
ORIGINAL ARTICLE

Acute Traumatic Brain Injury-Induced Neuroinflammatory Response
and Neurovascular Disorders in the Brain

Duraisamy Kempuraj1,2,3 & Mohammad Ejaz Ahmed1,2,3
& Govindhasamy Pushpavathi Selvakumar1,2,3 &

Ramasamy Thangavel1,2,3 & Sudhanshu P. Raikwar1,2,3 & Smita A. Zaheer1,2 & Shankar S. Iyer1,2,3 &

Raghav Govindarajan1
& Premkumar Nattanmai Chandrasekaran1

& Casey Burton4
& Donald James4 &

Asgar Zaheer1,2,3

Received: 16 August 2020 /Revised: 12 September 2020 /Accepted: 14 September 2020 /Published online: 21 September 2020
# Springer Science+Business Media, LLC, part of Springer Nature 2020

Abstract
Acute traumatic brain injury (TBI) leads to neuroinflammation, neurodegeneration, cognitive decline, psychological disorders,
increased blood-brain barrier (BBB) permeability, and microvascular damage in the brain. Inflammatory mediators secreted from
activated glial cells, neurons, and mast cells are implicated in the pathogenesis of TBI through secondary brain damage.
Abnormalities or damage to the neurovascular unit is the indication of secondary injuries in the brain after TBI. However, the
precise mechanisms of molecular and ultrastructural neurovascular alterations involved in the pathogenesis of acute TBI are not
yet clearly understood. Moreover, currently, there are no precision-targeted effective treatment options to prevent the sequelae of
TBI. In this study, mice were subjected to closed head weight-drop-induced acute TBI and evaluated neuroinflammatory and
neurovascular alterations in the brain by immunofluorescence staining or quantitation by enzyme-linked immunosorbent assay
(ELISA) procedure. Mast cell stabilizer drug cromolyn was administered to inhibit the neuroinflammatory response of TBI.
Results indicate decreased level of pericyte marker platelet-derived growth factor receptor-beta (PDGFR-β) and BBB-associated
tight junction proteins junctional adhesion molecule-A (JAM-A) and zonula occludens-1 (ZO-1) in the brains 7 days after
weight-drop-induced acute TBI as compared with the brains from sham control mice indicating acute TBI-associated BBB/
tight junction protein disruption. Further, the administration of cromolyn drug significantly inhibited acute TBI-associated
decrease of PDGFR-β, JAM-A, and ZO-1 in the brain. These findings suggest that acute TBI causes BBB/tight junction damage
and that cromolyn administration could protect this acute TBI-induced brain damage as well as its long-time consequences.
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Introduction

Traumatic brain injury (TBI) is defined as “an alteration in
brain function or other evidence of brain pathology caused
by an external force (open/penetrating or closed/non-penetrat-
ing) (Brain Injury Association of America, Vienna, VA,
USA).” TBI is a neuroinflammatory and neurodegenerative
disorder. Most TBIs, such as concussion in the military, are
mild TBI (mTBI). Even single mTBI/concussion can cause
long-term consequences in the brain, including blood-brain
barrier (BBB) damage, activation of glial cells, accumulation
of tau, and neurofibrillary tangles (NFTs), dementia, and psy-
chiatric disorders (Dinet et al. 2019; McKee and Robinson
2014). Many incidents, including falls, assaults, vehicle acci-
dents, sports-related activities, head trauma, gunshots,
occupation-associated injuries, child abuse, domestic violence
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activities, rapid acceleration and deceleration, military opera-
tions, and blasts, can cause TBI. TBI may be mild, moderate,
or severe that differently impacts the sequelae of TBI. Nearly
1.7 million Americans are involved in TBI every year in the
USA (Ma et al. 2019). We and others have shown that TBI
causes direct primary initial brain damage that affects neuro-
nal cells, astrocytes, and blood vessels and then induce indi-
rect secondary brain damage through neuroinflammatory re-
sponse (Ahmed et al. 2020a, b; Akamatsu and Hanafy 2020;
Charkviani et al. 2019; Kempuraj et al. 2019a, 2020; Raikwar
et al. 2020; Selvakumar et al. 2020).

Changes in the neurovascular unit are the indication of
secondary injuries in the brain after TBI. The secondary brain
injury involves neuroimmune and inflammatory responses
that may start within days, or weeks or months, or many years
after the initial primary brain damage following TBI (Crupi
et al. 2020; Ladak et al. 2019). Secondary brain injury is
associated with reduced cerebral blood supply, increased
blood-brain barrier (BBB) permeability, edema formation, ox-
idative stress, axonal and neuronal damage, infiltration of pe-
ripheral blood cells, activation of resident immunocytes, the
release of chemotactic and inflammatory mediators, and neu-
ronal loss. The acute or chronic effects of neurotrauma con-
siderably vary from person to person and in animal models of
TBI (Khellaf et al. 2019; Zysk et al. 2019). Early mast cell
activation and mast cells are critical effectors in neurotrauma/
stroke (Arac et al. 2019; Jin et al. 2009; Kempuraj et al. 2019a,
b, 2020a; Mattila et al. 2011; McKittrick et al. 2015).

We have also recently reported that mast cell activation
plays a role in the neuroinflammatory response and BBB dis-
ruption in acute TBI in mice (Kempuraj et al. 2020).
Cromolyn (cromolyn), a mast cell stabilizer, inhibits cerebral
mast cell degranulation, increases postoperative BBB stabili-
ty, and improves cognitive function after neurotrauma/
hypoxic-ischemic brain damage (Jin et al. 2007; Zhang et al.
2016). Another study reported that cromolyn reduced hista-
mine release from mast cells after epilepticus-induced brain
damage in rats (Valle-Dorado et al. 2015). Cromolyn admin-
istration reduced BBB breakdown and brain edema in cerebral
artery occlusion-induced ischemia or ischemic stroke in ro-
dents (Mattila et al. 2011; McKittrick et al. 2015). As
cromolyn shows beneficial neuroprotective effects in neuro-
inflammation and neurotrauma, we have tested this drug in
acute TBI mice. BBB consists of microvascular endothelial
cells, pericytes, and astrocytes. Pericytes ensheath the capil-
lary wall and are essential regulators of the stability and per-
meability of BBB (Bhowmick et al. 2019). BBB breach is an
early sign of cognitive disorder, and minimizing BBB dys-
function could reduce TBI severity (Nation et al. 2019;
Sivandzade et al. 2020). BBB dysfunction has been reported
as early as 3 min after concussion (Dinet et al. 2019). Loss of
pericyte is one of the hallmarks of BBB dysfunction that may
lead to neuroinflammation and neurodegeneration (Choi et al.

2016; Sengillo et al. 2013). Damage and degeneration of
pericyte, endothelial cells, astrocytes, tight junction proteins,
and basement membrane cause memory and vascular dys-
functions, including BBB breakdown (He et al. 2020;
Jullienne et al. 2016). Platelet-derived growth factor-beta
(PDGF-β) released from endothelial cells binds to PDGF
receptor-β (PDGFR-β) on pericytes and mediate many func-
tions, including the attachment of pericytes with microvascu-
lar endothelial cells and endothelial proliferation. PDGFR-β
is abundantly expressed in pericytes and is a reliable marker
for pericytes (Sengillo et al. 2013). PDGFR-β can attract
pericytes to endothelial cells during the formation of BBB.
However, the precise mechanism of BBB and vascular dys-
function is not yet understood in acute TBI. Thus, in this
preliminary study, we have analyzed PDGFR-β, junctional
adhesion molecule-A (JAM-A), and Zonula occludens-1
(ZO-1) expression in closed head weight-drop-induced acute
TBI in mice. We report reduced levels/derangement of
PDGFR-β, JAM-A, and ZO-1 in acute TBI brains in mice
and that administration of cromolyn drug could protect TBI-
associated brain damage.

Materials and Methods

Reagents

Cryoprotection solution was purchased from FD Neuro
Technologies (Columbia, MD). Polyclonal glial fibrillary
acidic protein (GFAP) antibody, Alexa Fluor 568 donkey
anti-rabbit (H + L) antibody, 4′,6-diamidino-2-phenylindole,
dihydrochloride (DAPI), tissue extraction reagent,
Dulbecco’s phosphate-buffered saline (DPBS), BCA Protein
Assay Kit (Pierce), and 1-step ultra TMB-ELISA substrate
solution were obtained from Thermo Fisher Scientific
(Rockford, IL). Cromolyn sodium salt (cromolyn; CR) drug
and goat anti-mouse IgG FITs antibody was purchased from
Sigma-Aldrich (St. Louis, MO). Anti-ZO1 tight junction pro-
tein antibody (Rabbit polyclonal antibody), anti-PDGFR-β
(mouse monoclonal antibody), anti-JAM-A /JAM-1 (Rabbit
polyclonal antibody), and anti-NeuN antibody (Rabbit poly-
clonal antibody) for the neuronal marker were purchased from
Abcam (Cambridge, MA). JAM-A DuoSet enzyme-linked
immunosorbent assay (ELISA) kit was purchased from the
R&D System (Minneapolis, MN).

Closed Head Weight-Drop-Induced Acute TBI in Mice

Closed head acute TBI was induced in 8-week-old male mice
(CD-1 mice; the University of Missouri, Mutant Mouse
Resource and Research Center and the University of
Missouri AnimalModeling Core, Columbia,MO) by standard
weight-drop procedure, as reported previously with slight

360 Neurotox Res (2021) 39:359–368



modifications (Milman et al. 2005; Shishido et al. 2019; Zohar
et al. 2003; Zvejniece et al. 2019). Briefly, the mouse was first
anesthetized with isoflurane, and then the head was positioned
on a spongy cushioned surface. Immediately, the mouse skull
was exposed on the top with a small incision. Then a metal
weight of 35 g was allowed to fall from 80 cm above the head
through a vertical tube and induced cortical contusion without
craniotomy (Milman et al. 2005; Shishido et al. 2019; Zohar
et al. 2003; Zvejniece et al. 2019). Only the skin incision was
made and then sutured in sham control mice instead of the
weight-drop procedure. TBI was induced on the left side of
the skull, and this position is comparable in all the animals.
Mice (n = 6 mice/group) were monitored daily for 7 days (7
D) and then euthanized by cervical dislocation. In a separate
group of mice, mast cell inhibitor drug cromolyn (50 mg/kg
body weight in sterile Phosphate Buffered Saline; the Food
and Drug Administration (FDA) approved mast cell stabilizer
drug) was administered intraperitoneally 1 h before TBI, 2nd
and 4th day after TBI for a total of three injections (Moretti
et al. 2016). The brains were obtained from all the mice and
processed for section cutting using a cryostat machine. Brain
sections (20 μm) were cut and stored frozen in cryoprotection
solution Inc., at − 80 °C until used for GFAP, NeuN, DAPI,
PDGFR-β, JAM-A, and ZO-1 immunofluorescence staining
(Kempuraj et al. 2018a, b). Maintenance of mice and the ex-
periments was conducted “according to the recommendations
in the guide for the care and use of laboratory animals of the
National Institutes of Health (NIH) and the approval of the
committee on the Ethics of Animal Experiments of the
University of Missouri (Columbia, MO).”

Detection of GFAP, NeuN, DAPI, PDGFR-β, JAM-A, and
ZO-1 Levels in Acute TBI in Mice Brains by
Immunofluorescence Staining

The brain sections from 7 days of TBI brains and sham control
mice brains were fixed with a 4% paraformaldehyde solution.
Immunofluorescence staining was performed using anti-
GFAP polyclonal antibody (1:500), anti-NeuN rabbit poly-
clonal antibody (1:500), anti-PDGFR-β (1:500), antibody,
anti-JAM-A (1:500) and anti-ZO-1 (1:500), as we reported
(Kempuraj et al. 2018a, b). Briefly, free-floating brain sections
were incubated with primary antibodies at 4 °C overnight.
These sections were then incubated with a mixture of Alexa
Fluor 488 goat anti-rabbit IgG (1:300) and Alexa Fluor 568
anti-mouse IgG/goat anti-mouse (1:500) or separately for 1 h
in 12-well tissue culture plates on a plate shaker at room tem-
perature. Cellular nuclei were identified with DAPI staining.
Then these brain sections were mounted, dried, and observed
under a confocal fluorescent microscope (Leica Microsystems
GmbH, Germany). Images were captured using an oil immer-
sion objective (40× or 63×) (Ahmed et al. 2019; Kempuraj
et al. 2018b; Raikwar et al. 2018; Selvakumar et al. 2018;

Thangavel et al. 2018). The staining intensity was quantified
in the photomicrographs at three different areas using Image J
software (National Institute of Health, Bethesda, MD). These
results were presented as % of sham control in the bar graphs.

Quantification of JAM-A Level in the TBI Brain Tissue
by ELISA

JAM-A level was quantified in the brain tissue lysates. Tissue
lysates were prepared from the brains of sham control mice
and TBI mice using a tissue tearor unit (Biospec Products Inc.
Racine, WI). Protein level was quantified in the tissue lysates
using the BCA protein assay kit. JAM-A level was determined
in the brain tissue lysates by ELISA as per the procedure
mentioned in the kit. Lysates with 150 μg of protein/sample
were used for the assay. Finally, the optical density of the
ELISA microplate was read at 450 nm using a microplate
reader (Molecular Devices, Sunnyvale, CA), as we have pre-
viously reported (Kempuraj et al. 2020, 2018a, b).

Behavioral Analysis in TBI Mice

Cognitive Function Analysis by Novel Object Recognition Test

Novel object recognition (NOR) test is commonly done to
determine visual memory and object recognition memory
functions in the animal models of neurological diseases such
as mouse models of TBI. Mouse explores a novel object more
time as compared with a familiar object. The mouse with a
cognitive disorder may not fully or sufficiently recognize fa-
miliar objects, and therefore may not spend more time near the
novel objects. In the NOR test, the mouse was first exposed to
two similar objects for 5 min, a day before TBI to familiarize
in an open field arena of a square plexiglass apparatus with
high walls. The total amount of time spent close to each object
was noted. Following this, the mouse was removed from the
open field arena and put in its original cage. Next, the mouse
was exposed to one familiar object as well as one novel object
in the same open field arena after 7 days after the TBI. The
time spent close to each object was noted and determined the
cognitive memory status, as previously reported (Bader et al.
2019; Tadepalli et al. 2020).

Data Analysis

All the results were statistically analyzed by one-way analysis
of variance (ANOVA) and Tukey-Kramer multiple compari-
son analysis using GraphPad InStat 3 software. An unpaired t
test was used when comparing only two groups. A significant
difference between the TBI groups or with the Sham control
group was determined. The results were presented as mean ±
SEM. A p value of < 0.05 was considered statistically signif-
icant in comparing the findings in this study.
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Results

Characteristics of Acute TBI-Induced
Neuroinflammation in Mice Brains

To confirm the neuroinflammatory response in TBI (7 days),
mice brains from sham control and TBI mice brains were
analyzed for the activation of astrocytes. The presence of as-
trocyte marker GFAP was analyzed in the cortical region (Fig.
1, n = 5/mice group). Representative image of sham control
brain and TBI brain showing damaged impact area (arrows) in
the cortex (Fig. 1a), and photomicrographs show a significant
increase of activated astrocytes, indicating the presence of
astrogliosis and reactive astrocytes, as evidenced by the pres-
ence of increased levels of GFAP immunoreactivity in TBI
(7 days) mice brains as compared with sham control mice
brains (Fig. 1b, GFAP/astrocytes). Next, we analyzed the
levels of NeuN to detect neuronal cells in these brains.
Results show significantly decreased levels of NeuN in 7 days
of TBI brains as compared with sham control mice brains (Fig.
1b, neurons). Cellular nuclei were stained with DAPI. Further,

we assessed visual memory functions in TBI mice by the
standard NOR test (n = 6 mice/group). Results showed that
sham control mice spent more time at the novel object than
at the familiar object (Fig. 1c, *p < 0.05). However, TBI mice
did not fully recognize the familiar object. These results show
weight-drop-induced TBI activates astrocytes and reduces
visual/spatial memory performance in mice.

Acute TBI Decreases PDGFR-β and JAM-A Levels in the
TBI Brain

PDGFR-β and JAM-A levels were analyzed in the brains of
7 days following closed head weight-drop-induced TBI mice,
TBI mice with cromolyn treatment, and sham control mice by
immunofluorescence staining (n = 5/mice group).
Representative photomicrographs show decreased levels of
both PDGFR-β (arrows) and JAM-A (arrows) in 7 days of
acute TBI brains, as compared with sham control brains
(Fig. 2). However, administration of cromolyn drug (three
doses) to TBI mice showed inhibition of TBI-associated de-
crease of PDGFR-β and JAM-A levels in the brains indicating

Fig. 1 Characterization of closed head weight-drop TBI-induced neuro-
inflammation in mouse brain. Cryostat sections (20 μm) from Sham
control and 7 days after TBI mice brains were analyzed for the level of
GFAP, a marker of astrocyte, and its activation (n = 5) by immunofluo-
rescence staining. a Representative image of brains from sham and TBI
7 days. Arrows in the TBI brain show damaged impact areas in the
cerebral cortex. b Representative microphotographs show a significant
increase in GFAP immunoreactivity in the cortical region in 7 days TBI
mice, indicating activation of astrocytes as compared with sham control
mice. We also analyzed the NeuN level to detect the neurodegeneration in
these brains by immunofluorescence staining. Representative photomi-
crographs show decreased NeuN level in 7 days of acute TBI brains as
compared with sham control mice brains, indicating neuroimmune

response after TBI. Cellular nuclei were stained with DAPI in these sec-
tions. Photomicrographs original magnifications = 630x. c Next, we
assessed memory function in TBI mice by the NOR test. In this test, the
mouse was first exposed to two similar objects in an open field arena box
for 5 min, 1 day prior to TBI induction (n = 6 mice/group). The total
amount of time spent near the objects was noted. Following this, the
mouse was exposed to one familiar object and one novel object for
5 min. Then the time spent at each object was noted after 7 days of
TBI.We found that sham control mice spent more time at the novel object
than the familiar object as compared with TBI mice (*p < 0.05, sham
control vs. TBI 7 days). However, TBImice did not recognize the familiar
object. 7 D, 7 days
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a beneficial effect of the mast cell inhibitor (Fig. 2). The nuclei
were stained with DAPI. These results suggest that closed
head TBI induces degeneration/damage of pericytes as well
as tight junction protein JAM-A in the brain.

Acute TBI Affects ZO-1 Level in the TBI Brain

We next analyzed the level of another tight junction protein,
ZO-1, in the brains after 7 days of closed head acute weight-
drop-induced TBI mice, Cromolyn administered mice and
sham control mice by immunofluorescence staining (Fig. 3,
n = 3 mice/group). Representative images (Fig. 3a, arrows)
and immunoreactivity intensity quantification bar graph
(Fig. 3b, *p < 0.05B) show significant derangement/
decreased level of ZO-1 in 7 days of acute TBI brains, as
compared with sham control mice brains. Cromolyn adminis-
tration significantly prevented a decrease of the ZO-1 level in
TBI mice brains, as compared with untreated TBI mice brains.
The cellular nuclei were stained with DAPI.

Cromolyn Drug Inhibits Acute TBI-Induced Decrease
of Tight Junction Protein JAM-A Level in the Brain

In addition to immunofluorescence staining, we have also
quantified the JAM-A level in the brain tissue lysates of sham
control mice, 7 days after TBI mice, and 7 days after TBI plus
cromolyn treated mice (n = 3 mice/group) by ELISA. Our
tight junction protein quantification results indicate a signifi-
cantly decreased level of JAM-A in 7 days TBI mice brains as
compared with sham control mice brains (Fig. 4, *p < 0.05).
Further, the administration of mast cell inhibitor cromolyn
drug significantly inhibited TBI-induced JAM-A decrease as
compared with the levels in untreated TBI mice brains.

Discussion

In the present study, we observed reduced levels of pericyte
marker PDGFR-β and tight junction proteins JAM-A and ZO-
1 after 7 days of closed head weight-drop-induced TBI mice

Fig. 2 Closed head weight-drop-induced acute TBI decreases PDGFR-β
and JAM-A levels in the brain. Pericyte marker PDGFR-β, and tight
junction protein JAM-A levels were analyzed in the frozen sections
(20 μm) cut from 7 days following weight-drop-induced TBI, cromolyn
administered mice, and sham control mice brains (n = 5 mice/group) by
immunofluorescence staining using anti- PDGFR-β and anti-JAM-A pri-
mary antibodies and Alexa Fluor 488 goat anti-rabbit IgG and Alexa
Fluor 568 anti-mouse IgG/goat anti-mouse secondary antibodies.

Fluorescence images were captured using a confocal microscope.
Representative images and immunoreactivity intensity bar graphs show
decreased levels of both PDGFR-β (arrows) and JAM-A (arrows) in
7 days of acute TBI brains as compared with sham control mice brains.
However, cromolyn treatment in TBI (7 D)mice inhibited TBI-associated
decrease of PDGFR-β and JAM-A levels in the brain. The nuclei were
stained with DAPI. Photomicrographs original magnifications = × 630. 7
D, 7 days; CR, cromolyn
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brains as compared with sham control mice brains. Further,
the administration of mast cell stabilizer (inhibitor) drug
cromolyn significantly suppressed the decrease of
PDGFR-β, JAM-A, and ZO-1 levels in TBI mice, indicating
the beneficial effects of cromolyn drug in reducing TBI-
associated neuroinflammatory response and brain damage.
In this preliminary study, we first confirmed TBI-induced ac-
tivation of astrocytes, indicating astrogliosis and reactive as-
trocytes, and decreased neurons in the contusion/impact cor-
tical area in the brain. Additionally, mice subjected to acute
TBI did not fully recognize the novel object indicating the
spatial memory performance is impaired as determined by
the NOR test. The brain swelling/edema due to TBI could
contribute to these behavioral and memory abnormalities. In
the present study, we have selected closed head weight-drop-
induced TBI since this induces mild TBI that simulate road
accidents, falls, concussive head trauma, and domestic vio-
lence activities. Histopathological alterations, immune and in-
flammatory responses, and behavioral disorders vary in ani-
mals, as there are differences in the TBI-induction procedures
and the type of animals used (Ma et al. 2019; Zvejniece et al.
2019). Thus, an in-depth understanding of the molecular and
ultrastructural mechanism of TBI pathogenesis, especially mi-
crovascular and tight junction protein alterations, is essential
to develop an effective precision-targeted therapeutic agent

Fig. 3 Closed head weight-drop-induced TBI affects the ZO-1 level in
the brain. ZO-1 level was analyzed in the frozen sections (20 μm) of
brains after 7 days of weight-drop-induced TBI, cromolyn treated mice,
and sham control mice brains (n = 3 mice/group) by immunofluorescence
staining. Cromolyn was administered 1 h before TBI and 1 day after TBI.
Images were captured using a confocal microscope. Representative im-
ages and immunoreactivity intensity (a) and bar graph (b) shows the

derangement/decreased level of ZO-1 (arrows) in 7 days of acute TBI
brains as compared with sham control brains (*p < 0.05, sham control vs.
TBI). Cromolyn administration in TBI mice prevented TBI-associated
decrease of the ZO-1 level. The cellular nuclei were stained with DAPI.
Photomicrographs original magnifications = × 630. 7 D, 7 days; CR,
cromolyn

Fig. 4 Cromolyn drug administration inhibits acute TBI-induced de-
crease of JAM-A level in mice brain. JAM-A level was quantified by
ELISA in the brain tissue lysates of sham control mice, 7 days after TBI
mice, and 7 days TBI mice administered with cromolyn (n = 3
mice/group). Results show a significantly decreased level of JAM-A as
compared with sham control mice brain (*p < 0.05, sham control vs.
TBI). Further, the administration of mast cell inhibitor drug cromolyn
inhibited TBI-induced decrease of JAM-A as compared with non-
treated TBI mice brains indicating its neuroprotective effect in thesemice.
7 D, 7 days; CR, cromolyn
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for acute TBI that could prevent long-term consequences of
TBI.

BBB is considered a therapeutic target for TBI
(Abrahamson and Ikonomovic 2020; Jing et al. 2020;
Kempuraj et al. 2017; Shen et al. 2019; Thal and Neuhaus
2014). Endothelial cells are connected by many tight junction
proteins that form BBB and regulate the rate of microvascular
permeability in the brain. JAM-A and ZO-1 form a tight junc-
tion and prevent/regulate BBB permeability in the brain. TBI
can cause pericyte damage and loss (Bhowmick et al. 2019).
Derangements or down-regulation of tight junction proteins
and pericytes can increase BBB permeability and can cause
the formation of edema in the affected region of the brain. A
previous study has shown that neurotrauma, including fluid
percussion injury (FPI), can decrease tight junction proteins
such as JAM-A, ZO-1, occludin, and claudin-5, as well as
pericyte markers PDGFR-β, NG2, and CD13 after 24 h of
brain injury in mice (Bhowmick et al. 2019). Another previ-
ous study showed decreased or derangement of tight junction
proteins such as JAM-A causes BBB breach and edema 12 h
after brain injury in rats (Yeung et al. 2008). Controlled blunt
head trauma in rats and controlled cortical impact (CCI) TBI
in mice show decreased ZO-1 level and induced BBB breach
(Blixt et al. 2015; Liu et al. 2017). These findings in
neurotrauma corroborate our present observation of the de-
rangement or down-regulation of JAM-A and ZO-1 in 7 days
after TBI in mice brains. In the present study, in addition to
immunofluorescence staining, we have also quantified the
JAM-A level by ELISA and show decreased level in the acute
TBI brains. All these findings indicate that JAM-A and ZO-1
are necessary for the integrity of tight junction in the brain. A
study has shown irregular distribution or increased clustered
PDGFR-β in degenerating brain areas after fluid percussion-
induced TBI (Kyyriainen et al. 2017). These PDGFR-β pos-
itive migrating cells or PDGFR-β positive cells could partic-
ipate in tissue repair process after the brain injury by secreting
the chemokine (C-C motif) ligand 2 (CCL2) (Duan et al.
2018; Kyyriainen et al. 2017; Rafalski et al. 2018).

Mast cells produce many anti-inflammatory and proinflam-
matory cytokines/chemokines and other molecules that regu-
late innate and acquired immune response (Arac et al. 2019;
Elieh Ali Komi et al. 2019; Kempuraj et al. 2019a). The bal-
ance and interrelationship between pro and anti-inflammatory
molecules play an essential role in this innate and acquired
immune regulation, including in the CNS (Forsythe 2019;
Franza et al. 2019; Gallenga et al. 2019). Moreover, both
pro and anti-inflammatory cytokines and chemokines can act
on mast cells. Viral activation of mast cells can release IL-1,
IL-6, and IL-33 and exacerbate inflammation and endothelial
functions in the lung and central nervous system in
Coronavirus disease 2019 (COVID-19) (Kempuraj et al.
2020b; Kritas et al. 2020). We have previously shown that
IL-1 can activate mast cells and selective release of IL-6,

which is implicated in COVID-19 (Kandere-Grzybowska
et al. 2003; Kempuraj et al. 2020b). IL-1 enhances endothelial
cell-leukocyte adhesion, causes inflammation, and the forma-
tion of microthrombi through thromboxane A1 production in
COVID-19 patients (Conti et al. 2020). The severity of TBI is
mainly dependent on the extent of edema than the primary
injury itself. Neurovascular unit damage can cause cognitive
impairment in neuroinflammatory disorders, including TBI,
as observed in the present study. We and others have reported
that brain mast cell, including meningeal mast cell activation
mediated inflammatory mediators, are implicated in
neuroinflammatory response and BBB/tight junction protein
disruption in acute neurotrauma/TBI/stroke in mice (Arac
et al. 2019; Kempuraj et al. 2020; McKittrick et al. 2015;
Nasr et al. 2019; Ribatti 2015; Rodrigues and Granger 2015;
Skaper et al. 2014).

Thus mast cells could be a therapeutic target for neuropro-
tective strategy (Kempuraj et al. 2019a; Li et al. 2017; Ocak
et al. 2018). Previous studies have shown that administration
of mast cell inhibitor drug cromolyn suppresses neuroinflam-
mation, brain damage, BBB stability, and improves cognitive
disorder after neurotrauma in animals (Jin et al. 2007; Mattila
et al. 2011; McKittrick et al. 2015; Valle-Dorado et al. 2015;
Zhang et al. 2016). Previous studies suggested that cromolyn
treatment provided neuroprotective effects by promoting
microglial phagocytosis, reducing proinflammatory
microglial state, and increasing the anti-inflammatory
microglial state, and inhibiting the severity of disease
(Granucci et al. 2019; Zhang et al. 2018). One recent study
indicates that cromolyn decreases sensorimotor dysfunction
and hippocampal damage in severe TBI in rats (Segovia-
Oropeza et al. 2020). Therefore, in this short study, we have
evaluated cromolyn drug in the present study and demonstrate
its beneficial protective effects after acute TBI in mice. In this
current study, we administered cromolyn pre (prophylactic)
and post (therapeutic) TBI, and the observed effects could
be due to both these combined effects. Our future studies
will focus on the blood vessel, microglial phenotypes/
Iba1, endothelial cell markers, and the therapeutic effects
of cromolyn in TBI mice. TBI directly cause primary
damage to the neurovascular unit in the brain. The prima-
ry brain damage could lead to immediate and or late
neuroimmune and neuroinflammatory responses associat-
ed with activation of microglia, astrocytes, and mast cells
in the meninges and in the brain parenchyma. The acti-
vated glial cells and neurons secrete neuroinflammatory
mediators that can further act on glial cells, neurons, en-
dothelial cells, and pericytes in a vicious cycle. This vi-
cious reaction causes increased BBB permeability, re-
duced tight junction proteins, and its derangements and
edema formation in the brain. This vicious cycle
upregulates neuroinflammatory response, neuronal death,
and secondary brain damage after TBI.
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Conclusion

Weight-drop-induced acute TBI causes neuroinflammatory
response and BBB/tight junction proteins disruption in the
brain. Cromolyn administration could protect acute TBI-
induced brain damage and its long-time consequences of sec-
ondary brain damage. Therefore, further in-depth quantitative
and neuroimmunological studies are needed to better under-
stand the precise pathways and cells involved in the neuropro-
tective, neurodegenerative, and neurotoxic mechanisms in
closed head acute TBI. Our future studies will focus on the
quantification of tight junction proteins and novel therapeutic
options for TBI.
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