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ABSTRACT
Blood-brain barrier breakdown and associated vascular hyperpermeability leads to vasogenic edema in traumatic brain injury
(TBI). Tight junctions maintain blood-brain barrier integrity; their disruption in TBI holds significant promise for diagnosis and
treatment. A controlled cortical impactor was used for TBI in mouse studies. Blood was collected 1 h after injury and sent for
antibody microarray analysis. Twenty human subjects with radiographic evidence of TBI were enrolled and blood collected within
48 h of admission. Control subjects were individuals with nontrauma diagnoses. The subjects were matched by age and gender.
Enzyme-linked immunosorbent assays were performed on each TBI and control sample for tight junction–associated proteins
(TJPs), inflammatory markers, and S100b. Plasma was used to conduct in vitro monolayer permeability studies with human brain
endothelial cells. S100b and the TJP occludin were significantly elevated in TBI plasma in both the murine and human studies.
Monolayer permeability studies showed increased hyperpermeability in TBI groups. Plasma from TBI subjects increases micro-
vascular hyperpermeability in vitro. TJPs in the blood may be a potential biomarker for TBI.
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T
raumatic brain injury (TBI) is a widespread and dif-
ficult-to-manage public health concern. It is esti-
mated that 10 million people suffer TBIs worldwide
each year.1–3 According to the Centers for Disease

Control and Prevention, in 2012, the lifetime cost of medical
care, lost wages, and productivity for patients with TBI was
estimated to be $76.5 billion.4 Currently we rely on physical
exam (focused neurological exam and Glasgow Coma Scale
[GCS] score) and imaging (computed tomography [CT] and
magnetic resonance imaging of the head)5,6 to diagnose and
prognosticate the severity of TBI. At this time, point-of-care
testing or laboratory tests are not available to diagnose or
help in the management of TBI.

The blood-brain barrier (BBB) is a semipermeable mem-
brane that protects the brain from toxins and microbes in
the blood and helps to maintain cerebral homeostasis. BBB
integrity is determined mainly by tight junctions (TJs)
between neighboring endothelial cells that are formed by

tight junction–associated proteins (TJPs). These proteins are
linked intracellularly to scaffold proteins such as zonula
occludens-1 (ZO-1). The indispensable role of TJs in
maintaining BBB integrity and their disruption in TBI
suggest that components of the TJ complex or its regulatory
factors hold significant promise for the diagnosis and possible
treatment of TBI.7–13

A serious consequence of brain inflammation after injury
is microvascular leakage from BBB dysregulation leading
to cerebral edema, neuronal injury, and death.14 A number
of studies have attempted to identify a biomarker of TBI in
the blood,15–17 but currently no clinically reliable biomarker
exists for the diagnosis or prognosis of TBI. We hypothesized
that BBB dysfunction and breakdown after TBI results in
the degradation of TJPs and that these proteins may be
detectable in the blood after injury. The detection of TJPs
may offer a novel method to evaluate patients with TBI and
estimate injury severity.
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METHODS
Male C57BL/6 mice (18–25 g) were purchased from

Jackson Laboratories (Bar Harbor, ME) for homogeneity of
the population. Animals were maintained at the Texas A&M
University Health Science Center College of Medicine and
Baylor Scott and White Health animal facility on a 12:12-h
dark/light cycle, with free access to food and water, but no
food at midnight prior to surgery. The room temperature
was maintained at 25� ± 2�C. Surgical and experimental pro-
cedures used in this study were conducted after approval
from the Baylor Scott and White Health/Texas A&M
University Health Science Center College of Medicine insti-
tutional animal care and use committee. The facility is
approved by the Association for Assessment and
Accreditation of Laboratory Animal Care International in
accordance with the National Institutes of Health guidelines.
The animals were anesthetized with 30% urethane in phos-
phate-buffered saline, intraperitoneal injection (2 mL/kg
body weight), and were continuously observed by an investi-
gator until the end of the study (up to 1 h following TBI).
This was not a survival study and no unexpected animal
deaths were observed.

The head of the animal was shaven and the surgical site
on the surface of the head was cleaned with an alcohol wipe.
Lubricating ointment was applied to the eyes. A midline
incision on the scalp exposed the sagittal suture, bregma, and
lambda. A circular craniectomy window, 5 mm in diameter,
was made over the right hemisphere, between the lambda
and bregma using a microdrill. The resulting bone flap was
removed. Sham animals (n ¼ 3) received only craniectomy,
while TBI injury group animals received brain injury via
controlled cortical impactor immediately following the cra-
niectomy procedure. A Benchmark Stereotaxic Impactor
(Leica Biosystems Inc., Buffalo Grove, IL) was used to pro-
duce TBI in mice. Following craniectomy, the animals were
mounted on the stereotaxic frame. An impactor probe of 4
mm diameter was used to impact the exposed part of the
brain. The depth of the injury was used to determine the
severity of the injury. Settings for mild TBI (n ¼ 4) used in
this study were 1 mm depth, 0.50 m/sec velocity, and 100
ms contact time. Moderate TBI (n ¼ 3) settings were 2 mm
depth, 0.50 m/sec velocity, and 100 msc contact time. An
hour after TBI, all animals were exsanguinated and blood
was collected by intracardiac puncture.

Collected blood samples from animals were shipped to
RayBiotech, Inc. (Norcross, GA) for antibody microarray
analysis to screen for potential biomarkers. The following
analytes were studied: ZO-1, junctional adhesion molecule-1
(JAM-1), tricellulin, occludin, vascular endothelial (VE)-cad-
herin, b-catenin, caspase-3, caspase-8, B-cell lymphoma 2
(Bcl-2)–associated X (BAX), Bcl-2–associated death pro-
moter (BAD), cytochrome C, Bcl-2 homologue-3 interact-
ing-domain death agonist (BID), Bcl-2-like protein 11
(BIM), soluble Fas protein (sFas), Matrix metalloproteinase-
9 (MMP-9), interleukin (IL)�1b, and IL-17.

We enrolled 20 subjects with TBI admitted to an
American College of Surgeons–verified, state-designated level
1 trauma center in 2016. To be included, patients had to
meet trauma activation criteria, have evidence of TBI on
radiographic imaging (CT head), and be admitted to the sur-
gical trauma intensive care unit (ICU). We excluded patients
with conditions known to adversely influence the BBB:
intoxication or substance disorder,18–20 active infection or
antibiotic use,21,22 partial- or full-thickness burns to >15%
of body surface area,23 penetrating head injury, central ner-
vous system malignancy,24 and spinal cord injury.
Information on demographic characteristics, mortality, ICU
length of stay, ICU-free days, intracranial pathology, and
injury severity score (ISS) was ascertained by chart review.
Control patients were individuals presenting to the same cen-
ter for outpatient care with nontrauma diagnoses. Controls
could not have any of the above exclusion criteria. We uti-
lized plasma from each specimen to conduct in vitro analysis
of TJ breakdown using monolayer permeability studies. The
patients were matched based on age (±3 years) and gender.
The study was approved by the Scott and White Medical
Center – Temple institutional review board.

The following enzyme-linked immunosorbent assay
(ELISA) kits were utilized: human ZO-1, human b-catenin,
claudin-5, human NLRP3, and human occluden (LifeSpan
Biosciences, Seattle, WA), human S100b (Lifeome,
Oceanside, CA), and human MMP-9 platinum and human
IL-1b platinum (eBioscience, ThermoFisher Scientific,
Waltham, MA). ELISA was performed using a sandwich-
based system with antibody-precoated 96-well plates and
treated with secondary markers to assess the presence and
concentration of the antigen. Assays were performed on each
TBI (n ¼ 20) and control sample.

Human brain microvascular endothelial cells (Cell
Systems, Kirkland, WA), ECM media (ScienCell, Carlsbad,
CA), fluorescein isothiocyanate-dextran (FITC)-dextran
(Sigma-Aldrich, St. Louis, MO), and phosphate-buffered
saline (GE Healthcare Bio-Sciences, Pittsburgh, PA) were
obtained. Phenol red-free media (Dulbecco’s modified Eagle
medium–Fluorobrite) was obtained from Life Technologies
(Grand Island, NY). Human brain microvascular endothelial
cells were grown on fibronectin-coated Transwell inserts as
monolayers for 72 h. Monolayers were initially exposed to
phenol red-free Dulbecco’s modified Eagle medium for 1 h.
The control group was then exposed to normal human
plasma (n ¼ 12) for 2 h at specific dilutions in phenol-free
media (1:2 dilution). Dilution decreases the chance of con-
founding factors from other proteins naturally circulating in
plasma that could increase permeability.25 The TBI experi-
mental group was then exposed to human TBI plasma (n ¼
12) for 2 h at a 1:2 dilution. At the end of the treatment,
FITC-labeled dextran-10 kDa (5 mg/mL; 30 min) was
applied to the luminal (upper) compartment. One hundred
microliters of sample was collected from the abluminal
(lower) compartment after 30 min and measured
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fluorometrically at 485/520 nm (excitation/emission) using a
Fluoroskan Ascent FL Microplate Fluorometer and
Luminometer. This fluorescence quantitates FITC-dextran flux
across the monolayer as a marker of permeability. The mean
fluorescence in the two study groups was then compared.

In the animal studies, analysis of variance was utilized for
statistical comparison between groups, and statistical differ-
ences were then compared with post hoc analysis. In the
human studies, data are expressed as the mean ± percentage
standard error of the mean for the monolayer permeability
and mean concentration in ng/mL for the ELISA data.
Statistical difference between the groups was determined
with Student’s t test using GraphPad Prism 6. Correlation
analysis was performed with regard to patient outcomes.

RESULTS
Mean occludin signal was 0 relative fluorescence units

(RFU) for sham animals, 1164.01 RFU for mild TBI ani-
mals, and 1151.94 RFU for moderate TBI animals (P ¼
0.01, analysis of variance). Post hoc analysis revealed a sig-
nificant difference between sham animals and mild TBI (P
¼ 0.01); the difference between sham animals and moderate
TBI approached significance (P ¼ 0.06). There was no dif-
ference in occludin signal between mild and moderate TBI
animals. Figure 1a shows the antibody array for each animal,
and Figure 1b shows a graphical representation of the occlu-
din signal in each group. There was no significant difference
between sham, mild TBI, and moderate TBI groups in the
following biomarkers: ZO-1, JAM-1, tricellulin, VE-cad-
herin, b-catenin, caspase-3, caspase-8, BAX, BAD, cyto-
chrome C, BID, BIM, sFas, MMP-9, IL-1b, and IL-17.

Twenty human subjects were enrolled out of 31 subjects
screened in a 2-month period (Figure 2). TBI subjects were
mostly female (55%) with a median age of 63.5

(interquartile range [IQR], 49.5, 76) and an overall 25%
mortality. Most subjects had isolated head injuries (85%).
Median ISS was 22.5 (IQR 14.25, 34.5). Six subjects (30%)
had a subarachnoid hemorrhage, six subjects (30%) had a
subdural hematoma, and two (10%) had an epidural hema-
toma. Six subjects (30%) had a combination of subarachnoid
hemorrhage, subdural hematoma, epidural hematoma, and
intraparenchymal hemorrhage. Median GCS on presentation
was 15 (IQR 8.75, 15), with 55% of subjects having no defi-
cits upon presentation; 13 subjects (65%) had mild TBI
with a GCS of 13 to 15, two subjects (10%) had moderate
TBI with a GCS of 9 to 12, and five subjects (25%) had
severe TBI with a GCS <8. Median hospital length of stay
was 5 days (IQR 1, 10.5), median ICU length of stay was
2.5 days (IQR 1, 4.75), and median ICU-free days was 1
(IQR 0, 2.25).

ELISAs were performed on each blood sample (n ¼ 20)
in duplicate. All protein concentrations were converted to
ng/mL. S100b and occludin levels were significantly elevated
in the TBI plasma (Figure 3; P < 0.05). The average S100b
level in those with TBI was 0.68 ng/mL vs 0.19 ng/mL in
control subjects. The average occludin level in those with
TBI was 20.6 ng/mL vs 17.7 ng/mL in controls. There was
an increase in MMP-9 and NLRP3 in TBI subjects that did
not reach statistical significance. There was no difference in
IL-1b, b-catenin, claudin-5, or ZO-1 levels between TBI
and control subjects.

The six subjects with isolated subarachnoid hemorrhage
were compared to the eight with no component of subarach-
noid hemorrhage on CT scan. Those with subarachnoid
hemorrhage had a significantly higher S100b level and a sig-
nificantly lower occludin level. In the subjects with isolated
subdural hematoma (n ¼ 6), there was a statistically signifi-
cant increase in occludin level compared to those without
subdural hematoma (Figure 4).

Figure 1. (a) Microarray plots from mouse blood samples. Arrows indicate occludin signal. (b) Relative fluorescent units measured in the occludin
antibody microarray.

201Blood-brain barrier hyperpermeability and potential biomarkers of TBIApril 2020



Through chart review, we calculated the TBI group’s ISS
and plotted ISS vs S100b or occludin levels. We found no
correlation in the level of our positive markers with ISS. For
S100b, there was a Pearson r value of �0.339, P value of
0.14, and R2 of 0.115. In occludin, there was a Pearson r
value of �0.174, P value of 0.46, and R2 of 0.036.

The S100b and occludin levels were compared between
the 25% of subjects who died following their injuries and
those who lived. In subjects who died, the mean S100b was
0.71 ng/mL vs 0.68 ng/mL in those who survived; occludin
concentrations were 17.61 ng/mL in subjects who died vs
14.61 ng/mL in those who survived (P ¼ NS).

Control subject plasma was compared to that of TBI sub-
jects. Samples were tested in pentaplicate and then the study
was repeated. As mentioned, samples were diluted to 1:2.
Following exposure of the monolayers to subject plasma (n
¼ 12), the mean fluorescence intensity of each sample was
measured. Control samples were considered to be 100% and
the fluorescence intensity of the TBI group was compared to
the control (Figure 5). TBI plasma alone induced hyperper-
meability in human brain endothelial cells after con-
tact exposure.

DISCUSSION
Our goal was to better understand the pathophysiology

of the BBB in TBI and develop novel diagnostics for the

early detection and treatment of TBIs. We were successful in
identifying two novel biomarkers found in the circulating
bloodstream of TBI patients, S100b and the TJP occludin.
In addition, we discovered that these biomarkers were ele-
vated differently based on the underlying pathophysiology of
the TBI, specifically subarachnoid hemorrhage vs subdural
hematoma. In the process of our work, we demonstrated an
in vitro model of induced hyperpermeability in human BBB
endothelial cells using plasma from TBI subjects. This had
not been previously demonstrated with samples from human
subjects. This work potentially sets the foundation for fur-
ther understanding of TBI, its pathology, new avenues for
therapy, and biomarker development.

S100b is an intracellular protein found mostly in astro-
cytes and has been found to be elevated in TBI.15–17 We
found that it was even more elevated with subarachnoid
hemorrhage than with other traumatic intracranial patholo-
gies. It may be that injuries leading to subarachnoid hemor-
rhage are more strongly associated with direct cellular
damage in TBI. The TJP occludin was found to be elevated
in TBI subjects when compared to control subjects, and this
was reinforced in our animal studies. Occludin levels were
even higher in those with subdural hematoma compared
with subarachnoid hemorrhage. Damage to the intracranial
bridging veins may lead to endothelial displacement of the
TJP occludin.26 These findings could help in diagnosing and

Figure 2. Flowchart for screening and enrollment of study subjects.

Figure 3. ELISA of plasma samples from control and TBI patients targeting
potential TBI biomarkers. ELISAs were performed on each blood sample
(n¼ 20 in each group) in duplicate. �P< 0.05.

Figure 4. Association of S100b and occludin with intracranial pathology: (a)
subarachnoid hemorrhage (SAH) and (b) subdural hematoma (SDH). Black
bars represent those with SAH (n¼ 6) or SDH (n¼ 6) and gray bars repre-
sent those without (n¼ 8). �P< 0.05.
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differentiating types of traumatic intracranial hematomas in
areas without CT imaging capabilities. Although we did not
find an association between these markers and length of stay
or mortality, they may have utility in obtaining more infor-
mation regarding the mechanisms of BBB breakdown in
humans after TBI. In addition, this was a short-term study
looking at the protein levels upon admission to the ICU, so
long-term studies will be needed to assess if these levels can
be trended and used diagnostically or prognostically.

In TBI, the primary injury process consists of the rapid
acceleration-deceleration producing shear forces and impact
with the cranial wall; this can be mitigated only through pre-
vention and improved safety technology. Secondary injury in
TBI is frequently mediated by reactive oxygen species pro-
duced from ischemia-reperfusion injury, glutamatergic exci-
totoxicity, or neuroinflammation.27,28 IL1-b, IL-6, IL18,
and tumor necrosis factor-a are involved in the inflammatory
cascade after TBI that leads to proteolytic enzyme activation,
which in turn breaks down TJPs.12,29,30 IL1-b was not sig-
nificantly elevated in this study, and other interleukins will
be the target of future studies. As these cytokines are active
in the hours, days, and weeks following injury, trending
these markers may serve as a better target for prognosis.

MMPs, caspase-3, the NLRP3 inflammasome, and cal-
pains are increased in the brain following TBI in vitro and in
animal models,7–9,31 and their activation leads to damage of
TJPs and the BBB. The inhibition of these proteins in cellu-
lar and animal models has led to decreased microvascular
hyperpermeability.7,8 Our study showed an increase in
MMP-9 and NLRP3, though these did not reach statistical
significance possibly due to the small sample size or the tim-
ing of measurement. Occludin and S100b are elevated early
with injury (within the first 48 h), but the inflammatory
phase of secondary injury occurs in the days and weeks

following injury. Thus, inflammatory markers of TBI may
not be elevated until 72 or 96 h after injury. We hope to
build on these results by enrolling additional patients with a
range of injury severity; acquiring blood samples closer to the
time of injury; and then collecting samples 6, 12, 24, 48, 72,
and 96 h after injury to capture the temporal nature of these
inflammatory and TJP markers.

In our study, TBI plasma alone induced hyperpermeabil-
ity in human brain endothelial cells. No study of its kind to
date has assessed the hyperpermeability that occurs in TBI
using plasma from TBI subjects as an inducing agent in an
in vitro setting; the only area in which similar findings have
been observed in the literature is in subjects undergoing car-
diopulmonary bypass.32 This novel finding in TBI subjects
can help provide a safe platform for preclinical trials. The
hope is that this method, which uses human cells and human
blood samples, can serve as an adjunct to testing in small ani-
mal models of TBI.

There are recognized limitations in this study. The sam-
ple size was small, both in the human study (n ¼ 20 in each
group) and in the animal study (n ¼ 3 to 4 in each group).
There were restrictions on the timing and quantity of plasma
obtained from each subject due to our reliance on clinically
directed bedside lab draws. Regarding our in vitro experi-
ments, the monolayer technique does not possess all compo-
nents of the BBB. Although the endothelium is the most
important component of the BBB, the astrocytes, podocytes,
and neurons also participate in the barrier function of the
BBB.26,33 This study, however, shows some promising novel
targets for study.

In conclusion, we found that TBI plasma alone can
induce hyperpermeability in the endothelial cells that make
up the BBB. S100b and the TJP occludin were significantly
elevated in the blood of human and murine subjects with
TBI and could be used as biomarkers for TBI. S100b and
occludin levels can differentiate subarachnoid hemorrhage
from subdural hematoma and may be useful in a situation in
which CT imaging is not available.
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