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Abstract

The pathogenesis of virus-associated acute encephalopathy (VAE) involves brain edema caused by disruption of the blood—
brain barrier (BBB). We aimed to develop an in vitro VAE model using an in vitro BBB model, to evaluate the dynamics
of vascular dysfunction caused by tumor necrosis factor (TNF)-a. A co-culture model, consisting of Transwell®-grown
human brain microvascular endothelial cells and pericytes, was treated with serially diluted TNF-a. Transendothelial electri-
cal resistance (TER) was measured using cellZscope®. A permeability assay, using fluorescein isothiocyanate-conjugated
sodium or dextran, was performed. Changes in claudin-5 localization and expression after TNF-a treatment were observed
using immunofluorescence staining and western blot analysis. The TER decreased and permeability increased after TNF-a
treatment; recovery time was dependent on TNF-a concentration. Claudin-5 was delocalized after TNF-a treatment and
recovered in a TNF-a concentration-dependent manner. The expression of claudin-5 decreased 24 h after the TNF-a treat-
ment and completely recovered 48 h after TNF-a treatment. Claudin-5 delocalization was likely associated with vascular
hyperpermeability. To conclude, we evaluated vascular endothelial cell permeability and injury in VAE using an in vitro
BBB model treated with TNF-a. This system can be useful for developing novel therapeutic strategies for VAE and design-
ing treatments that target vascular permeability.

Keywords Virus-associated acute encephalopathy - Tight junction - Electrical resistance - Blood—brain barrier model -
Endothelium - Pericyte

Communicated by Sreedharan Sajikumar.

P4 Hajime Maeda Nobuo Momoi
hmaeda@fmu.ac.jp momo @fmu.ac.jp
Koichi Hashimoto Mitsuaki Hosoya
don@fmu.ac.jp mhosoya@fmu.ac.jp
Hayato Go 1

Department of Pediatrics, Fukushima Medical University

gohayato2525 @gmail.com School of Medicine, 1 Hikarigaoka, Fukushima 960-1295,

Kyohei Miyazaki Japan

kyon0421 @fmu.ac.jp 2 Department of Pediatrics, Sapporo Medical University
Masatoki Sato School of Medicine, 17, Minami 1-jo Nishi, Chuo-ku,
smasatoki@yahoo.co.jp Sapporo-shi, Hokkaido 060-8556, Japan

Yukihiko Kawasaki

kyuki@fmu.ac.jp

@ Springer


http://orcid.org/0000-0003-2328-6577
http://crossmark.crossref.org/dialog/?doi=10.1007/s00221-020-05985-7&domain=pdf

452

Experimental Brain Research (2021) 239:451-461

Introduction

Virus-associated acute encephalopathy (VAE) is an acute
brain dysfunction preceded by viral infections, such as the
influenza virus, human herpes virus, and rotavirus (Asano
et al. 1992; Mizuguchi 1997; Kasai et al. 2000; Karampat-
sas et al. 2018). It is characterized by impaired conscious-
ness and signs of increased intracranial pressure and may
be accompanied by convulsions or seizures. In children,
it is associated with severe neurological defects and high
mortality rates. Pathological studies of the brain at nec-
ropsy showed that severe cases of VAE are characterized
by extensive brain edema and plasma extravasation, indi-
cating disruption of the blood—brain barrier (BBB) (Miz-
uguchi et al. 2007). In VAE, elevated concentrations of
several cytokines, such as tumor necrosis factor (TNF)-a,
interleukin (IL)-1p, and IL-6, have been observed in blood
serum (Ichiyama et al. 1998; Hosoya et al. 2005; Morita
et al. 2005). TNF-a is a key mediator of VAE. Production
of IL-1p is induced by TNF-a, which shares many of its
activities, including its ability to induce IL-6 production
(Clark et al. 2010). Some studies have reported that IL-6
protects neurons against various types of damage (Ali et al.
2000; Yamashita et al. 2005). It has been hypothesized that
the pathophysiology of the cytokine storm is attributable
to the excessive production of proinflammatory cytokines
that induce vascular endothelial cell dysfunction, resulting
in the deterioration of vascular permeability.

Human brain microvascular endothelial cells
(HBMEQCs), possessing well-developed tight junctions
(TJs), play a critical role in BBB function; however, the
surrounding components, such as pericytes, astrocytic
endfeet, and basement membranes, comprising various
extracellular matrix proteins, also contribute to the BBB’s
establishment (Almutari et al. 2016). Materials cross
endothelial cellular sheets via the transcellular and para-
cellular pathways (Tsukita et al. 2001). TJs are the most
apical type of cell-cell contact in the lateral membrane
between adjacent cells, appearing as a set of continuous,
anastomosing intramembranous particle strands that are
responsible for the control of paracellular pathways. TJ
strands include proteins, such as occludin, claudin, and
junctional adhesion molecules (Furuse et al. 1993, 1998;
Tsukita et al. 2001). Claudins are major constituents of
TJs and can form strands in the absence of other TJ pro-
teins (Furuse et al. 1998). Mammals express 24 claudins,
and tissue-specific combinations of claudins result in tis-
sue-specific barrier characteristics (Krause et al. 2008).
Hewitt et al (2006) demonstrated that the brain has a dis-
tinct claudin expression profile, with high expression of
claudin-2 and -5. Claudin-5, -3, and -12 are localized at
the BBB (Zlokovic 2008; Neuhaus et al. 2008). Multiple
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claudins can interact in both a homotypic and heterotypic
cis- and trans-fashion to form TJ strands (Tsukita et al.
2001; Hewitt et al. 2006; Krause et al. 2008). Among the
members of the claudin family, claudin-5 is indispensable
for BBB function (Morita et al. 1999; Nitta et al. 2003),
while the significance of claudin-3 and claudin-12 expres-
sion at the BBB TJs remains unclear. Recently, the absence
of claudin-3 expression at the BBB endothelium TJs was
confirmed in a study by Castro et al. (2019a). Further-
more, the expression of claudin-12 at the BBB has been
reported, but this was determined to not be essential for
the establishment or maintenance of the BBB TJ integrity
(Castro et al. 2019b).

Experimentally, the TJ barrier function has been assessed
by measuring the transepithelial or transendothelial elec-
trical resistance (TER) and evaluating the ability of TJs to
restrict the passage of small molecules, such as dextran,
through the paracellular space. Previously, we demon-
strated a dynamic change in vascular permeability induced
by TNF-a using the TER measurement and a permeability
assay of human umbilical vein endothelial cells (HUVECs)
(Miyazaki et al. 2017). However, HUVECsS are not brain-
derived. Therefore, it is important to use a BBB model to
develop an in vitro model of the VAE pathophysiology.
This study aimed to elucidate the dynamics of vascular dys-
function caused by TNF-« in an in vitro BBB model using
HBMECs and pericytes.

Materials and methods

The procedures using the in vitro VAE model are demon-
strated in Fig. 1.

Cell culture

HBMEQC s (Cell Systems, Kirkland, WA, USA) were cultured
on rat-tail type I collagen-coated (5 pg/cm?* CULTREX®,
Trevigen, Inc, Gaithersburg, MD, USA) CELLSTAR® Cell
Culture Flasks (Greiner Bio-One GmbH, Frickenhausen,
Germany) in Endothelial Cell Growth Medium MV with
an Endothelial Cell Growth Medium MV?2 kit (PromoCell
GmbH, Heidelberg, Germany), containing 5 ng/mL epider-
mal growth factor, 10 ng/mL basic fibroblast growth factor,
20 ng/mL insulin-like growth factor, 0.5 ng/mL vascular
endothelial growth factor, 1 pg/mL ascorbic acid, 0.2 pg/
mL hydrocortisone, 5% fetal bovine serum (FBS), and peni-
cillin—streptomycin (100 units/mL and 100 pg/mL, respec-
tively; Thermo Fisher Scientific, Inc, San Jose, CA, USA)
at 37 °C under humidified 5% CO,.

Human brain vascular pericytes (ScienCell Research Lab-
oratories, Inc., San Diego, CA, USA) were cultured on poly-
L-lysine-coated (2 pg/cm?; ScienCell Research Laboratories,
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Fig. 1 Schematic drawing of
the procedure using the in vitro
VAE model. Human brain vas-
cular pericytes were seeded and
cultured on the bottom side of
the 24-well Transwell® inserts.
The following day, HBMECs
were seeded and cultured on
the inside of the inserts. Under
these conditions, the BBB
models were established. TER
measurement was started 4 days
after seeding the HBMECs.
After the TER became stable,
serially diluted TNF-o was
added to the medium in both the
upper and lower compartments
of the wells. Under these condi-
tions, the VAE models were
established. Each experiment
was performed using the VAE
model

Pericytes
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Inc.) CELLSTAR® Cell Culture Flasks in pericyte medium
(ScienCell Research Laboratories, Inc.) containing peri-
cyte growth supplement, penicillin—streptomycin solution
(100 units/mL and 100 pg/mL, respectively), and 2% FBS
at 37 °C under humidified 5% CO,. At around 70% conflu-
ency the cells were trypsinized and stored at— 80 °C until
use. These cells were used at passage 3—10.

Co-culture preparation

The co-culture models were prepared as reported previously
(Nakagawa et al. 2007, 2009). To culture cells on the under-
side of a 24-well Transwell® insert (pore size, 0.4 pm; cell
growth area, 0.33 cm?; Corning, Inc, NY, USA), the insert
was placed inverted inside the chamber of a Falcon® 12-well
Clear Multiwell Plate (Corning, Inc, NY, USA). Human
brain vascular pericytes were seeded at 5x 10* cells/cm?
on the bottom side of the poly-L-lysine-coated (2 pg/cm?)
inserts and cultured in pericyte medium containing pericyte
growth supplement, penicillin—streptomycin solution (100
units/mL and 100 pg/mL, respectively), and 2% FBS at
37 °C under humidified 5% CO,. To prevent evaporation, a
12-well plate cover was placed against the top of the inserts.
The cells were allowed to adhere for 1 h prior to re-inversion
and then allowed to adhere firmly overnight. The next day,

staining/ western blot

o™ 0

@ FITC -sodium
-dextran

intravascular

HBMECs were seeded (1 103 cells/cm?) inside type I col-
lagen-coated (5 pg/cm?) membranes on 24-well Transwell®
inserts and cultured in Endothelial Cell Growth Medium
MYV with an Endothelial Cell Growth Medium MV?2 kit con-
taining 5% FBS and penicillin—streptomycin (100 units/mL
and 100 pg/mL, respectively) at 37 °C under humidified 5%
CO,. The medium was replaced the following day and every
2 days thereafter until the cells were confluent. Under these
conditions, the in vitro BBB models were established.
Lyophilized recombinant human TNF-a (R&D Systems,
Minneapolis, MN, USA) was reconstituted to 100 pg/mL
using 0.1% bovine serum albumin (BSA) in phosphate-
buffered saline (PBS) and stored at —20 °C until use. The
specific activity of recombinant human TNF-a is approxi-
mately 7.6 x 10* IU/pg (7.6 x 10? IU/mL considering the
TNF-a concentration as 10 ng/mL). Working solutions of
TNF-a were prepared by dilution in the culture medium.

TER measurement

HBMECSs and human brain vascular pericytes were cultured
on 24-well Transwell® inserts, as mentioned previously, and
the co-culture models were established. The medium was
replaced the next day after seeding the HBMECs, and every
two days thereafter until the cells were confluent. These
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inserts were set in the cellZscope® (nanoAnalytics GmbH,
Miinster, Germany), and TER measurement was started
4 days after seeding the HBMECs. After the TER became
stable, serially diluted TNF-a was added to the medium in
both the upper and lower compartments of the wells at final
concentrations of 0 (control), 0.1, 1, or 10 ng/mL, respec-
tively. We used the wells without added TNF-« as the con-
trols to prevent the potential effects of cell metabolites on
the barrier over the total experimental time course. Under
these conditions, the in vitro VAE models were established.
The TER level was automatically measured over time after
HBMEC monolayer treatment at each concentration. TER
levels correlate with the strength of TJs between adjacent
cells; high and low TER values indicate low and high TJ
permeability, respectively.

Permeability assay

HBMECSs and human brain vascular pericytes were cultured
in 24-well Transwell® inserts, as mentioned previously, and
the co-culture models were established. The medium was
replaced the next day after seeding the HBMECs, and every
two days thereafter until the cells were confluent. At spe-
cific time points (12, 24, and 48 h) after TNF-a treatment,
the media containing 50 pg/mL sodium-fluorescein isothio-
cyanate (FITC) (average MW: 376 Da; Sigma-Aldrich, St.
Louis, MO, USA) and 100 pg/mL FITC-conjugated dextran
(average MW: 3-5, 70, and 250 kDa; Sigma-Aldrich), were,
respectively, loaded into each of the upper compartments
of the inserts, for each molecular size. One hour after add-
ing sodium-FITC and FITC-conjugated dextran, samples
(0.1 mL) were removed from the lower compartment. The
inserts were not re-used after the samples were removed.
The upper and lower compartments represent the intravas-
cular and extravascular spaces, respectively; thus, this model
represents solute permeation from the intravascular to the
extravascular space. One hour after adding sodium-FITC
or FITC-conjugated dextran, the fluorescein intensity of the
medium in the lower compartments was measured using a
fluorescent microplate reader Fluoroskan® (Thermo Fisher
Scientific, Inc.) at excitation and emission wavelengths of
485 nm and 538 nm, respectively. Sodium-FITC and FITC-
conjugated dextran concentrations were calculated with the
use of a standard curve. The ratio to control these concen-
trations in the lower compartment was used as the index for
functional permeability.

Immunofluorescence staining
The HBMECs were fixed in ice-cold acetone for 15 min
at—20 °C, followed by permeabilization with ice-cold meth-

anol for 20 min at—20 °C. After washing with PBS, the
cells were blocked in PBS with 3% BSA and 0.3% Triton-X
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100 for 1 h at room temperature and subsequently incubated
overnight at 4 °C with anti-claudin-5 mouse monoclonal
antibody (mAb) (1:200, cat. no. sc-374221; Santa Cruz Bio-
technology, Inc, Dallas, TX, USA) and anti-ZO-1 mouse
mADbD (1:200, cat. no. 33-9100; Thermo Fisher Scientific,
Inc, Waltham, MA, USA) for TJ staining, as primary anti-
bodies. Subsequently, the cells were incubated with sec-
ondary antibodies that included a donkey Cy3 AffiniPure
F(ab’)2 Frag Donkey Anti-Mouse IgG (1:2,000, cat. no.
111673; Jackson Immuno Research Laboratories, Inc,
West Grove, PA, USA) and an Alexa Fluor 488 Goat Anti-
Rabbit IgG (1:2,000, cat. no. A-11034; Molecular Probes
Inc, Eugene, OR, USA) at room temperature for 1 h. Both
the primary and secondary antibodies were diluted in 1%
BSA and 0.3% Triton-X 100. After washing the cells, the
membranes were covered with a coverslip and mounted with
ProLong Gold Antifade Reagent containing 4,6-diamidino-
2-phenylindole (DAPI) (Thermo Fisher Scientific, Inc.) to
detect nuclei. Images were captured using a confocal laser
microscope (FV1000; Olympus, Tokyo, Japan). For confocal
Z-stacks, images were collected over a depth of 10 pm with
an interval of 0.5 pm between each stack. The stacks were
subsequently projected into one image.

Western blot analysis

At specific time points (12, 24, and 48 h) after TNF-« treat-
ment, the HBMECs were lysed in 100 pL. RIPA Lysis Buffer
(Santa Cruz Biotechnology, Inc.). Cells were scraped into
the solution and centrifuged at 14,000 rpm for 5 min. The
supernatants were mixed with 4 X Laemmli buffer (Bio-
Rad Laboratories, Inc, Hercules, CA, USA) supplemented
with 10% B-Mercaptoethanol (Santa Cruz Biotechnology,
Inc.) and heated for 5 min at 95 °C. Protein concentration
was determined using a Pierce™ BCA Protein Assay Kit
(Thermo Fisher Scientific, Inc.). Equivalent amounts of pro-
tein (30 pg) for each sample were resolved in 12% sodium
dodecyl sulfate (SDS)-polyacrylamide gels for electropho-
resis and run at 200 V for 30 min. After electrophoresis, the
gels were overlaid with a polyvinylidene difluoride (PVDF)
membrane (Trans-Blot® Turbo™ Mini PVDF Transfer
Packs, Bio-Rad Laboratories, Inc.) under a constant voltage
of 25 V for 3 min. The PVDF membrane was then blocked
with 5% skimmed milk (Nacalai Tesque, Inc, Kyoto, Japan)
for 1 h at room temperature and incubated overnight with
the primary anti-claudin-5 rabbit Ab (1:1,000, cat. no.
C0145; Assay Biotechnology Company, Inc, Sunnyvale,
CA, USA) and anti-p-actin mouse mAb (1:10,000, cat. no.
A 5316; Sigma-Aldrich) at 4 °C. Horseradish peroxidase-
conjugated secondary anti-rabbit IgG (cat. no. 7074; Cell
Signaling Technology, Tokyo, Japan) and anti-mouse IgG
(cat. no. 7076; Cell Signaling Technology, Tokyo, Japan)
were diluted in 5% skimmed milk at a dilution of 1:5000.
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Protein expression levels were determined using enhanced
chemifluorescence (ECL Select Western Blotting Detection
Reagent, GE Healthcare, Buckinghamshire, UK) and laser
scanner Light Capture I (ATTO Corporation, Tokyo, Japan)
for exposure. Western blot band intensity was determined
using ImageJ software, version 1.50i (National Institutes of
Health, Bethesda, MD, USA).

Statistical analysis

Data are reported as mean + standard error (SE). All pos-
sible pairwise comparisons among the groups were con-
ducted using a one-way analysis of variance followed by the
Tukey—Kramer post hoc test. P values <0.05 were consid-
ered statistically significant. Analyses were performed using
BellCurve for Excel (Social Survey Research Information
Co. Ltd, Tokyo, Japan) and GraphPad Prism 8 software.

A 140 - -o-Control

©-TNF-o. 0.1 ng/mL

Results

TER was decreased after TNF-a treatment
and recovery times were dependent on TNF-a
concentration

Sequential TER was measured in the BBB model to evalu-
ate dynamic changes in the TJ barrier function after TNF-«
treatment. Sequential TER was measured for 3 days after
TNF-a treatment (Fig. 2a). TER values decreased and
reached the minimum level ~ 10 h after TNF-a treatment,
at all TNF-a concentrations (Fig. 2a, b). Thereafter, TER
values at all TNF-a concentrations tended to recover. TER
values at TNF-a concentrations of 0.1 and 1 ng/mL recov-
ered to the control level at approximately 30 and 40 h after
treatment, respectively; those at a concentration of 10 ng/
mL recovered almost to the control level at~70 h after
treatment (Fig. 2c). The decreased TER values at TNF-a

5-TNF-o. 1 ng/mL 4 TNF-a 10 ng/mL

120 ) @D@mgmﬁj@@@@@@@@
g& 100 ﬂ'ggp- ooooooooooo;ogg@@g@@@%ooooooooooooooo
Gl 000000 Q0
~ o et} ¥6ecee
% 804 2 0°° B e bttitt
= LE@ 00" @@@@@@D *AR&[LMMMM’*‘M“‘MMM
&= 60 1 '@aggﬁﬁggggg@?ggQggAgge,agﬁgAgaalﬁl\@é -
40
20 A
0 T T T 1
0 20 40 60 80
Time after TNF-o treatment (h)
ek
B | ek \ C - —
EE g 100 q gk
... 1
g ek § g0+
2 1007 o, o Fob
£ $ave 2 g0 X%
£ % i —
80 =9
3 £3 40 5
—_ 4 &
§ 60 8‘36'9 _%-g_ % 20
[m] égﬁﬁ
= 50 T T T T m 0 —T
= Control 0.1 1 10

TNF-o concentration (ng/mL)

Fig.2 Change in TER in an in vitro BBB model after TNF-a treat-
ment. a Mean TER percentage (%) changes over time after TNF-o
treatment. Each line shows the mean TER % (n=35) of each concen-
tration (control; TNF-a at 0.1, 1, and 10 ng/mL); error bars indicate
SE. The vertical axis shows the mean TER %, and the horizontal
axis shows the time after TNF-a treatment (h). The time of addi-
tion is time zero. The mean TER of the no-cell-cultured inserts
was 7.194020 © cm® (n=5; mean+SE). Initial TER values
(17.29+0.13 Q cm? n=35; mean+SE) at time 0 were regarded as
the 100% value. TER % is the ratio of the TER values to time 0. The
graph is representative of three independent experiments. b The mini-
mum level of TER % at 10 h after TNF-a treatment. Bars show the

0.1 1 10
TNF-o concentration (ng/mL)

mean minimum TER % (n=35) of each concentration (control; TNF-a
at 0.1, 1, and 10 ng/mL); error bars indicate SE. The vertical axis
shows the mean TER % at the minimum level, and the horizontal axis
shows the TNF-a concentration (ng/mL). ¢ Recovery time to control
TER %. Bars show the time of recovery to control TER % from time
zero (n=>5) of TNF-a concentrations at 0.1, 1, and 10 ng/mL; error
bars indicate SE. The vertical axis shows the mean recovery time (h)
and the horizontal axis shows the TNF-a concentration (ng/mL). Sta-
tistical significance was determined using a one-way analysis of vari-
ance followed by the Tukey—Kramer post hoc test. **p<0.01. BBB
blood-brain barrier, TER transendothelial resistance, TNF-a tumor
necrosis factor, SE standard error
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concentrations of 0.1 and 1 ng/mL had increased beyond
control levels (Fig. 2a).

Paracellular permeability increased after TNF-a
treatment and recovered to baseline levels
in a TNF-a concentration-dependent manner

A permeability assay using FITC-conjugated sodium and
FITC-conjugated dextran of different molecular weights was
performed at specific time points after TNF-a treatment to
evaluate the solute permeability of the BBB model over
time. Paracellular permeability increased for all molecular
sizes after TNF-a treatment, and the recovery time to base-
line level was delayed in a TNF-a concentration-dependent
manner (Fig. 3a—d). We also observed size-selectivity in
paracellular permeability after TNF-a treatment. Although

A 376-Da sodium-FITC

1
T EES
oo st #
0.8 i

Control 0.1 1
TNF-o concentration (ng/mL)
O12hO24hm48h

=
%

Ratio to control
P
W

C

70-kDa FITC-conjugated dextran
1.8 4

1.3 1 D
0.8 -

Control
TNF-a concentratlon (ng/mL)

O12h ©024h m48h

Ratio to control

Fig.3 Paracellular permeability for FITC-conjugated sodium and
dextran in an in vitro BBB model after TNF-o treatment. Each bar
indicates the mean ratio of fluorescein intensity (n=6): a FITC-
conjugated sodium (average MW: 376 Da), b FITC-conjugated
dextran (average MW: 3-5 kDa), ¢ FITC-conjugated dextran (aver-
age MW: 70 kDa), and d FITC-conjugated dextran (average MW:
250 kDa). Error bars indicate standard error. The vertical axis shows
the ratio to control of the FITC-conjugated sodium or dextran con-
centrations in the lower compartment and the horizontal axis shows
TNF-a concentration (ng/mL). The mean FITC-conjugated sodium
or dextran concentrations for no-cell-cultured inserts in the lower
chamber were 4.97+0.91, 27.0+1.9, 18.9+1.5, and 33.8+4.1 pg/
mL for MW 376 Da, 3-5 kDa, 70 kDa, and 250 kDa, respectively.
The control concentrations were as follows: 376 Da, 0.92+0.05,
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the permeability of all molecular sizes, 12 and 24 h after
treatment with a TNF-a concentration of 10 ng/mL, was
significantly increased, the permeability at 48 h for 70 and
250 kDa recovered to the control level, but not for 376 Da
and 3-5 kDa (Fig. 3a-d). The paracellular permeability
showed a similar pattern to that of sequential TER.

TNF-a treatment induced the delocalization
of claudin-5, but not Z0-1, which recovered
in a dose-dependent manner

Immunofluorescence staining of claudin-5 and ZO-1 was
performed using the insert membrane in the BBB model to
evaluate the changes in localization after TNF-a treatment.
Based on confocal laser microscopy images, the delocaliza-
tion of claudin-5 was observed 12 h after TNF-a treatment

B 3-5-kDa FITC-conjugated dextran
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£ **TT
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[
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=
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TNF-a concentratlon (ng/mL)
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0.90+0.04, and 0.96+0.06 pg/mL; 3-5 kDa, 1.10£0.01,

0.96+0.02, and 1.08 +0.02 pg/mL; 70 kDa, 0.28 +0.00, 0.29 +0.00,
and 0.29+0.01 pg/mL; 250 kDa, 0.49+0.00, 0.49+0.01, and
0.49+0.01 pg/mL at 12, 24, and 48 after TNF-a treatment, respec-
tively. White, gray, and black bars indicate 12, 24, and 48 h after
TNF-a treatment, respectively. All possible pairwise compari-
sons among the groups were conducted using a one-way analysis
of variance followed by the Tukey—Kramer post hoc test. *p <0.05,
**p<0.01 vs. control at 12 h. {p<0.05, ¥1p<0.01 vs. control at
24 h. #p <0.05, ##p <0.01 vs. control at 48 h. The figure is represent-
ative of three independent experiments. BBB, blood-brain barrier;
FITC, sodium-fluorescein isothiocyanate; MW, molecular weight;
TNF-a, tumor necrosis factor
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at all TNF-a concentrations (Fig. 4a). The delocalization
of claudin-5 treated with TNF-« at 0.1 and 1 ng/mL recov-
ered at 24 and 48 h after treatment, respectively, and that
with TNF-a at 10 ng/mL partially recovered at 48 h after
treatment (Fig. 4a). The localization of ZO-1 remained
unchanged at all time points after TNF-a treatment at all
concentrations (Fig. 4b).

The results of the delocalization of claudin-5 showed a
similar pattern to those of TER and the permeability assay.

Claudin-5/B-actin protein expression decreased
at a TNF-a concentration of 1 and 10 ng/mL
but recovered

Western blot analysis was performed to evaluate the change
in the expression of claudin-5 protein, as decreased claudin-5
protein expression is associated with vascular permeability.
The western blot band for claudin-5 remained unchanged
12 h after TNF-a treatment at all concentrations. Claudin-5
decreased 24 h after TNF-« treatment at concentrations of 1
and 10 ng/mL, and completely recovered 48 h after TNF-«
treatment (Fig. 5a, b). Results of the expression of claudin-5
showed a different pattern to those of TER, the permeability
assay, and the delocalization of claudin-5.

A

12 h 24 h 48 h

Discussion

In the present study, we evaluated the vascular endothelial
cell permeability in VAE using an in vitro BBB model with
HBMECs and human brain vascular pericytes and investi-
gated the pathophysiology of VAE by evaluating endothelial
cell injury. We showed that paracellular tightness decreased
after TNF-a treatment and recovered in a TNF-a concentra-
tion-dependent manner. Previously, we reported the patho-
physiology of VAE by evaluating TJs using HUVECsS as an
in vitro endothelial cell injury model (Miyazaki et al. 2017).
However, HUVECS are not brain-derived, and the constitu-
ents of TJs differs between cells derived from the brain and
those derived from other organs. Moreover, HUVECs do not
possess the specific barrier properties found in highly imper-
meable microvascular beds, such as the BBB. HBMECs,
especially in in vitro BBB models, are thought to strengthen
BBB function.

In the present study, we demonstrated a dynamic change
in vascular permeability induced by TNF-a using TER
measurements and a permeability assay. TNF-a acts directly
on brain microvascular endothelial cells and has been shown
to directly impair TJ function in various endothelial cell
lines (Mark and Miller 1999; Capaldo and Nusrat 2009).
TNF-a perturbs endothelial barrier function by influenc-
ing the structure and function of TJs, thereby enhancing
paracellular permeability. Nuclear factor-kB (NF-kB) acti-
vated by TNF-a results in decreased claudin-5 expression
in brain endothelial cells by which the NF-kB subunit p65

B

70-1

Fig.4 Confocal laser microscope images of immunofluorescent stain-
ing of TJ proteins, claudin-5 and ZO-1, in HBMECs after TNF-a
treatment. The expression of (a) claudin-5 and (b) ZO-1 after TNF-a
treatment at 0.1, 1, and 10 ng/mL at specific time points (12, 24,
and 48 h). Claudin-5 (a) and ZO-1 (b) show continuous cell mem-

0.1 ng/mL  Control

TNF-a
1 ng/mL

10 ng/mL

TNF-a

Control

12h 24 h 48 h

brane staining at the cell-cell borders (red). Nuclei were counter-
stained with DAPI (blue). Scale bar (white) indicates 20 pm. DAPI
4,6-diamidino-2-phenylindole, 77 tight junction, TNF-a tumor necro-
sis factor, HBMEC human brain microvascular endothelial cell
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10 ng/mL
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Fig.5 Western blot analysis of the TJ protein claudin-5 in cell lysates
from HBMECs after TNF-a treatment. a Western blot images of
claudin-5 and f-actin in HBMECs after TNF-a treatment. The west-
ern blot images of HBMECs treated for 12, 24, and 48 h with dif-
ferent concentrations of TNF-a (n=2) are shown. Protein lysates of
HBMECs were dispensed to duplicate lanes and separated by elec-
trophoresis and blotted; claudin-5 was detected with specific antibod-
ies. The protein level of B-actin served as a loading control. This fig-
ure is representative of two independent experiments. b The western
blot intensity ratio of claudin-5/p-actin 12, 24, and 48 h after TNF-a.
Each bar shows the intensity ratio of claudin-5 to f-actin (n=4) com-

inactivates claudin-5 promoter activity (Aslam et al. 2012).
Moreover, Aslam et al. (2012) reported that a time depend-
ent decrease in claudin-5 mRNA was observed in TNF-a-
treated brain endothelial cells over a 24 h period, and that
other cytokines did not reduce claudin-5 expression. TNF-o/
NF-kB-dependent reduction in claudin-5 promoter activity
could be a pathologically relevant molecular mechanism
underlying defective microvascular permeability. Ma et al.
(2004, 2005) proposed that TNF-a-induced NF-xB acti-
vation results in alteration of TJ protein localization and
expression, and the functional opening of the TJ barrier
by contraction of perijunctional actin-myosin filaments via
activation of the myosin light chain kinase pathway. Thus,
it is speculated that TNF-o produced in response to viral
infections causes increased permeability due to BBB dis-
ruption by altering TJ protein expression and localization,
although the regulation of these processes is not completely
understood. The increases in permeability after TNF-a
treatment appear to occur via the paracellular pathway. The
main evidence supporting this is the observation that the
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TNF-o concentration (ng/mL)

TNF-a concentration (ng/mL)

pared with the control; error bars indicate standard error. The vertical
axis shows the intensity ratio of claudin-5 to B-actin compared with
the control, and the horizontal axis shows TNF-a concentration (ng/
mL). Each figure indicates 12, 24, and 48 h after TNF-a treatment,
respectively. All possible pairwise comparisons among the groups
were conducted using a one-way analysis of variance followed by
the Tukey—Kramer post hoc test. 1p <0.01 vs. control at 1 ng/mL of
TNF-a concentration. ##p <0.01 vs. control at 10 ng/mL of TNF-a
concentration. 7J tight junction, HBMEC human brain microvascular
endothelial cell, TNF-a tumor necrosis factor

effects of TNF-a were dependent on the size of the perme-
ability marker used (Ma et al. 2004, 2005). Deli et al (1995)
reported that a significant increase in the permeability of
bovine brain capillary endothelial cell monolayers for both
the 342 Da sucrose and 5 kDa insulin was induced 16 h
after a 1-h challenge with TNF-a. Anda et al (1997) reported
that the incubation of bovine brain microvascular endothe-
lial cell monolayers with TNF-a at 50 and 500 U/mL led
to a significant increase in the passage of small molecules,
such as the 300 Da cisplatin, and that the passage of high
molecular weight 50 kDa FITC-dextran was not influenced
by TNF-a at the same concentrations. In the present study,
we observed size-selectivity in paracellular permeabil-
ity after TNF-a treatment in an in vitro BBB model with
HBMECs and pericytes. In our experiments, FITC-dextran
was added only to the upper chamber compartment, which
may have resulted in an increased FITC concentration in
the lower compartment due to an osmotic gradient. In addi-
tion, the free FITC in the FITC-dextran reagent may also
have affected this osmotic gradient. Although the osmotic
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pressure gradient was not evaluated between compartments,
the fact that the FITC concentration increased in a TNF-a
concentration-dependent manner in the lower layer led us
to conclude that TNF-a affects cell permeability. Moreover,
clinical studies have reported TNF-a levels < 15-543 pg/mL
in the serum of patients with VAE (Ichiyama et al. 1998;
Kawada et al. 2003; Morita et al. 2005). Owing to the dilu-
tion effect from plasma, the amount of TNF-« at the local-
ized site of inflammation or injury may actually be greater
than the measured concentration.

In the present study, immunofluorescent staining revealed
that claudin-5 was delocalized 12 h after treatment with
TNF-a at 10 ng/mL and partially recovered 48 h after treat-
ment. Western blot analysis revealed that claudin-5 expres-
sion decreased 24 h after treatment and fully recovered
48 h after treatment at the same concentration. TER partly
recovered 48 h after treatment with TNF-a at 10 ng/mL,
suggesting that paracellular permeability was mainly related
to the localization of claudin-5. In contrast, the localiza-
tion of ZO-1 remained unchanged after TNF-a treatment,
suggesting that ZO-1 may have no direct relationship with
paracellular permeability Nitta et al (2003) reported that
claudin-5-deficient mice exhibit a size-selective loosening
of the BBB against small molecules < 800 Da and die within
10 h after birth. TNF-a induces delocalization and decreased
expression of claudin-5, resulting in vascular hyperperme-
ability (McKenzie and Ridley 2007; Capaldo and Nusrat
2009). Our results demonstrate that TNF-a induces delo-
calization and loss of claudin-5 expression, suggesting that
it induces BBB dysfunction via TJ remodeling. Although
western blotting results are indicative of whole-cell protein
expression and immunofluorescent staining results of protein
localization, the results of the two experiments did not agree
with each other. Therefore, paracellular permeability might
be related to the localization of claudin-5 as the delocaliza-
tion of claudin-5 exhibits a similar pattern to that of the TER
and the permeability assay.

There are some limitations to the present study. First, we
used primary HBMECs derived from surgical material. It is
unclear whether these cells can be regarded as normal tis-
sue as the patient background is unknown. If the structure
and tightness of TJs varies based on tissue or species, it
is important to use HBMECsS to develop an in vitro model
of the VAE pathophysiology. Therefore, in this study, the
use of HBMECs was required for investigating VAE using
the BBB model and tissue-specific TJ proteins. Second,
a co-culture model of HBMECs and human brain vascu-
lar pericytes were used in the BBB model. However, the
BBB is not only composed of vascular endothelial cells and
pericytes but also neighboring cells. Astrocytes induce the
development of TJs in cerebral endothelial cells, thereby
increasing paracellular barrier properties (Megard et al.
2002). Pericytes are in close contact with endothelial cells;

therefore, a co-culture of endothelial cells with pericytes is
a recommended in vitro model for the construction of an
in vitro BBB model. Products from pericytes, such as the
transforming growth factor-f, angiopoietin-1, and the extra-
cellular matrix induce and up-regulate BBB functions (Hori
et al. 2004; Dohgu et al. 2005; Hartmann et al. 2007). Naka-
gawa et al (2007) reported that brain microvessel pericytes
strengthen the BBB function of endothelial cells and that
in vitro co-culture models of brain microvascular endothelial
cells and pericytes are more effective than those of astro-
cytes. Third, we assessed the TJ barrier function using TER
measurements and a permeability assay. However, cellular
edema, which is ascribed to the dysfunction of channels
on the cell membrane, also affects brain edema. Therefore,
in vitro BBB models may lack important features of cell—cell
interactions, such as induction or signaling. Nevertheless,
although our model might not be a complete in vitro VAE
model, given its properties, we believe that it is appropri-
ate for the purpose of this study. Fourth, the concentration-
dependent effects of TNF-a are unclear as we did not assess
the concentration-dependent influence on TNF-« target acti-
vation in our model. The concentration of TNF-a required
to achieve acute breakdown may not be important as TNF-a
is rapidly degraded and the TNF-a targets are deactivated.
Finally, only TNF-a was used to induce hyperpermeability
in HBMECs. However, other cytokines such as IL-6 and
IL-1B, as well as various other factors may also affect vas-
cular permeability (de Vries et al. 1996). Nevertheless, our
system using the in vitro BBB model is thought to closely
resemble the pathology underpinning the vascular hyperper-
meability induced by TNF-a. Moreover, this system might
be useful for elucidating the pathophysiology in other dis-
eases associated with TNF-« in addition to VAE.

Conclusions

We evaluated the vascular endothelial cell permeability
in VAE using an in vitro BBB model with HBMECs and
human brain vascular pericytes treated with TNF-a. This
system for evaluating VAE may be useful for investigating
novel therapeutic strategies for VAE and other specific treat-
ments that focus on vascular permeability. This model may
also be useful for evaluating other diseases in addition to
VAE, where TNF-a-induced breakdown occurs.
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