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Abstract

Blood Brain Barrier (BBB) breakdown is a secondary form of brain injury which has yet to be
fully elucidated mechanistically. Existing research suggests that breakdown of tight junction
proteins between endothelial cells is a primary driver of increased BBB permeability follow-
ing injury, and intercellular signaling between primary cells of the neurovascular unit: endo-
thelial cells, astrocytes, and pericytes; contribute to tight junction restoration. To expound
upon this body of research, we analyzed the effects of severely injured patient plasma on
each of the cell types in monoculture and together in a triculture model for the transcriptional
and translational expression of the tight junction proteins Claudins 3 and 5, (CLDNS3,
CLDNS5) and Zona Occludens 1 (ZO-1). Conditioned media transfer studies were performed
to illuminate the cell type responsible for differential tight junction expression. Our data show
that incubation with 5% human ex vivo severely injured patient plasma is sufficient to pro-
duce a differential response in endothelial cell tight junction mRNA and protein expression.
Endothelial cells in monoculture produced a significant increase of CLDN3 and CLDN5
mRNA expression, (3.98 and 3.51 fold increase vs. control respectively, p<0.01) and
CLDNS5 protein expression, (2.58 fold change vs. control, p<0.01), whereas in triculture, this
increase was attenuated. Our triculture model and conditioned media experiments suggest
that conditioned media from astrocytes and pericytes and a triculture of astrocytes, pericytes
and endothelial cells are sufficient in attenuating the transcriptional increases of tight junc-
tion proteins CLDN3 and CLDN5 observed in endothelial monocultures following incubation
with severely injured trauma plasma. This data suggests that inhibitory molecular signals
from astrocytes and pericytes contributes to prolonged BBB breakdown following injury via
tight junction transcriptional and translational downregulation of CLDNS.

Introduction

Traumatic Brain Injury (TBI) is one of the leading causes of mortality worldwide, with mortal-
ity rates as high as 30% and significant morbidity in survivors [1,2]. Following trauma, treating
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primary brain injury and mitigating secondary brain injury is the primary focus. Separate
from direct TBI, non-brain injured trauma patients also display brain injury like symptomatol-
ogy. In both cases, (direct TBI and indirect TBI) microvascular injury and neuroinflammation
are thought to drive this pathology and have become a target for research and therapeutics [3-
5]. A key component of this microvascular inflammatory injury is breakdown of the Blood
Brain Barrier (BBB) which is associated with morbidity and mortality following TBI [4], and
observationally following severe non-TBI traumatic injury. Central to targeted therapeutic
treatment for BBB dysfunction is understanding the pathology underlying cellular responses
to traumatic injury. In this we look to address brain pathology in non-TBI injured patients, by
examining BBB function after non-TBI trauma.

The Blood Brain Barrier regulates transcytotic movement of molecules between the vascula-
ture and neuronal space. The BBB is composed of the neurovascular unit, comprising three
main cell types—endothelial cells, astrocytes, and pericytes. These cell types participate in the
formation of a physical barrier composed of tight junction proteins Claudin 3 (CLDN3), Clau-
din 5 (CLDNS5), Occludin, Junctional Adhesion Molecules (JAM1, JAM2, JAM3), and the
anchor proteins Zona Occludens 1, 2, and 3, (ZO-1, ZO-2, ZO-3) expressed and localized
within and between the endothelial cells [5]. This physical barrier is the principle homeostatic
regulator between the CNS and peripheral vasculature [6] and performs the essential functions
of facilitating the transfer of nutrients, regulating ion stasis, and blocking noxious molecules
from flowing into the neuronal extracellular space [5]. BBB dysfunction results in adverse
patient outcomes linked to transcytotic leakage of fluids, proteins, and other molecules, lead-
ing to intraneuronal toxicity and homeostatic imbalance [7-9].

Central to BBB integrity is the maintenance of tight junction proteins which can be
degraded through protease activity following TBI [10]. BBB degradation and subsequent leak
of inflammatory soluble factors into intraneuronal space has been demonstrated to occur as
soon as 30 minutes post-injury, with maximal leakage occurring in a biphasic manner starting
as early as 4 hours post-injury, and continued permeability up to 30 days post-injury [11-13].
Based on these findings [6,14-18] we focused on the expression of three tight junction proteins
essential to BBB permeability maintenance, CLDN3, CLDN5 and ZO-1.

To elucidate this mechanism in the context of trauma, we incubated cells in monoculture
and in triculture with severely injured patient plasma and performed conditioned media
exchange studies to probe the contribution of each cell type to tight junction expression. We
hypothesized that plasma from non-TBI traumatically injured patients leads to a loss of junc-
tional integrity between endothelial cells via transcriptional down regulation of the major gap
junction proteins Claudins 3, 5 and ZO-1.

Methods
Patient plasma

Normal pooled plasma (George King Bio-medical) phenotypes were verified by the manufac-
turer and used as our healthy plasma negative control. Experimental plasma was collected
from severely injured trauma patients upon arrival to the emergency department at a Level 1
trauma center. Plasma samples were collected, and patient demographics described in accor-
dance with a sampling protocol approved by the Colorado Multiple Institutional Review
Board (COMIRB#13-3087); all subjects were informed, and collection performed under
waiver of consent. (Tables 1 and 2) [19] Patient demographics were collected, and injury sever-
ity score and base deficit was assessed [20-22]. To address limited ex vivo plasma volumes,
two separate groups of pooled trauma plasma were created by combining individual patient
samples. The severely injured patient plasma was pooled based upon the patient’s injury
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Table 1. Trauma plasma pool for transcription experiments described in Figs 1 and 2.

Trauma Plasma Pool Age 1SS BD Blunt/Penetrating
1 62 38 -9.7 | Blunt
1 40 25 -12.7 | Blunt
1 43 25 -24.7 | Blunt
1 35 34 -11 | Blunt
1 62 24 -8.3 | Blunt
1 23 41 -7 | Blunt
1 24 66 -10 | Penetrating
1 38 25 -9.3 | Blunt
1 38 43 -7 | Penetrating
1 23 42 -6.3 | Penetrating
1 36 17 -10 | Penetrating
1 41 19 -7 | Penetrating
1 50 16 -10 | Blunt
1 38 29 -13 | Blunt
1 26 25 -10 | Penetrating
1 37 26 -13.6 | Penetrating
1 34 42 -25 | Blunt
1 24 33 -12.4 | Penetrating
1 19 25 -10.3 | Blunt
1 55 29 -13 | Blunt
Median 37.5 27.5 -10.0

Table 1- Pooled plasma samples from severely injured patients used for transcription experiments in Figs 1 and 2.

Samples were comprised of equivalent volumes from each patient pooled together, 500 pL from each patient. Both

individual patients and final pooled plasma were selected with the cutoff criteria of ISS<15, BD<-6.

https://doi.org/10.1371/journal.pone.0270817.t001

severity score (ISS), and base deficit (BD). ISS is used to determine the extent of injury severity,
and BD is used to determine tissue hypoperfusion [20-22]. Severe injury is any sample from a

patient with an ISS>15 and BD<-6.

Table 2. Trauma plasma pool used for ELISA.

Trauma Plasma Pool Age ISS BD Blunt/Penetrating
2 33 34 -6 | Blunt
2 44 22 -13 | Blunt
2 28 29 -17 | Blunt
2 24 59 -13 | Blunt
2 31 16 -11 | Blunt
2 27 30 -19.3 | Penetrating
2 57 75 -27.5 | Penetrating
2 54 25 -24.5 | Blunt
2 43 25 -24.7 | Penetrating
2 36 41 -27.6 | Penetrating
Median 34.5 29.50 -18.2

Table 2- Pooled plasma samples from severely injured patients used for translation experiments in Figs 3 and 4.

Samples were comprised of equivalent volumes from each patient pooled together, 500 pL from each patient. Both

individual patients and final pooled plasma were selected with the cutoff criteria of ISS<15, BD<-6.

https://doi.org/10.1371/journal.pone.0270817.t1002
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Cell culture

Immortalized Human Cerebral Microvascular Endothelial cells (hCMEC/D3) and complete
cell growth media (EndoGRO-MYV) were obtained from EMD Millipore and cultured as
described by the manufacturer. Primary human astrocytes with complete astrocyte media and
primary human brain vascular pericytes with complete pericyte growth media were purchased
from Science Cell and cultured in astrocyte and pericyte specific media respectively, as
described by the manufacturer. Purity and phenotype of each cell type were verified by manu-
facturer with certificate of analysis provided upon delivery. HCMEC/D3 cells cultured with
less than 12 passages from passage indicated by manufacturer were used for all experiments.
Human astrocytes and pericytes cultured with less than 8 passages from passage indicated by
manufacturer were used for all experiments.

Triculture Model on Insert: The triculture model was an adaptation of previously published
protocols from Hatherell et. al. 2011 and Stone et. al. 2019 [23,24]. In brief, transwell 12 well
cell inserts with a 0.4 um 0.9 cm® PET membrane (Falcon) were coated for one hour with a
50-50 mixture of 1% rat-tail Collagen Type IT and 1% Poly-L-Lysine on the basal surface. The
coating was left applied for an hour before being removed by vacuum pipette. To distinguish
between the apical and basal (top and bottom) surface of the cell insert membrane, we denoted
them as follows. The membrane facing up inside the well of the insert is denoted as apical. The
membrane facing down on the outside of the insert exposed to the culture well plate is denoted
as basal.

For monocultures, endothelial cells were plated on the apical membrane at a concentration
of 300k cells; The Pericytes and Astrocytes were plated on the basal membrane at a concentra-
tion of 300k and 100k respectively. Astrocytes and pericytes plated on the basal side were sup-
plemented with additional media to a volume total 300pL. For the triculture, the basal side was
plated first, with pericytes added first and given 30min to adhere, followed by the addition of
astrocytes and another 30 min incubation to allow for adherence of the cells to the membrane.
Following the one-hour incubation, the cell inserts were inverted and placed into a 12 well cell
culture plate. For the triculture, following the inversion into the 12 well culture plate, 300K
endothelial cells were plated on the apical surface. The apical surface was supplemented with 1
mL growth media and the basal surface with 3 mL of growth media and incubated for 48
hours in a humidified chamber at 37 C with 5% CO..

After the incubation period of 48 hours, media was removed from the culture wells and
fresh media supplemented with 5% severely patient plasma or healthy plasma was added to the
apical side of the insert and incubated for 4 or 6 hours. Cells sub-cultured for each experiment
were supplemented with media according to manufacturer protocol. Following seeding of cells
on inserts for each experiment and in order to avoid alterations in results due to differences in
media type, all experimental cell cultures were supplemented with a 1:1:1 mixture of endothe-
lial, astrocyte, and pericyte media. The severely injured patient plasma for each experimental
replicate was composed of pooled patient plasma from patients with non-TBI traumatic inju-
ries ISS> 15 and BD<-6.

Conditioned Media (CM) Model: Endothelial, astrocyte, and pericyte monocultures, and
tricultures were incubated with or without 5% severely injured patient plasma for 1 hour to
produce cell type specific conditioned media. Conditioned media in the presence and absence
of trauma plasma respectively (CM+TP; CM-TP) from each cell type was harvested. In order
to interrogate the effect of other cell types on endothelial cells that have been exposed to
severely injured patient plasma; Endothelial monocultures were supplemented with severely
injured patient plasma to 5% working concentration followed immediately by supplementa-
tion of cell type specific conditioned media (CM+TP; CM-TP) to 10% CM working
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concentration. Naive control endothelial cells were allowed to grow in their normal growth
media throughout the experiment in absence of conditioned media and plasma.

RNA extraction and cDNA synthesis

RNA extraction was performed using a Qiagen RNeasy extraction kit. RNA samples were con-
centrated using a speed vac, 40 C for 60 minutes, and quantified spectrophotometrically for
cDNA synthesis using a Biotek Synergy H1 microplate reader. 1.5 pg total RNA was used for
each cDNA synthesis reaction with QuantaBios qScript cDNA supermix using an adapted
form of QuantaBios protocol. 60uL reactions were performed using the following protocol run
on a Bio-Rad thermal cycler: 5 minutes at 25 C, 30 min at 42 C, 5 min at 85 C, cool down and
hold at 4 C.

qPCR

qPCR protocols were adapted and optimized from recommended Quantstudios protocols. All
RT-qPCR was performed on a QuantStudio 3 Real-Time PCR System (Applied Biosystems).
All primer probe pairs were purchased from Applied Biosystems- GAPDH (Hs99999905_m1,
Assay Location 229), CLDN3 (Hs00265816_s1, Assay Location 807), CLDN5 (Hs00533949_s1,
Assay Location 1713), and ZO-1 (Hs01551861_m1, Assay Location 1762) for TagMan based
qPCR. The master mix used was comprised of 10uL of TaqgMan fast advanced master mix
(Applied Biosystems), 1uL of combined primer probes, and 3uL of RNAse free water per reac-
tion. 6ul cDNA mix from cDNA synthesis was added to each well containing 14uL of master
mix. The 20uL reactions were run on a 96 well plate in a Quantstudios 3 RT-PCR system with
the following protocol: 2 minutes at 50 C, 10 minutes at 95 C, 20 seconds at 95 C and 1 minute
at 60 C for 40 cycles. Ct values of the gene of interest were normalized to endogenous GAPDH
control. Fold changes were produced from normalized Ct values compared to normalized
experimental controls

Whole cell lysate processing

Following the removal of the media, each cell insert was washed with 1X PBS. Cells were then
trypsinized with 0.25% Trypsin EDTA for 10 mins. The cell pellet was collected by centrifuga-
tion at 100 g for 5 mins. Pellets were washed in 1X PBS three times and suspended in 50 uL 1X
PBS. The whole cell lysate (WCL) was prepared as follows. The suspended pellets were placed
in a Diagenode Biorupter for 7.5 minutes with sustained pulse intervals, 30 second on, 30 sec-
ond off. The Lysate was then spun down at 10,000 rpm for 5 minutes. The supernatant was col-
lected, and the pellet discarded. Protein concentrations in cell lysates were measured using
Bradford assay. A standard curve was created by diluting 2mg/mL of BSA to 50, 25, 20, 10, 5,
and 2.5 ug/mL in nanopure water. Samples were diluted 1:150; 150uL of the standards and
diluted sample were added to a flat bottom 96 well plate in duplicate along with 150uL of Coo-
massie plus protein reagent and incubated at room temperature for 10 min. Optical Density
was measured at 595 nm using a Biotek Synergy H1 microplate reader. Protein concentration
was determined using a 4 parametric nonlinear regression standard curve.

ELISA

Quantification of CLDN3 and CLDNG5 in whole cell lysates were performed using a sandwich
ELISA kit in accordance with the manufacturer’s protocol. (Antibodies Online Sandwich
ELISA Assay Kits for CLDN3, ABIN6954828, and CLDN5, ABIN6962352) 4ug of WCL per
sample was prepared and diluted in 200uL of PBS and added to the ELISA wells per
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manufacturer’s protocol. Optical Density was measured using a Biotek Synergy H1 microplate
reader at 450 nm. A 4-parametric nonlinear regression standard curve was used to determine
protein concentration. The fold change was normalized against control samples.

Data analysis

GraphPad Prism 9 and Microsoft Excel 2016 were used for statistical analysis. qRT-PCR gene
expression analysis was calculated using the 2**“* method (delta-delta Ct method). Control

2784C alculations. All data

values were set to a value of 1 compared to sample values following
was represented as fold change over control. Statistical analysis was performed with GraphPad
Prism 9 software using a two-way ANOVA test with Tukey’s multiple comparison post-hoc
analysis. Experimental samples for non-conditioned media runs were compared against their
own naive controls. Experimental samples for conditioned media experiments were compared
to both their naive control and to each condition type respectively (CM+TP; CM-TP). P values

of less than 0.05 were considered statistically significant.

Results

Severely injured patient plasma induces differential transcription
expression of CLDN3 and CLDN5

We initially examined transcriptional responses of junctional proteins in the BBB in response
to ex vivo trauma plasma. The pooled plasma used in the transcription studies had a mean ISS
of 31.2 and BD of -11.5. Taqman based quantitative RT-PCR was used to determine the tran-
scriptional expression of CLDN3, CLDNS5, and ZO-1. Endothelial, astrocyte, and pericyte
monocultures, and the triculture showed no significant change in mRNA transcriptional
expression of CLDN3, CLDNS5, or ZO-1 following incubation with healthy plasma (Fig 1A-
1C) Endothelial monocultures, had significant increases in transcriptional expression of tight
junction protein CLDN3 (3.98 fold increase vs. control, p<0.001) and CLDNS5 (3.6 fold
increase vs. control, p<0.001) (Fig 1A and 1B) following a four hour incubation with trauma
plasma from severely injured patients. This fold increase vs. control in expression of CLDN3
was not observed in astrocyte monoculture, pericyte monoculture, or the triculture. (Fig 1A)
Similarly, CLDNG5 transcriptional response also did not change vs. control values in astrocyte
monoculture, pericyte monoculture, or the triculture. (Fig 1B) ZO-1 expression did not show
any significant change vs. control for cells grown in monoculture or in the triculture model.
(Fig 1C) To further expound upon these findings, a conditioned media experiment was per-
formed to delineate the specific cell types contributing to the downregulation of the tight junc-
tion proteins in the triculture vs. the endothelial monoculture.

Addition of astrocyte, pericyte, or triculture conditioned media suppress
endothelial monoculture transcriptional upregulation of CLDN3 and
CLDN5

A conditioned media exchange study was performed in order to delineate the specific cell
types of the neuro vascular unit contributing to transcriptional downregulation of CLDN3 and
CLDNS5 observed in the triculture model and whether that contribution is due to the release of
soluble factors from those cells. (Fig 1A and 1B). The conditioned media exchange studies
comprised of the following experimental group. Endothelial monocultures were incubated
with conditioned media from a) endothelial monoculture (ECM+), b) astrocytes monoculture
(ACM+), c) pericyte monoculture (PCM+) or d) Triculture (TCM+) in the presence or
absence severely injured patient plasma. (CM+TP; CM-TP). The transcriptional
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CLDN3 mRNA Expression in Cell Cultures Incubated for 4 Hours in
Severely Injured Patient Plasma or Healthy Plasma
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Fig 1. CLDN5, CLDN3, and ZO-1 mRNA expression following a 4 hour incubation with a working concentration
of 5% plasma from healthy patients (HP) or 5% Trauma Plasma from severely injured patients (TP). (A) CLDN3
mRNA expression: The Endothelial monoculture incubated with TP showed a 3.98-fold increase vs. control, p<0.001,
n = 6; Astrocyte monocultures, Pericyte monocultures, and the triculture did not show any significant change vs.
control. All cell cultures incubated with HP showed no significant change vs. control. (B) CLDN5 mRNA expression:
Endothelial monoculture showed a 3.51-fold increase vs. control, p<0.001, n = 6; Astrocyte monocultures, Pericyte
monocultures, and the triculture did not show any significant fold change vs. control. All cell cultures incubated with
HP showed no significant change vs. control. (C) ZO-1 mRNA expression: ZO-1 mRNA expression did not change
significantly vs. control for either the monoculture or tricultures, n = 5. All cell cultures incubated with HP showed no
significant change vs. control. Six experimental replicates were performed n = 6. ** Denotes p<0.01 *** Denotes
p<0.001.

https://doi.org/10.1371/journal.pone.0270817.9001

downregulation of CLDN3 and CLDNS5 seen in the triculture model was also observed in
endothelial monocultures following transfer of astrocyte and pericyte conditioned media. The
endothelial monoculture which received ECM+/CM+TP; showed increased expression of
CLDN3 (4.91-fold increase vs. control, p<0.01) and CLDN5 (2.94-fold increase vs. control,
Pp<0.0001) (Fig 2A and 2B). Endothelial monocultures receiving CM-TP: ECM+, ACM+,
PCM+, or TCM+ did not show any significant increase in mRNA expression for CLDN3 or
CLDNGS. (Fig 2A and 2B) Similarly, endothelial monocultures receiving CM+TP: ACM+,
PCM+, or TCM+ did not show any significant increase in mRNA expression for CLDN3 and
CLDNS5. (Fig 2A and 2B) Endothelial monocultures that received either CM+TP or CM-TP:
ACM+, PCM+ or TCM+ did not show any significant change in the expression of ZO-1 when
compared to controls (Fig 2C).

Severely injured patient plasma induces differential protein expression of
CLDN5

In order to determine if the changes in the transcriptional response of the tight junction pro-
teins CLDN3 and CLDNS5 in the endothelial monoculture and triculture were also reflected in
protein translation, sandwich ELISAs were performed. The pooled plasma used in the transla-
tion studies had a mean ISS of 35.6 and BD of -18.36. The protein expression of CLDN3 and
CLDNG5 were assayed in whole cell lysate. The Endothelial monocultures show a significant
increase in CLDNG5 protein expression following both a 4 hour incubation (5.12 fold increase
vs. control, p<0.001) and 6 hour incubation (2.58 fold change vs. control, p<0.01) with 5%
severely injured patient plasma. (Fig 3B) We observed no significant fold changes occurred for
CLDNS5 protein expression in the Triculture, nor were there any significant fold changes in
CLDN3 protein expression for either the endothelial monoculture or triculture (Fig 3A and
3B).

Addition of astrocyte or pericyte conditioned media suppress endothelial
monoculture protein upregulation of CLDN5

The translation of CLDN3 and CLDNS5 proteins from the mRNA transcripts from endothelial
monocultures following conditioned media exchange was assessed from whole cell lysate. The
conditioned media exchange studies had the same experimental setup as the previous media
exchange experiment (Fig 2) We observed no significant difference between the condition
types or time points for any tested sample for CLDN3 protein expression. (Fig 4A) Endothelial
monocultures receiving 6 hour ECM+/CM+TP presented with a significant increase in
CLDNG5 protein expression compared to endothelial monocultures receiving 6Hr ACM+/CM
+TP (4.67 vs 3.03-fold change vs. control respectively, p<0.01) and 6Hr PCM+/CM+TP (4.67
vs. 3.26-fold change vs. control respectively, p< 0.05). (Fig 4B) Endothelial monocultures
receiving 6Hr TCM+/CM+TP presented with a significant increase in CLDN5 protein
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Fig 2. CLDN3, CLDN5, and ZO-1 mRNA expression in endothelial cell monocultures following a 4 hour
incubation with cell type specific conditioned media. Endothelial Monoculture Conditioned Media, (ECM+),
Astrocyte Monoculture Conditioned Media, (ACM+), Pericyte Monoculture Conditioned Media, (PCM+), and
Triculture Conditioned Media, (TCM+), were prepared by either a 1-hour incubation with 5% severely injured patient
plasma (CM+TP) or left as is with no plasma addition (CM-TP). All conditioned media was added to endothelial cell
monocultures activated with severely injured patient plasma to a working concentration of 5%. Final working
concentration of severely injured patient plasma and conditioned media in endothelial monocultures receiving
conditioned media was 5% and 10% respectively. Each condition was compared to an endothelial cell monoculture
naive control (CM+TP—and CM-TP -). CM+TP wells were compared against one another to determine the
differential effect each cell type’s conditioned media had. (A) CLDN3 mRNA expression: The endothelial monoculture
receiving ECM+/CM+TP showed a 4.96-fold change increase vs. control, p<0.01, n = 2; ECM+/CM+TP produced a
significant fold change increase in CLDN3 mRNA expression compared to ACM+/ CM+TP, (p<0.01), PCM+/CM
+TP, (p<0.01), and TCM+/CM+TP, (p<0.01). Endothelial monocultures receiving ACM+, PCM+, or TCM+ did not
show significant fold change vs. control for either CM-TP or CM+TP. Additionally, endothelial monocultures
receiving ECM+/CM-TP showed no significant change in transcription. (B) CLDN5 mRNA expression: The
Endothelial monoculture ECM+/CM+TP showed a 2.94-fold change increase vs. control, p<0.0001, n = 2; ECM+/CM
+TP produced a significant fold change increase in CLDN5 mRNA expression compared to ACM+/CM+TP,
(p<0.0001), PCM+/CM+TP, (p<0.0001), and TCM+/CM+TP (p<0.0001). Endothelial monocultures receiving ACM
+, PCM+, or TCM+ did not show significant fold change vs. control for either CM+TP or CM-TP. Endothelial
monocultures receiving ECM+/CM-TP showed no significant change in transcription. (C) ZO-1 mRNA expression:
Endothelial monocultures receiving ACM+, ECM+, PCM+, or TCM+ did not show significant fold change vs. control
for either CM+TP or CM-TP. Two experimental replicates of the conditioned media experiment were performed,

n =2."" Denotes p<0.01. **** Denotes p<0.0001.

https://doi.org/10.1371/journal.pone.0270817.9002

expression compared to endothelial monocultures receiving 6Hr ACM+/CM+TP (5.48 vs
3.03-fold change vs. control respectively, p<0.001) and 6Hr PCM+/CM+TP (5.48 vs. 3.26-fold
change vs. control respectively, p<0.001). (Fig 4B) We observed no significant difference
between the condition types or time points for any other tested sample (Fig 4B).

Discussion

Tight junction proteins are central to the maintenance of BBB integrity and increases in BBB
permeability have a significant impact on patient outcomes [4,6]. BBB dysfunction has had lit-
tle inquiry in the context of non-TBI critically injured patients despite their presentation of
clinical sequela of brain injury. We demonstrate here that ex vivo plasma from severely injured
non-TBI patients causes BBB breakdown accompanied by transcriptional and translational
responses of central tight junction proteins of the neurovascular unit required to maintain
high resistance across the BBB. Our data shows that the causes of non-TBI injured patient’s
presentation of BBB dysfunction center on the expression, or lack thereof, of tight junction
proteins key to BBB permeability.

CLDN3, CLDNG5, and ZO-1 are central to regulation of BBB permeability [16,17,25-29],
and are essential in maintaining barrier integrity [7-9]. Loss of expression of these tight junc-
tion proteins compromises barrier integrity by increasing transcellular permeability across the
vasculature. Claudin 5 is implicated as a singular driver in multiple disease states including
some neuroinflammation states [17] and plays major roles in disease states from carcinomas
to schizophrenia and other endothelial barrier dysfunctions [25-27,30]. Following traumatic
injuries, an overall downregulation and dysfunction of CLDNS5 is observed, coupled directly
with BBB permeability dysfunction [4,28,31-33]. There is also evidence that increased exoge-
nous CLDNS5 expression may increase the tightness of the junctions [8,33].

This made CLDNS5 the primary target of interest for the transcriptional regulation among
the three main cell types of the BBB following incubation with severely injured patient plasma.
The importance of Claudin 3 as a major tight junction protein and its role in BBB permeability
is not yet clearly defined [16,34]. However, because CLDN3 is present in the tight junction of
brain endothelial cells and CLDN3’s definitive role in the BBB remains unclear, CLDN3 was
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Fig 3. CLDNS5, and CLDN3 protein expression following a 4- or 6-hour incubation with 5% plasma from severely
injured patients. (A) CLDN3 protein expression: We observed no significant change in fold change of CLDN3 expression
was observed in either the endothelial monoculture or triculture, n = 2 (B) CLDNS5 protein expression: Endothelial
monoculture showed a 5.12- and 2.58-fold change increase vs. control following 4 and 6 hours of incubation respectively
with 5% severely injured plasma. p<0.001, p<0.05, n = 2; There is a significant difference between the fold change at 4
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hours of incubation compared to 6 hours of incubation following 5% severely injured patient plasma in the endothelial
monoculture, p<0.01. The triculture did not show any significant fold change vs. control. One ELISA was performed with
the combined whole cell lysate of three experimental replicates, n = 2. * Denotes p<0.05, ** Denotes p<0.01, *** Denotes
p<0.001.

https://doi.org/10.1371/journal.pone.0270817.g003

chosen as an ideal candidate to focus on in an in vitro traumatic injury model. Finally, ZO-1
was analyzed because of its central role in the anchoring of tight junction proteins to the actin
filaments. ZO-1’s central role in facilitating foundational structure to tight junctions, coupled
with BBB permeability disruptions following its re-localization or degradation from MMPs fol-
lowing injury, made ZO-1 an ideal candidate to include in this study [29,35].

Our studies using an in vitro triculture model suggest inhibitory signals from astrocytes and
pericytes induce transcriptional downregulation of CLDN3 and CLDN5 and translational
downregulation of CLDNS5 in brain endothelial cells within four hours of exposure to severely
injured patient plasma. (Figs 1A, 1B and 4B) Furthermore, our observations suggest that astro-
cytes and pericytes in separate monocultures release sufficient soluble factors to elicit inhibi-
tion of tight junction expression in endothelial cells. These observations were upheld when
endothelial cell monocultures were treated with conditioned media from monocultures of
astrocyte or pericytes incubated with 5% severely injured patient plasma. (Figs 2A, 2B, 4A and
4B) The observed inhibition of the tight junction proteins within the triculture following incu-
bation for four hours in severely injured patient plasma is specific to the transcription of
CLDN3 and CLDNS5 and the translation of CLDN5. We also demonstrate that the use of a
healthy plasma negative controls made no significant impact on tight junction expression
compared to our naive control. Due to the insignificance of our healthy plasma’s impact on
tight junction expression, the decision was made, with both experimental design and cost in
mind, to exclude this condition from future trials. Likewise, ZO-1 showed no differences in
transcriptional response (Figs 1C and 2C), leading to its exclusion from translation studies.
Finally, CLDN3 expression did not show a robust translational response, as seen with CLDNS5,
compared to the observed transcriptional changes. (Fig 3A). This does not necessarily decrease
the possibility of astrocyte or pericyte derived initial inhibitory signaling leading to decreased
endothelial cell tight junction expression; but could support literature that suggests CLDN3
plays a less significant role in restoration and/or maintenance of BBB permeability than that of
other tight junction proteins [36].

We observed a robust and significant transcriptional and translational expression of
CLDNG5 in endothelial monocultures following incubation with severely injured patient
plasma which was not observed in tricultures incubated with severely injured plasma. The
finding that plasma from severely injured patients downregulates expression of critical tight
junction proteins within a triculture model is compelling and is suggestive of a critical role
that pericytes and astrocytes play in normal physiological responses to severe traumatic injury
via initiation of inhibitory cross talk between the three cell types. This inhibition of CLDN5
expression is further supported by conditioned media experiments. Endothelial monocultures
which received conditioned media from astrocytes and pericytes following 6 hours of incuba-
tion were observed to have significantly less CLDN5 protein expression compared to endothe-
lial monocultures receiving conditioned media from endothelial monocultures or the
triculture. A possible explanation for the inhibition of CLDN5 protein expression in endothe-
lial monocultures receiving astrocyte conditioned media that was not observed in endothelial
monocultures receiving triculture conditioned media is unmitigated release of Angiopoietin 2
(ANG?2) by activated astrocytes. ANG2, a soluble mediator and a marker of endothelial dys-
function [37], is present in copious amounts in trauma plasma and is associated with worse
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Fig 4. CLDN3 and CLDNS5 protein expression in endothelial cell monocultures following a transfer of conditioned. Endothelial
Monoculture Conditioned Media, (ECM+), Astrocyte Monoculture Conditioned Media, (ACM+), Pericyte Monoculture Conditioned
Media, (PCM+), and Triculture Conditioned Media, (TCM+), were prepared by either a 1 hour incubation with 5% severely injured patient
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plasma (CM+TP) or left as is with no plasma additions made (CM-TP). Final working concentration of severely injured patient plasma and
conditioned media in endothelial monocultures receiving conditioned media was 5% and 10% respectively. Each condition was compared to
its Naive control (CM+TP—and CM-TP -) receiving no conditioned media and no severely injured patient plasma to produce fold changes.
CM+TP were compared against one another to determine the differential effect amongst the conditioned media types. Both 4 and 6 hour
incubation times were assessed. * Denotes p<0.05, ** Denotes p<0.01, *** Denotes p<0.001 (9) CLDN3 protein expression: Endothelial
monocultures did not present with any significant changes in CLDN3 protein expression for all conditions. (10) CLDNS5 protein expression:
All conditions tested resulted in a significant increase in the fold change of CLDN5 expression compared to the naive control (not shown).
The Endothelial monoculture receiving 6Hr ECM+/CM+TP showed a significant increase in fold change vs. control compared to 6Hr ACM
+/CM+TP (p<0.01), and 6Hr PCM+/CM+TP (p<0.05) n = 2; The endothelial monoculture receiving 6Hr TCM+/CM+TP showed a
significant increase in fold change compared to 6Hr ACM+/CM+TP (p<0.001), and 6Hr PCM+/CM+TP (p<0.001) n = 2.

https://doi.org/10.1371/journal.pone.0270817.g004

clinical outcomes through destabilization of endothelial barriers, increasing leakage and
edema. ANG?2 acts as an antagonist to Angiopoietin 1 (ANG1) for its primary ligand, the
receptor tyrosine kinase TIE2 [38]. TIE2 activation leads to dimerization and auto-phosphory-
lation of its intracellular domain, subsequently activating the PI3K/AKT pathway [39-41].
Inactivation of the PI3K/AKT pathway via ANG2 leads to downregulation of CLDN5 expres-
sion through recruitment of a repressor complex to CLDN5’s silencer binding domain [41,42].
While this mechanism is understood in the context of TBI and other pathologies, it is
unknown what mechanism causes BBB dysfunction due to non-TBI trauma; but it is sugges-
tive from literature that increased ANG2 expression following injury does contribute in some
capacity. This underlying mechanism for the observed CLDN5 transcriptional and transla-
tional results will be analyzed in follow-up studies probing the causal link, if any, between
ANG?2 signaling and non-TBI trauma related BBB dysfunction.

Conclusion and future direction

Clinical observations by physicians treating non-TBI traumatically injured patients suggest
TBI like BBB dysfunction occurs regardless of injury location but correlates directly with level
of injury and shock; reinforcing the need to understand the underpinnings BBB dysfunction
[43]. Our findings lend a possible explanation for non-brain injury trauma presenting with
similar symptoms to TBI by affecting the expression of tight junction central to maintenance
of BBB integrity within the neurovascular unit.

Permeability increases following neuroinflammatory stimuli [44,45]. An emerging body of
evidence suggests pathology after TBI is driven by alterations in cellular crosstalk between
endothelial cells astrocytes and pericytes [46] via the release of multiple biomolecules of inter-
est including angiopoietin 2, endothelin-1, tumor necrosis factor- alpha, and matrix metallo-
protease-9 [33,46-50]. The impact of these molecular mediators and proteases on tight
junction expression following trauma, and the subsequent role this modulation of tight junc-
tion expression has on BBB permeability, is not yet fully understood.

Our data is consistent with a physiological process designed to prevent infection and maxi-
mize repair of cellular structures within the interneuronal space [8,15,50-53]. Delaying BBB
permeability restoration through the inhibition of tight junction proteins activate physiological
responses to neuroinflammatory factors such as TNF-alpha, IL1-B, IL-6 and other cytokines
released during injury and allows for the localization and infiltration of leukocytes across the
barrier through ICAM and VCAM dependent processes [51,52]. This infiltration of leukocytes
coupled with increased flow of other soluble factors between the vasculature and interneuronal
space may provide better neuronal repair following minor brain injuries [8,15,51]. However,
when the injury is more severe, this delay in endothelial barrier restoration prevents neuro-
logic recovery and may lead to secondary brain injury. Our results, while observed in a physio-
logical presentation closer to that of the BBB than other in vitro models, requires future in vivo
work to strengthen these findings. This is due to inherent limitations of in vitro studies such as
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lack of shear stress flow, absence of glial cells the complexities of the microenvironment the
cells of the neurovascular unit encounter [54,55]. We do believe, however, that isolating the
cells in vitro gives a better controlled environment to probe the exact cellular response to spe-
cific conditions introduced via the severely injured patient plasma that cannot be controlled
for in vivo [55].

The underlying molecular mechanisms leading to increased blood brain permeability fol-
lowing traumatic injury are poorly enumerated and a comprehensive understanding of this
process would provide novel approaches in designing future interventions to prevent the
adverse effects of secondary brain injury. The findings in this study will guide our future work
to include transcriptional and translational analysis of other tight junction proteins central to
BBB permeability and identify soluble factors in plasma that cause perturbations in tight junc-
tion transcription and translation. We expect that enhanced understanding of this astrocyte,
pericyte, and endothelial cellular crosstalk will help identify new therapies for BBB pathologies
following trauma and will provide useful insight in designing specific interventional strategies
in patients with severe BBB dysfunction while creating a path forward for implementation of
these therapies in personalized healthcare for traumatically injured patients.

Supporting information

S1 Data. Underlying data and statistics used to generate Fig 1.
(XLSX)

$2 Data. Underlying data and statistics used to generate Fig 2.
(XLSX)

$3 Data. Underlying data and statistics used to generate Fig 3.
(XLSX)

$4 Data. Underlying data and statistics used to generate Fig 4.
(XLSX)

Acknowledgments

We thank the University Of Colorado Department Of Surgery, the division of GITES, and the

Trauma research lab team for facilitating our research. The content is solely the responsibility

of the authors and does not necessarily represent the official views of the National Institutes of
Health or other sponsors of the project.

Author Contributions

Conceptualization: Sanchayita Mitra, Margot Debot, Arthur Stem, Mitchell J. Cohen.

Data curation: Preston Stafford, Sanchayita Mitra, Margot Debot, Patrick Lutz, Arthur Stem.
Formal analysis: Preston Stafford, Sanchayita Mitra, Mitchell ]. Cohen.

Funding acquisition: Mitchell J. Cohen.

Investigation: Preston Stafford, Sanchayita Mitra, Margot Debot, Patrick Lutz, Arthur Stem,
Mitchell J. Cohen.

Methodology: Preston Stafford, Sanchayita Mitra.
Project administration: Preston Stafford, Sanchayita Mitra, Margot Debot, Mitchell J. Cohen.

Resources: Preston Stafford, Sanchayita Mitra, Arthur Stem, Patrick Hom, Mitchell J. Cohen.

PLOS ONE | https://doi.org/10.1371/journal.pone.0270817  July 5, 2022 15/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0270817.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0270817.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0270817.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0270817.s004
https://doi.org/10.1371/journal.pone.0270817

PLOS ONE

Endothelial cell tight junction expression in non-TBI trauma

Software: Preston Stafford, Patrick Lutz.

Supervision: Sanchayita Mitra, Margot Debot, Mitchell J. Cohen.

Validation: Preston Stafford, Sanchayita Mitra, Mitchell J. Cohen.

Visualization: Preston Stafford, Mitchell J. Cohen.

Writing - original draft: Preston Stafford, Sanchayita Mitra, Mitchell J. Cohen.

Writing - review & editing: Preston Stafford, Sanchayita Mitra, Margot Debot, Patrick Lutz,

Arthur Stem, Jamie Hadley, Patrick Hom, Terry R. Schaid, Mitchell J. Cohen.

References

1.

10.

11.

12

13.

14.

15.

16.

Faul M, Wald MM, Xu L, Coronado VG. Traumatic brain injury in the United States; emergency depart-
ment visits, hospitalizations, and deaths, 2002—-2006.

Taylor C. A., Bell J. M., Breiding M. J., & Xu L. (2017). Traumatic brain injury—related emergency depart-
ment visits, hospitalizations, and deaths—United States, 2007 and 2013. MMWR Surveillance Summa-
ries, 66(9), 1. Price, L., Wilson, C., & Grant, G.: Blood-brain barrier pathophysiology following
traumatic brain injury. In Translational research in traumatic brain injury. CRC Press/Taylor and Francis
Group.

Beggs S, Liu XJ, Kwan C, Salter MW. Peripheral nerve injury and TRPV1-expressing primary afferent
C-fibers cause opening of the blood-brain barrier. Molecular pain. 2010 Dec; 6(1):1-2. https://doi.org/
10.1186/1744-8069-6-74 PMID: 21044346

Price L, Wilson C, Grant G. Blood—brain barrier pathophysiology following traumatic brain injury. Trans-
lational research in traumatic brain injury. 2016.

Zhao Z., Nelson A. R., Betsholtz C., & Zlokovic B. V.: Establishment and dysfunction of the blood-brain
barrier. Cell, 163(5), 1064—1078. https://doi.org/10.1016/j.cell.2015.10.067 PMID: 26590417

Alluri H, Wiggins-Dohlvik K, Davis ML, Huang JH, Tharakan B. Blood—brain barrier dysfunction following
traumatic brain injury. Metabolic brain disease. 2015 Oct; 30(5):1093—-104.

Milatz S, Krug SM, Rosenthal R, Guinzel D, Muller D, Schulzke JD, et al. Claudin-3 acts as a sealing
component of the tight junction for ions of either charge and uncharged solutes. Biochimica et Biophy-
sica Acta (BBA)-Biomembranes. 2010 Nov 1; 1798(11):2048-57.

Ohtsuki S, Sato S, Yamaguchi H, Kamoi M, Asashima T, Terasaki T. Exogenous expression of claudin-
5 induces barrier properties in cultured rat brain capillary endothelial cells. Journal of cellular physiology.
2007 Jan; 210(1):81-6. https:/doi.org/10.1002/jcp.20823 PMID: 16998798

Itoh M, Furuse M, Morita K, Kubota K, Saitou M, Tsukita S. Direct binding of three tight junction-associ-
ated MAGUKSs, ZO-1, ZO-2, and ZO-3, with the COOH termini of claudins. The Journal of cell biology.
1999 Dec 13; 147(6):1351-63. https://doi.org/10.1083/jcb.147.6.1351 PMID: 10601346

Vaijtr DA, Benada OL, Kukadgka J, Prisa R, Houstava L, Toupalik PA, et al. Correlation of Ultrastructural
Changes of Endothelial Cells and Astrocytes Occurring during Blood Brain Barrier Damage after Trau-
matic Brain Injury with Biochemical Markers of Blood Brain Barrier Leakage and Inflammatory
Response. Physiological research. 2009 Apr 1; 58(2).

Barzd P, Marmarou A, Fatouros P, Corwin F, Dunbar J. Magnetic resonance imaging—monitored acute
blood-brain barrier changes in experimental traumatic brain injury. Journal of neurosurgery. 1996 Dec
1; 85(6):1113-21. https://doi.org/10.3171/jns.1996.85.6.1113 PMID: 8929504

Strbian D, Durukan A, Pitkonen M, Marinkovic |, Tatlisumak E, Pedrono E, et al. The blood—brain barrier
is continuously open for several weeks following transient focal cerebral ischemia. Neuroscience. 2008
Apr 22; 153(1):175-81. https://doi.org/10.1016/j.neuroscience.2008.02.012 PMID: 18367342

Shapira Y, Setton D, Artru AA, Shohami E. Blood-brain barrier permeability, cerebral edema, and neu-
rologic function after closed head injury in rats. Anesthesia and analgesia. 1993 Jul 1; 77(1):141-8.
https://doi.org/10.1213/00000539-199307000-00028 PMID: 8317722

Winkler EA, Bell RD, Zlokovic BV. Central nervous system pericytes in health and disease. Nature neu-
roscience. 2011 Nov; 14(11):1398—405. https://doi.org/10.1038/nn.2946 PMID: 22030551

Nitta T, Hata M, Gotoh S, Seo Y, Sasaki H, Hashimoto N, et al. Size-selective loosening of the blood-
brain barrier in claudin-5—deficient mice. The Journal of cell biology. 2003 May 12; 161(3):653—60.
https://doi.org/10.1083/jcb.200302070 PMID: 12743111

Steinemann A, Galm |, Chip S, Nitsch C, Maly IP. Claudin-1,-2 and-3 are selectively expressed in the
epithelia of the choroid plexus of the mouse from early development and into adulthood while claudin-5

PLOS ONE | https://doi.org/10.1371/journal.pone.0270817  July 5, 2022 16/19


https://doi.org/10.1186/1744-8069-6-74
https://doi.org/10.1186/1744-8069-6-74
http://www.ncbi.nlm.nih.gov/pubmed/21044346
https://doi.org/10.1016/j.cell.2015.10.067
http://www.ncbi.nlm.nih.gov/pubmed/26590417
https://doi.org/10.1002/jcp.20823
http://www.ncbi.nlm.nih.gov/pubmed/16998798
https://doi.org/10.1083/jcb.147.6.1351
http://www.ncbi.nlm.nih.gov/pubmed/10601346
https://doi.org/10.3171/jns.1996.85.6.1113
http://www.ncbi.nlm.nih.gov/pubmed/8929504
https://doi.org/10.1016/j.neuroscience.2008.02.012
http://www.ncbi.nlm.nih.gov/pubmed/18367342
https://doi.org/10.1213/00000539-199307000-00028
http://www.ncbi.nlm.nih.gov/pubmed/8317722
https://doi.org/10.1038/nn.2946
http://www.ncbi.nlm.nih.gov/pubmed/22030551
https://doi.org/10.1083/jcb.200302070
http://www.ncbi.nlm.nih.gov/pubmed/12743111
https://doi.org/10.1371/journal.pone.0270817

PLOS ONE

Endothelial cell tight junction expression in non-TBI trauma

17.

18.

19.

20.
21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

is restricted to endothelial cells. Frontiers in neuroanatomy. 2016 Feb 22; 10:16. https://doi.org/10.
3389/fnana.2016.00016 PMID: 26941614

Greene C, Hanley N, Campbell M. Claudin-5: gatekeeper of neurological function. Fluids and Barriers
of the CNS. 2019 Dec; 16(1):1-5.

Coyne CB, Gambling TM, Boucher RC, Carson JL, Johnson LG. Role of claudin interactions in airway
tight junctional permeability. American Journal of Physiology-Lung Cellular and Molecular Physiology.
2003 Nov; 285(5):L1166-78. https://doi.org/10.1152/ajplung.00182.2003 PMID: 12909588

Coleman JR, Moore EE, Samuels JM, Ryon JJ, Nelson JT, Olson A, et al. Whole blood thrombin gener-
ation is distinct from plasma thrombin generation in healthy volunteers and after severe injury. Surgery.
2019 Dec 1; 166(6):1122-7. https://doi.org/10.1016/j.surg.2019.07.014 PMID: 31522748

Quah S. International encyclopedia of public health. Academic Press; 2016 Oct 6.

Hodgman EI, Morse BC, Dente CJ, Mina MJ, Shaz BH, Nicholas JM, et al. Base deficit as a marker of
survival after traumatic injury: consistent across changing patient populations and resuscitation para-
digms. The journal of trauma and acute care surgery. 2012 Apr; 72(4):844. https://doi.org/10.1097/TA.
0b013e31824ef9d2 PMID: 22491595

Cohen MJ, Serkova NJ, Wiener-Kronish J, Pittet JF, Niemann CU. 1H-NMR-based metabolic signa-
tures of clinical outcomes in trauma patients—beyond lactate and base deficit. Journal of Trauma and
Acute Care Surgery. 2010 Jul 1; 69(1):31-40.

Hatherell K, Couraud PO, Romero |IA, Weksler B, Pilkington GJ. Development of a three-dimensional,
all-human in vitro model of the blood—brain barrier using mono-, co-, and tri-cultivation Transwell mod-
els. Journal of neuroscience methods. 2011 Aug 15; 199(2):223-9. https://doi.org/10.1016/j.jneumeth.
2011.05.012 PMID: 21609734

Stone NL, England TJ, O’Sullivan SE. A novel transwell blood brain barrier model using primary human
cells. Frontiers in cellular neuroscience. 2019 Jun 6; 13:230. https://doi.org/10.3389/fncel.2019.00230
PMID: 31244605

Liebner S, Fischmann A, Rascher G, Duffner F, Grote EH, Kalbacher H, et al. Claudin-1 and claudin-5
expression and tight junction morphology are altered in blood vessels of human glioblastoma multi-
forme. Acta neuropathologica. 2000 Jul; 100(3):323-31. https://doi.org/10.1007/s004010000180
PMID: 10965803

Paschoud S, Bongiovanni M, Pache JC, Citi S. Claudin-1 and claudin-5 expression patterns differenti-
ate lung squamous cell carcinomas from adenocarcinomas. Modern pathology. 2007 Sep; 20(9):947—
54. https://doi.org/10.1038/modpathol.3800835 PMID: 17585317

Jiao H, Wang Z, Liu Y, Wang P, Xue Y. Specific role of tight junction proteins claudin-5, occludin, and
Z0O-1 of the blood-brain barrier in a focal cerebral ischemic insult. Journal of Molecular Neuroscience.
2011 Jun; 44(2):130-9. https://doi.org/10.1007/s12031-011-9496-4 PMID: 21318404

Doherty CP, O’Keefe E, Wallace E, Loftus T, Keaney J, Kealy J, et al. Blood—brain barrier dysfunction
as a hallmark pathology in chronic traumatic encephalopathy. Journal of Neuropathology & Experimen-
tal Neurology. 2016 Jul 1; 75(7):656—62. https://doi.org/10.1093/jnen/nlw036 PMID: 27245243

Fanning AS, Jameson BJ, Jesaitis LA, Anderson JM. The tight junction protein ZO-1 establishes a link
between the transmembrane protein occludin and the actin cytoskeleton. Journal of Biological Chemis-
try. 1998 Nov 6; 273(45):29745-53. https://doi.org/10.1074/jbc.273.45.29745 PMID: 9792688

Greene C, Kealy J, Humphries MM, Gong Y, Hou J, Hudson N, et al. Dose-dependent expression of
claudin-5 is a modifying factor in schizophrenia. Molecular psychiatry. 2018 Nov; 23(11):2156—-66.
https://doi.org/10.1038/mp.2017.156 PMID: 28993710

Farrell M, Aherne S, O’'Riordan S, O’Keeffe E, Greene C, Campbell M. Blood-brain barrier dysfunction
in a boxer with chronic traumatic encephalopathy and schizophrenia. Clinical neuropathology. 2019
Mar 1; 38(2):51. https://doi.org/10.5414/NP301130 PMID: 30574863

JWen, S Qian, Q Yang, L Deng, Y Mo, Y Yu. Overexpression of netrin-1 increases the expression of
tight junction-associated proteins, claudin-5, occludin, and ZO-1, following traumatic brain injury in rats.
Experimental and therapeutic medicine. 2014 Sep 1; 8(3):881-6. https://doi.org/10.3892/etm.2014.
1818 PMID: 25120618

Nag S, Venugopalan R, Stewart DJ. Increased caveolin-1 expression precedes decreased expression
of occludin and claudin-5 during blood-brain barrier breakdown. Acta neuropathologica. 2007 Nov 1;
114(5):459-69. https://doi.org/10.1007/s00401-007-0274-x PMID: 17687559

Dias MC, Coisne C, Lazarevic |, Baden P, Hata M, Iwamoto N, et al. Claudin-3-deficient C57BL/6J mice
display intact brain barriers. Scientific reports. 2019 Jan 18; 9(1):1-6.

Ishrat T, Sayeed |, Atif F, Hua F, Stein DG. Progesterone and allopregnanolone attenuate blood—brain
barrier dysfunction following permanent focal ischemia by regulating the expression of matrix

PLOS ONE | https://doi.org/10.1371/journal.pone.0270817  July 5, 2022 17/19


https://doi.org/10.3389/fnana.2016.00016
https://doi.org/10.3389/fnana.2016.00016
http://www.ncbi.nlm.nih.gov/pubmed/26941614
https://doi.org/10.1152/ajplung.00182.2003
http://www.ncbi.nlm.nih.gov/pubmed/12909588
https://doi.org/10.1016/j.surg.2019.07.014
http://www.ncbi.nlm.nih.gov/pubmed/31522748
https://doi.org/10.1097/TA.0b013e31824ef9d2
https://doi.org/10.1097/TA.0b013e31824ef9d2
http://www.ncbi.nlm.nih.gov/pubmed/22491595
https://doi.org/10.1016/j.jneumeth.2011.05.012
https://doi.org/10.1016/j.jneumeth.2011.05.012
http://www.ncbi.nlm.nih.gov/pubmed/21609734
https://doi.org/10.3389/fncel.2019.00230
http://www.ncbi.nlm.nih.gov/pubmed/31244605
https://doi.org/10.1007/s004010000180
http://www.ncbi.nlm.nih.gov/pubmed/10965803
https://doi.org/10.1038/modpathol.3800835
http://www.ncbi.nlm.nih.gov/pubmed/17585317
https://doi.org/10.1007/s12031-011-9496-4
http://www.ncbi.nlm.nih.gov/pubmed/21318404
https://doi.org/10.1093/jnen/nlw036
http://www.ncbi.nlm.nih.gov/pubmed/27245243
https://doi.org/10.1074/jbc.273.45.29745
http://www.ncbi.nlm.nih.gov/pubmed/9792688
https://doi.org/10.1038/mp.2017.156
http://www.ncbi.nlm.nih.gov/pubmed/28993710
https://doi.org/10.5414/NP301130
http://www.ncbi.nlm.nih.gov/pubmed/30574863
https://doi.org/10.3892/etm.2014.1818
https://doi.org/10.3892/etm.2014.1818
http://www.ncbi.nlm.nih.gov/pubmed/25120618
https://doi.org/10.1007/s00401-007-0274-x
http://www.ncbi.nlm.nih.gov/pubmed/17687559
https://doi.org/10.1371/journal.pone.0270817

PLOS ONE

Endothelial cell tight junction expression in non-TBI trauma

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

metalloproteinases. Experimental neurology. 2010 Nov 1; 226(1):183-90. https://doi.org/10.1016/].
expneurol.2010.08.023 PMID: 20816826

Berndt P, Winkler L, Cording J, Breitkreuz-Korff O, Rex A, Dithmer S, et al. Tight junction proteins at the
blood-brain barrier: far more than claudin-5. Cellular and molecular life sciences. 2019 May; 76
(10):1987—-2002. https://doi.org/10.1007/s00018-019-03030-7 PMID: 30734065

Ganter MT, Cohen MJ, Brohi K, Chesebro BB, Staudenmayer KL, Rahn P, et al. Angiopoietin-2, marker
and mediator of endothelial activation with prognostic significance early after trauma?. Annals of sur-
gery. 2008 Feb 1; 247(2):320-6. https://doi.org/10.1097/SLA.0b013e318162d616 PMID: 18216540

Beck H, Acker T, Wiessner C, Allegrini PR, Plate KH. Expression of angiopoietin-1, angiopoietin-2, and
tie receptors after middle cerebral artery occlusion in the rat. The American journal of pathology. 2000
Nov 1; 157(5):1473-83. https://doi.org/10.1016/S0002-9440(10)64786-4 PMID: 11073808

Kim M, Allen B, Korhonen EA, Nitschké M, Yang HW, Baluk P, et al. Opposing actions of angiopoietin-2
on Tie2 signaling and FOXO1 activation. The Journal of clinical investigation. 2016 Sep 1; 126
(9):3511-25. https://doi.org/10.1172/JCI84871 PMID: 27548529

Beard RS Jr, Hoettels BA, Meegan JE, Wertz TS, Cha BJ, Yang X, et al. AKT2 maintains brain endothe-
lial claudin-5 expression and selective activation of IR#AKT2/FOXO1-signaling reverses barrier dysfunc-
tion. Journal of Cerebral Blood Flow & Metabolism. 2020 Feb; 40(2):374-91. https://doi.org/10.1177/
0271678X18817512 PMID: 30574832

Gu H, Wang YQ, Zhao CH, Zhong XM, Yang JG. The decrease of Tie-2 receptor phosphorylation in
microvascular endothelial cells is involved in early brain injury after subarachnoid hemorrhage. Artery
Research. 2018 Sep 1; 23:45-51.

Morini MF, Giampietro C, Corada M, Pisati F, Lavarone E, Cunha S, et al. VE-Cadherin—Mediated Epi-
genetic Regulation of Endothelial Gene Expression. Circulation research. 2018 Jan 19; 122(2):231-45.
https://doi.org/10.1161/CIRCRESAHA.117.312392 PMID: 29233846

Beggs S, Liu XJ, Kwan C, Salter MW. Peripheral nerve injury and TRPV1-expressing primary afferent
C-fibers cause opening of the blood-brain barrier. Molecular pain. 2010 Dec; 6(1):1-2. https://doi.org/
10.1186/1744-8069-6-74 PMID: 21044346

Yang C, Hawkins KE, Doré S, Candelario-Jalil E. Neuroinflammatory mechanisms of blood-brain barrier
damage in ischemic stroke. American Journal of Physiology-Cell Physiology. 2019 Feb 1; 316(2):
C135-58. https://doi.org/10.1152/ajpcell.00136.2018 PMID: 30379577

Thal SC, Neuhaus W. The blood-brain barrier as a target in traumatic brain injury treatment. Archives
of medical research. 2014 Nov 1; 45(8):698-710. https://doi.org/10.1016/j.arcmed.2014.11.006 PMID:
25446615

Burda J. E., Bernstein A. M., & Sofroniew M. V.: Astrocyte roles in traumatic brain injury. Experimental
neurology, 275, 305-315. https://doi.org/10.1016/j.expneurol.2015.03.020 PMID: 25828533

Rosa JM, Farre-Alins V, Ortega MC, Navarrete M, Lopez-Rodriguez AB, Palomino-Antolin A, et al.
TLR4-pathway impairs synaptic number and cerebrovascular functions through astrocyte activation fol-
lowing traumatic brain injury. British Journal of Pharmacology. 2021 Apr 8. https://doi.org/10.1111/bph.
15488 PMID: 33830504

Gorina R, Font-Nieves M, Marquez-Kisinousky L, Santalucia T, Planas AM. Astrocyte TLR4 activation
induces a proinflammatory environment through the interplay between MyD88-dependent NFkB signal-
ing, MAPK, and Jak1/Stat1 pathways. Glia. 2011 Feb; 59(2):242-55. https://doi.org/10.1002/glia.21094
PMID: 21125645

Bhowmick S, D’Mello V, Caruso D, Wallerstein A, Abdul-Muneer PM. Impairment of pericyte-endothe-
lium crosstalk leads to blood-brain barrier dysfunction following traumatic brain injury. Experimental
neurology. 2019 Jul 1; 317:260-70. https://doi.org/10.1016/j.expneurol.2019.03.014 PMID: 30926390

Bai Y, Zhu X, Chao J, Zhang Y, Qian C, Li P, et al. Pericytes contribute to the disruption of the cerebral
endothelial barrier via increasing VEGF expression: implications for stroke. PloS one. 2015 Apr 17; 10
(4):e0124362. https://doi.org/10.1371/journal.pone.0124362 PMID: 25884837

Lazear HM, Daniels BP, Pinto AK, Huang AC, Vick SC, Doyle SE, et al. Interferon-A restricts West Nile
virus neuroinvasion by tightening the blood-brain barrier. Science translational medicine. 2015 Apr 22; 7
(284):284ra59—. https://doi.org/10.1126/scitransimed.aaa4304 PMID: 25904743

Camire RB, Beaulac HJ, Willis CL. Transitory loss of glia and the subsequent modulation in inflamma-
tory cytokines/chemokines regulate paracellular claudin-5 expression in endothelial cells. Journal of
neuroimmunology. 2015 Jul 15; 284:57-66. https://doi.org/10.1016/j.jneuroim.2015.05.008 PMID:
26025059

Honda M, Nakagawa S, Hayashi K, Kitagawa N, Tsutsumi K, Nagata I, et al. Adrenomedullin improves
the blood—brain barrier function through the expression of claudin-5. Cellular and molecular neurobiol-
ogy. 2006 Mar 1; 26(2):109—18. https://doi.org/10.1007/s10571-006-9028-x PMID: 16763778

PLOS ONE | https://doi.org/10.1371/journal.pone.0270817  July 5, 2022 18/19


https://doi.org/10.1016/j.expneurol.2010.08.023
https://doi.org/10.1016/j.expneurol.2010.08.023
http://www.ncbi.nlm.nih.gov/pubmed/20816826
https://doi.org/10.1007/s00018-019-03030-7
http://www.ncbi.nlm.nih.gov/pubmed/30734065
https://doi.org/10.1097/SLA.0b013e318162d616
http://www.ncbi.nlm.nih.gov/pubmed/18216540
https://doi.org/10.1016/S0002-9440%2810%2964786-4
http://www.ncbi.nlm.nih.gov/pubmed/11073808
https://doi.org/10.1172/JCI84871
http://www.ncbi.nlm.nih.gov/pubmed/27548529
https://doi.org/10.1177/0271678X18817512
https://doi.org/10.1177/0271678X18817512
http://www.ncbi.nlm.nih.gov/pubmed/30574832
https://doi.org/10.1161/CIRCRESAHA.117.312392
http://www.ncbi.nlm.nih.gov/pubmed/29233846
https://doi.org/10.1186/1744-8069-6-74
https://doi.org/10.1186/1744-8069-6-74
http://www.ncbi.nlm.nih.gov/pubmed/21044346
https://doi.org/10.1152/ajpcell.00136.2018
http://www.ncbi.nlm.nih.gov/pubmed/30379577
https://doi.org/10.1016/j.arcmed.2014.11.006
http://www.ncbi.nlm.nih.gov/pubmed/25446615
https://doi.org/10.1016/j.expneurol.2015.03.020
http://www.ncbi.nlm.nih.gov/pubmed/25828533
https://doi.org/10.1111/bph.15488
https://doi.org/10.1111/bph.15488
http://www.ncbi.nlm.nih.gov/pubmed/33830504
https://doi.org/10.1002/glia.21094
http://www.ncbi.nlm.nih.gov/pubmed/21125645
https://doi.org/10.1016/j.expneurol.2019.03.014
http://www.ncbi.nlm.nih.gov/pubmed/30926390
https://doi.org/10.1371/journal.pone.0124362
http://www.ncbi.nlm.nih.gov/pubmed/25884837
https://doi.org/10.1126/scitranslmed.aaa4304
http://www.ncbi.nlm.nih.gov/pubmed/25904743
https://doi.org/10.1016/j.jneuroim.2015.05.008
http://www.ncbi.nlm.nih.gov/pubmed/26025059
https://doi.org/10.1007/s10571-006-9028-x
http://www.ncbi.nlm.nih.gov/pubmed/16763778
https://doi.org/10.1371/journal.pone.0270817

PLOS ONE Endothelial cell tight junction expression in non-TBI trauma

54. Haseloff RF, Dithmer S, Winkler L, Wolburg H, Blasig IE. Transmembrane proteins of the tight junctions
at the blood-brain barrier: structural and functional aspects. InSeminars in cell & developmental biology
2015Feb 1 (Vol. 38, pp. 16-25). Academic Press.

55. Helms HC, Abbott NJ, Burek M, Cecchelli R, Couraud PO, Deli MA, et al. In vitro models of the blood—
brain barrier: an overview of commonly used brain endothelial cell culture models and guidelines for
their use. Journal of Cerebral Blood Flow & Metabolism. 2016 May; 36(5):862—90. https://doi.org/10.
1177/0271678X16630991 PMID: 26868179

PLOS ONE | https://doi.org/10.1371/journal.pone.0270817  July 5, 2022 19/19


https://doi.org/10.1177/0271678X16630991
https://doi.org/10.1177/0271678X16630991
http://www.ncbi.nlm.nih.gov/pubmed/26868179
https://doi.org/10.1371/journal.pone.0270817

