant increase in
the number of cl-caspase-3-positive cells in the PFC
(F(2,18) = 12.96, p=0.0003) and hippocampus (F(2,30) =
25.71, p, 0.0001) of both WT and ICAM-1�/� mice
compared with their corresponding uninjured groups.
However, when WT and ICAM-1�/� groups were com-
pared a significant decrease in the number of cl-caspase-
3-positive cells was observed in ICAM-1�/� groups
compared with the corresponding WT injured groups (Fig.
5A–D). Western blotting analysis further revealed a signifi-
cant increase in the expression level of cl-caspase-3 in
both 10 and 20psi WT injury group compared with the
uninjured WT control. Although in ICAM-1�/� mice, both
PFC (F(2,30) = 43.48, p, 0.0001) and hippocampus
(F(2,30) = 3.697, p=0.0367) show a slight increase in cl-
caspase-3 expression in the injured groups (10 and
20psi), a significant reduction in cl-caspase-3 expression
was observed compared with the corresponding WT in-
jury groups indicating that ICAM-1�/� significantly attenu-
ates the induction of apoptosis cascade (Fig. 5E,F).
Similarly, in vitro stretch injury at 3 psi in hBMVEC resulted
in a 2.82-fold increase in the expression of cl-caspase-3
compared with uninjured control cells. Interestingly, com-
pared with 3 psi stretch injury, induction of ICAM-1
siRNA, A205804 (ICAM-1 inhibitor) before injury causes a
significant decrease in the expression level of cl-caspase-

3. As expected, the induction of IRP leads to a sub-
stantial increase in cl-caspase-3 similar to the levels
as reported in the injury group alone (F(6,35) = 99.66,
p, 0.0001; Fig. 5G).

ICAM-1 activation induces apoptosis in animal and
cell models of TBI
Next, we assessed the neurodegeneration in the cortex

and hippocampus of the ipsilateral side of the brain.
Assessment of apoptosis in the PFC (F(2,3) = 14.09,
p=0.0298) and hippocampus (F(2,30) = 61.88, p, 0.0001)
using western blotting confirms marked elevation in
Annexin V protein expression levels in injury-induced
groups (10 and 20psi FPI) compared with their corre-
sponding controls (Fig. 6A,B). Comparison of WT and
ICAM-1�/� mice reflects that deletion of ICAM-1 greatly
attenuated the expression of Annexin V thus validating
the regulatory role of ICAM-1 in inducing apoptosis. The
temporal expression of Annexin V in the PFC at various
times following 20psi FPI displayed a significant increase
in the expression of Annexin V protein level at 6 h, 12 h,
24 h, 48 h, and 14d consistent with a similar trend in the
increase of ICAM-1 as observed in Figure 1K thus estab-
lishing the correlation that exists between ICAM-1 and ap-
optosis (F(5,30) = 398.7, p,0.0001; Fig. 6C). Similarly,
3 psi FPI stretch injury in hBMVEC resulted in a marked in-
crease in the expression of Annexin V compared with
uninjured control cells. Although treatment of IRP alone
shows a similar level of expression of Annexin V as ob-
served in injured groups, induction of ICAM-1 siRNA,
A205804 (ICAM-1 inhibitor) before injury significantly re-
duced the expression level of Annexin V (F(6,35) = 564.4,
p, 0.0001; Fig. 6D).
TUNEL staining further revealed that in both PFC and

hippocampus, a significant increase in positive apoptotic
cells (green color) was observed when compared with
their corresponding uninjured groups. A significant tem-
poral increase in the positive apoptotic cells was evident
only within WT or ICAM-1�/� 20psi groups when 48 h and
14d were compared (PFC: F(5,30) = 57.84, p, 0.0001; hip-
pocampus: F(5,30) = 68.78, p, 0.0001). Comparison of
WT and ICAM-1�/� mice reflects that deletion of ICAM-1
greatly attenuated the number of apoptotic-positive cells
in both 10 and 20psi FPI groups (Fig. 6E–H). Since we ob-
serve the structural changes in the endothelial cell culture
monolayer and the shape of the cells in 3 psi injury in-
flicted cells (data not shown), we further assessed ICAM-
1 induced cell death using trypan blue staining. The result
shows that although 3psi stretch injury or injury-induced
by IRP causes an increased percentage of dead cells,
pretreatment of ICAM-1 siRNA or A205804 significantly
attenuated the number of dead cells (F(6,21) = 48.24,
p, 0.0001; Fig. 6I).

ICAM-1 causes sensorimotor deficits and
psychological stress following TBI
We next examined whether ICAM-1 deletion has a sig-

nificant role in the recovery of functional outcome in in
vivo model of TBI. Assessment of sensorimotor function
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confirms that deletion of ICAM-1 shows a substantial in-
crease in time for latency to fall in the rotarod as com-
pared with WT 10 and 20psi injured animals at 48 h and
14d as observed in a rotarod test (F(10,60) = 106.1,
p, 0.0001; Fig. 7A). Grid-walk test as a measure of sen-
sorimotor function further validates that compared with
WT injured mice, ICAM-1 deletion in both 10 and 20psi
FPI mice significantly reduces the number of errors
(F(10,24) = 39.92, p,0.0001) and time (F(10,24) = 85.98,
p, 0.0001) to complete one grid walk length (Fig. 7B,C).
Assessment of psychological stress behavior such as de-
pression and anxiety were measured using the sucrose
preference test and light-dark box test, respectively. In

the sucrose preference test, although both WT and
ICAM-1�/� 10 and 20psi groups showed a significant re-
duction in the sucrose preference with respect to the cor-
responding uninjured groups at 48 h and 14d post-TBI
(F(10,24) = 28.34, p, 0.0001; Fig. 7D), ICAM-1 deletion
substantially improves sucrose preference at 48 h and
14d when compared with WT 10 and 20psi injured ani-
mals (Fig. 7D). In the light-dark box test, ICAM-1 deletion
monitored at 48 h and 14d postinjury in both 10 and
20psi injury group causes a significant increase in latency
to stay in the light chamber or number of transition when
compared with WT 10 and 20psi injured mice (F(15,48) =
10.25, p, 0.0001; Fig. 7E), indicating that ICAM-1 is

Figure 5. ICAM-1 activates the caspase-3 enzyme. A–C, AP immunohistochemistry of cl-caspase-3 in the PFC (A) and hippocam-
pus (C) tissue sections from WT and ICAM-1�/� mice 48 h after 10 and 20psi FPI using vector purple substrate kit, SK4600 in A
and vector blue substrate kit, SK5300 in C. Scale bar: 100 mm (A, black), 20 mm (A, blue), and 100 mm (C, yellow). B, D,
Quantification of cl-caspase-3-positive cells expressed as per mm2 area of sections in WT and ICAM-1�/� in uninjured, 10 and
20psi groups in the PFC (B) and hippocampus (D) 48 h following FPI (n=6/group). E, F, Western blotting of cl-caspase-3 and
b -actin in the PFC (E) and hippocampus (F) tissue lysates of WT and ICAM-1�/� mice 48 h after 10 and 20psi FPI. The bar graph
shows the quantification of cl-caspase-3 versus b -actin (n=6/group). G, Western blotting of cl-caspase-3 and b -actin 24 h after
3.0 psi stretch injury in the cell lysates of hBMVEC treated with control siRNA, ICAM-1 siRNA, A205804, and IRP (n=6/group). Bar
graph represents the densitometric ratio of cl-caspase-3 bands versus b -actin bands. All values are expressed as mean 6 SD one-
way ANOVA for G and two-way ANOVA for B, D–F followed by Bonferroni post hoc tests. Statistically significant ***p, 0.001 versus
WT uninjured group in B, D, E, F; @p, 0.05; @@p, 0.01, @@@p, 0.001 versus uninjured ICAM-1�/� group in B, D, E, F;
###p, 0.001 versus corresponding WT uninjured or injury groups (10 and 20psi) in B, D, E, F; ***p,0.001 versus uninjured
hBMVEC in G; #p, 0.05, ###p,0.001 versus 3 psi injury in G; ns = non-significant.
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partly involved in regulating depression and anxiety-like
psychological stress behavior.
To evaluate the link between impairment of functional

outcome with dysregulation in the neurotransmitter sig-
naling pathways (Geyer et al., 2001; Wurm et al., 2007;
Aan Het Rot et al., 2009; Mickey et al., 2011; Hamon and
Blier, 2013), we next demonstrated the role of ICAM-1 in
regulating neurotransmitters expression and thereby con-
trol sensorimotor function, and depression and anxiety-
like psychological stress behaviors. In immunofluores-
cence staining just below the injury area in the CA1 region
of the hippocampus, 10 and 20psi FPI caused a signifi-
cant decrease in the expression of NE in WT and
ICAM-1�/� mice compared with their corresponding unin-
jured groups. However, ICAM-1 deletion markedly attenu-
ated the decrease in the expression of NE (F(2,30) = 26.88,
p, 0.0001) compared with WT injury groups (Fig. 8A,B).
Both WT and ICAM-1 KO injury groups also showed a
similar significant decrease in the expression levels of the
DAD1R (F(2,30) = 6.418, p=0.0048), 5-HT1AR (F(2,30) =

16.55, p, 0.0001), and NPY (F(2,30) = 53.16, p, 0.0001)
when compared with their respective uninjured groups.
Although, induction of TBI was sufficient to attenuate the
expression levels of DAD1R, 5-HT1AR and NPY in both
WT and ICAM-1 animals, ICAM-1 deletion had a signifi-
cant role in restoring the expression levels of DAD1R, 5-
HT1AR and NPY when compared with the WT 10 and
20psi injured mice (Fig. 8C–E).

Discussion
ICAM-1 plays a major role in many facets in the patho-

genesis of TBI (Yang et al., 2005; Kumar et al., 2017).
However, the underlying mechanisms that drive the regu-
latory role of ICAM-1 in pathogenesis and subsequent psy-
chological stress associated with TBI are largely unknown. In
the present study, using the FPI model in mice and the
stretch injury model in hBMVEC, we demonstrated the down-
stream mechanisms of ICAM-1 in TBI-induced neuroinflam-
matory cascades and neurodegeneration. We have further

Figure 6. ICAM-1 activation induces cell death in animal and cell models of TBI. A, B, Western blotting of Annexin V and b -actin in
tissue lysates of PFC (A), hippocampus (B) of WT and ICAM-1�/� mice 48 h after 10 and 20psi FPI. C, Western blotting of Annexin
V and b -actin at different time points in the PFC 48 h after injury. D, Western blotting of Annexin V and b -actin in the cell lysates of
hBMVEC 24 h after 3.0 psi stretch injury. Bar graph represents the densitometric ratio of cl-caspase-3 bands versus b -actin bands
(n=6/group). E, G, Representative TUNEL staining (green) images 48 h after 10 and 20psi FPI in the PFC (E) and hippocampus (G).
Scale bar: 25 mm (E), 100 mm (G, bigger panels a–f), and 20 mm (G, enlarged panels a1–f1); n=6/group. F, H, Percentage of apopto-
tic-positive cells in the PFC (F) and hippocampus (H). I, Trypan blue staining represented as a percentage of dead cell analyzed 24
h after 3.0 psi stretch injury in hBMVEC (n=4/group). All values are expressed as mean 6 SD one-way ANOVA for C, D, one-way
and two-way ANOVA for A, B, F, H followed by Bonferroni post hoc tests. Statistically significant *p, 0.05, **p, 0.01, ***p,0.001
versus WT uninjured group in B–D, F–I and versus uninjured hBMVEC in E, J; #p, 0.05, ##p, 0.01, ###p,0.001 versus corre-
sponding WT injury groups in B–D, F–I and versus injured hBMVEC in E, J; @p, 0.05, @@p, 0.01, @@@p, 0.001 versus uninjured
ICAM-1�/� group in B–D, F–I; $p,0.05, $$p, 0.01 between 48 h and 14d postinjury in G, I and between two time frames in D;
ns = non-significant.
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validated our results in vivo using ICAM-1�/� mice, and in
vitro by knocking down ICAM-1 gene using ICAM-1 siRNA
and pharmacologically inhibiting ICAM-1. Stretch injury
model in hBMVEC demonstrated the mechanisms of the
upstream processes that possibly trigger the induction
of ICAM-1. Further, we analyzed the link between ICAM-
1 induced neuroinflammation and neurodegeneration
with sensorimotor function impairment and depression
and anxiety-like psychological stress behavior. Figure 8F
depicts a schematic presentation of our findings.
ICAM-1 is a cell surface glycoprotein, expressed on en-

dothelial cells and cells of the immune system (de
Fougerolles et al., 1994) and regulates leukocyte-endo-
thelial transmigration via interaction with a group of glyco-
proteins such as leukocyte function-associated antigen
(LFA-1) on leukocytes andMac-1 on neutrophils, monocytes,
and macrophages (Henderson et al., 2001; Romanova and
Mushinski, 2011). Over-expression of ICAM-1 triggers other
cellular signaling pathways that contribute to the pathophysi-
ology of various diseases such as TBI (Rancan et al., 2001;
Hamaï et al., 2008) that leads to inflammation and cell death
(Frank and Lisanti, 2008). Our in vivo and in vitro results are
in good accord with the previous report that validates the
activation of ICAM-1 and its receptors LFA-1 and Mac-1

following TBI (Frank and Lisanti, 2008). We further linked the
induction of ICAM-1 to the activation of NF-kB and the cyto-
kines such as IL-1b and TNF-a in vitro and in vivomodels of
TBI. We used both mild (10psi) and moderate (20psi) injury
to monitor the levels of cytokines at 48 h and 14d. Although
our data revealed that temporal increase in the levels of IL-
1b and TNF-a were not significantly increased with mild in-
jury (10psi) measured at 48 h and 14d, a significant increase
was evident with moderate injury (20psi). Since the extent of
injury in moderate group (20psi) is high, the innate ability to
restore the levels of cytokines even after 14d is compromised
as comparedwithmild injury group.Moreover, similar tempo-
ral studies to access the levels of IL-1b and TNF-a following
injury are in well accord to our findings that shows increased
levels of cytokine release in the serum sample following TBI
(PMID 31708858). Previously, we reported that TBI induces
neuroinflammation, activation of MMPs, and BBB disruption
via various signaling cascades in different models of TBI
(Abdul-Muneer et al., 2013, 2015, 2018; Bhowmick et al.,
2018, 2019a,b). In this study, the role of oxidative stress in ac-
tivating ICAM-1 is evident in our data since NOX inhibitor;
apocynin significantly reduced the level of ICAM-1. Several
investigators have reported that TBI induces oxidative stress
and stimulates the production of ROS by upregulating

Figure 7. ICAM-1 activation impairs sensorimotor functions and enhances psychological stress after TBI. A, Latency to fall time in
rotarod was examined in WT and ICAM-1�/� mice at baseline, 48 h and 14d after 10 and 20psi FPI (n=6/group). B, C, The grid-
walk analysis was monitored in WT and ICAM-1�/� mice at baseline, 48 h and 14d after 10 and 20psi FPI. Number of grid-walk er-
rors (B) and time to finish a grid-walk (C) (n=6/group). D, 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, 48 h, and 14d after injury in WT and
ICAM-1�/� mice subjected to 10 and 20psi FPI (n=6/group). E, The light-dark box test for anxiety-like behavior expressed as %
time spent exploring the light chamber and the number of transitions between the chambers monitored at 48 h and 14d after injury
in WT and ICAM-1�/� mice subjected to 10 and 20psi FPI (n=6/group). All values are expressed as mean 6 SD two-way ANOVA
followed by Bonferroni post hoc tests. Statistically significant *p, 0.05, **p, 0.01, ***p, 0.001 versus WT uninjured group;
@p, 0.05; @@p, 0.01, @@@p,0.001 versus ICAM-1�/� uninjured group; #p, 0.05, ##p, 0.01, ###p, 0.001 versus correspond-
ing WT injury groups; $$p, 0.01 between 48 h and 14d postinjury in A–E; ns = non-significant.
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NADPH oxidases (Landmesser et al., 2007). This study
showed that oxidative stress is one of the factors that activate
ICAM-1, which in turn causes neuroinflammation and neuro-
degeneration following TBI.
Our recent work showed that oxidative stress induces

neuroinflammation, neurodegeneration, BBB damage,
and infiltration of immune cells to the perivascular region
in different models of mTBI (Abdul-Muneer et al., 2013,
2017b, 2018; Patel et al., 2017), which raise the possibility
of a bidirectional relationship that exists between oxida-
tive stress and inflammation that induces apoptosis, lipid
peroxidation, oxidative stress, or free radical formation
(Bao et al., 2012; Weaver et al., 2015). In this study, MMP-
mediated activation of ICAM-1 was evident with the treat-
ment with MMP inhibitor, TIMP1. MMP activation and
neurodegeneration have been associated with several
neurologic diseases (Abdul Muneer et al., 2012; Trentini et
al., 2015), including TBI (Mannello et al., 2005). Activated
MMPs by oxidative stress cleave extracellular matrix and
tight junction proteins that impair brain endothelium sta-
bility, thereby compromising the BBB (Abdul-Muneer et
al., 2013). Several reported studies on the role of VEGF-A
in the induction of ICAM-1 in different neurologic

disorders led us to analyze the role of VEGF-A and its re-
ceptor VEGFR-2 in the induction of ICAM-1 in our in
vitro model. We demonstrated that the high concentra-
tion of VEGF upregulates the expression of ICAM-1
protein. However, VEGF-A is not the actual causative
factor for the induction of ICAM-1, but phosphorylation
of VEGFR-2 protein induces the expression of ICAM-1.
This is evident from the treatment with Ki8751, an inhib-
itor of VEGFR-2 phosphorylation.
Recent works, both in vitro and in vivo, indicates that

two receptors of the ICAM-1, LFA-1 (CD11a/CD18) and
Mac-1 (CD11b/CD18) activates the signaling mechanisms
of transmigration of leukocytes (Dustin et al., 1988;
Springer, 1990) and may have important and distinct roles
in the inflammatory process (Ding et al., 1999; Henderson
et al., 2001). Upon activation and strong adherence, the
leukocytes flatten and soon undergo diapedesis to enter
the parenchyma of the brain that advocates LFA-1/ICAM-
1 interaction phenomena as a therapeutic target against
various pathophysiology conditions of neurologic disor-
ders, and cancer (Rancan et al., 2001; Hamaï et al., 2008).
Our results are in line with previous studies that strongly
support that a strong cooperative interaction of ICAM-1

Figure 8. ICAM-1 reduces neurotransmitters expression that reflects in sensorimotor deficits and psychological stress after TBI. A,
Immunofluorescent staining of NE (red) in the hippocampus area of WT and ICAM-1�/� mice after 10 and 20psi FPI and merged
with NeuN (green) and DAPI (blue). Scale bar: 20 mm (all panels). B, Quantification of NE staining in the hippocampus area of unin-
jured, 10 and 20psi FPI WT and ICAM-1�/� mice using ImageJ software (n=6/group). C–E, Western blot analysis of 5-HT1AR (C),
DAD1R (D), NPY (E) and b -actin in the tissue lysates of hippocampus of WT and ICAM-1�/� mice 48 h after 10 and 20psi FPI. The
bar graph with dot plots shows the quantification of 5-HT1AR (C), DAD1R (D), NPY (E) versus b -actin (n=6/group). F, Schematic
presentation of the findings. All values are expressed as mean 6 SD two-way ANOVA followed by Bonferroni post hoc tests.
Statistically significant ***p, 0.001 versus WT uninjured group; @@@p, 0.001 versus uninjured ICAM-1�/� group; #p, 0.05,
##p, 0.01, ###p, 0.001 versus WT corresponding injury groups; ns = non-significant. NE, norepinephrine; 5-HT1AR, 5-HT 1A re-
ceptor; DAD1R, DA D1 receptor; NPY, neuropeptide Y.
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with its receptors LFA-1 and Mac-1 exist following injury
and this cooperative interaction apart from leukocyte
transmigration plays a major role in downstream neuroin-
flammatory and pathophysiology outcomes. As observed
in the results, both WT and ICAM1 KO animals in unin-
jured groups displayed a comparable basal level in the ex-
pression of LFA-1 and Mac-1. Although we did not
observe a significant change in the expression of LFA-1
and Mac-1 in ICAM-1 KO injured groups with respect to
uninjured ICAM-1 KO groups, our results strongly suggest
that ICAM-1 depletion plays a significant role in regulating
the expression of both LFA-1 and Mac-1 since ICAM-1
KO in injury groups (10 and 20psi) significantly reduced
the expression levels of LFA-1 and Mac-1 when compared
with their respective WT injury groups. The role of LFA-1 or
Mac-1 is evident from the fact that the leukocyte rolling ve-
locity is increased in either LFA-1�/� orMac-1�/� mice (KO
mice) when compared with the WT (Henderson et al.,
2001; Dunne et al., 2003). However, both LFA-1 and Mac-1
appear to be important in leukocyte adhesion, the contri-
bution from LFA-1 is greater than that from Mac-1 (Ding et
al., 1999; Dunne et al., 2002). As with the other integrins,
LFA-1 does not function as a mere adhesive contact be-
tween cells, but it also mediates signals that modulate their
growth, differentiation, and survival.
Since a strong connection exists between transmigra-

tion of immune cells and neuroinflammation following TBI
(Soares et al., 1995), in our study, we linked the activation
of ICAM-1 with inflammatory cascades and concluded
that ICAM-1 deletion or inhibition attenuates proinflam-
matory response such as NF-kB, IL-1b , and TNF-a.
Although ICAM-1 exerts both direct and indirect effects
contributing to neuronal death in vitro and in vivo
(Lindsberg et al., 1996), we showed that ICAM-1 directly
induced apoptosis through the activation of caspase-3
since injured cells pretreated with ICAM-1 siRNA and
A205804 (ICAM-1 inhibitor) markedly reduced cl-cas-
pase-3 expression. Our TUNEL assay further validates the
role of ICAM-1 in cell death. Previous studies have shown
that CD11d/CD18 integrins bind to adhesion molecules
such as VCAM-1 in a rat model and ICAM-1 in humans in-
filtrating leukocytes and mediates inflammatory response
that leads to worsening of secondary damage (Hogg
and Leitinger, 2001). Evidence also shows that blocking
CD11d/CD18 integrins using an anti-CD11d monoclonal
antibody as a therapeutic strategy to improve neurologic
outcomes after TBI or repeated concussion (Bao et al.,
2012; Weaver et al., 2015). Based on these studies, it be-
comes evident that an in-depth understanding of the inter-
action of ICAM-1 and integrins in highly warranted and
similar treatment regimens of inhibiting ICAM-1 and integ-
rins could pose a potential therapeutic strategy in attenuat-
ing ICAM-1-mediated neuroinflammation and secondary
damage associated with TBI.
TBI is known to produce acute and prolonged sensori-

motor impairment and psychological stress behavior as-
sociated with inflammatory changes in brain regions (Xing
et al., 2013; Bhowmick et al., 2018). ICAM-1 upregulation
in the vasculature of brain regions has been previously im-
plicated in fear and anxiety responses (Zhang et al.,

2017). Our current study extends this finding to show that
TBI-induced ICAM-1 activation is associated with impair-
ment in sensorimotor function and depression and anxi-
ety-like psychological stress disturbances. Our data
indicate that ICAM-1 activation following TBI induced a
significant impairment in sensorimotor function as moni-
tored by rotarod and grid walk test and severely exacer-
bate depression and anxiety-like psychological stress as
monitored by the sucrose preference test and the light-
dark test. Further validation of the role of ICAM-1 in
impairment of functional recovery following TBI is sup-
ported by the fact that the deletion of ICAM-1 significantly
improves functional recovery. The changes in sensori-
motor impairment and psychological stress in WT and
ICAM-1�/� mice were in correlation with the expression
level of NE, 5-HT1A, D1R, and NPY markers in uninjured,
and 10 and 20psi injured animals since deletion in ICAM-1
in injury groups significantly restored the expression levels
of NE, 5-HT1A, D1R, and NPY markers with significant re-
covery in functional outcomes. Collectively, these findings
provide novel evidence for the contribution of adhesion
molecules (ICAM-1) in facilitating the impairment in func-
tional outcome in response to TBI.
In conclusion, for the first time, we shed light on the

specific role of ICAM-1 in impairing sensorimotor function
and enhancing psychological stress by studying the
mechanisms of ICAM-1-mediated neuroinflammation and
neurodegeneration via the pathway of LFA-1 or Mac-1
proteins in hBMVEC stretch injury and FPI animal models.
The analysis of the role of ICAM-1 has opened a new ther-
apeutic target that could be used to treat TBI-induced
neurologic complications by blocking the activation of
ICAM-1, thereby reduce the transmigration of immune
cells to the brain, neuroinflammation, and cell death. Our
present report encourages further work to undertake a
comprehensive analysis to evaluate the therapeutic effi-
cacy of blocking ICAM-1 to alleviate neurovascular dam-
ages and functional deficits in vivo.
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