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blood—brain barrier functions through transforming growth
factor-B production

Shinya Dohgu®, Fuyuko Takata®, Atsushi Yamauchi® Shinsuke Nakagawa’,
Takashi Egawa®, Mikihiko Naito®, Takashi Tsuruo®, Yasufumi Sawada®,
Masami Niwa®, Yasufumi Kataoka®*

Department of Pharmaceutical Care and Health Sciences, Faculty of Pharmaceutical Sciences, Fukuoka University, 8-19-1 Nanakuma,
Jonan-ku, Fukuoka 814-0180, Japan
bDeparﬁnent of Pharmacology 1, Graduate School of Medicine, Nagasaki University, 1-12-4 Sakamoto, Nagasaki 852-8523, Japan
“Institute of Molecular and Cellular Biosciences, University of Tokyo, Bunkyo-ku, Tokyo 113-0032, Japan
dDepartment of Medico-Pharmaceutical Sciences, Graduate School of Pharmaceutical Sciences, Kyushu University, 3-1-1 Maidashi,
Higashi-ku, Fukuoka 812-8582, Japan

Accepted 10 January 2005

Abstract

The blood-brain barrier (BBB) is a highly organized multicellular complex consisting of an endothelium, brain pericytes and astrocytes.
The present study was aimed at evaluating the role of brain pericytes in the induction and maintenance of BBB functions and involvement of
transforming growth factor-p (TGF-B) in the functional properties of pericytes. We used an in vitro BBB model established by coculturing
immortalized mouse brain capillary endothelial (MBEC4) cells with a primary culture of rat brain pericytes. The coculture with rat pericytes
significantly decreased the permeability to sodium fluorescein and the accumulation of rhodamine 123 in MBEC4 cells, suggesting that brain
pericytes induce and up-regulate the BBB functions. Rat brain pericytes expressed TGF-B1 mRNA. The pericyte-induced enhancement of
BBB functions was significantly inhibited when cells were treated with anti-TGF-B1 antibody (10 pg/ml) or a TGF-p type 1 receptor
antagonist (SB431542) (10 uM) for 12 h. In MBEC4 monolayers, a 12 h exposure to TGF-B1 (1 ng/ml) significantly facilitated the BBB
functions, this facilitation being blocked by SB431542. These findings suggest that brain pericytes contribute to the up-regulation of BBB
functions through continuous TGF-B production.
© 2005 Elsevier B.V. All rights reserved.

Theme: Cellular and molecular biology
Topic: Blood-brain barrier

Keywords: Blood-brain barrier; Pericyte; Transforming growth factor-B; P-glycoprotein; Permeability; Mouse brain endothelial cell

1. Introduction

The blood~brain barrier (BBB) is highly restrictive of
the transport of substances between blood and the central
nervous system. The BBB is a complex system of different
cellular components including brain microvascular endo-

* Corresponding author. Fax: +81 92 862 2696.
E-mail address: ykataoka@cis.fukuoka-u.ac.jp (Y. Kataoka).

0006-8993/% - see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.brainres.2005.01.027

thelial cells, pericytes and astrocytes. Astrocytes induce and
maintain the properties of the BBB including the integra-
tion of tight junctions and expression of P-glycoprotein (P-
gp) through cell-to-cell contact and the secretion of soluble
factors [23]. Brain pericytes are important for control of the
growth and migration of endothelial cells and the integrity
of microvascular capillaries {22]. Such functions are known
to be mediated by transforming growth factor-p (TGF-p)
[1,21,25], vascular endothelial growth factor (VEGF)
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[14,17] and direct cell-to-cell communications. Pericytes
have several apparatuses to directly make contact with
endothelial cells: gap junctions, adhesion plaques and peg-
and-socket junctions [24]. Soluble factors including TGF-g,
VEGF and basic fibroblast growth factor (bFGF) were
produced by and released from pericytes [2,24]. These
growth factors control the permeability of the BBB
[8.26,31]. These evidences indicate that pericytes regulate
the brain’s endothelial barrier by collaborating with
astrocytes.

TGF-p, a family of multifunctional peptide growth
factors, has several isoforms (TGF-Bl, 2, 3, 4 and 5),
shares the same structure (65-80% homology) and dis-
plays similar biological activity in vitro [11]. TGF-p acts
on two highly conserved single transmembrane receptors
with an intracellular serine/threonine kinase domain (TGF-
B type I and type II receptors) to activate an intracellular
signaling system, such as Smad proteins or the p38
mitogen-activated protein kinase (MAPK) and the extra-
cellular signal-regulated kinase pathway [6]. TGF-p is
listed as a potent endogenous substance protecting against
neurodegenerative diseases of the central nervous system
[11].

Recently, brain pericytes were reported to induce
occludin and multidrug resistance-associated protein
(MRP) 6 mRNA expression in brain endothelial cells
[3,15]. As for BBB functions, brain pericytes reduce the
endothelial permeability of the brain [13]. However, little is
known about the mechanism behind the facilitatory role of
brain pericytes in the induction and maintenance of BBB
functions. The aim of this study was to clarify whether
TGF-p participates in the pericyte-induced regulation of
BBB functions. We made an in vitro model of the BBB by
coculturing immortalized mouse brain capillary endothelial
(MBEC4) cells with rat brain pericytes. MBEC4 cells are
known to have the highly specialized characteristics of
brain microvascular endothelial cells including the expres-
sion of P-gp [28,29]. BBB functions were assessed based
on the permeability coefficient of sodium fluorescein (Na-
F) and the cellular accumulation of rhodamine 123 in
MBEC4 cells as the paracellular permeability of brain
endothelial cells and the functional activity of P-gp,
respectively.

2. Materials and methods
2.1. Animals

Wistar rats aged 2 weeks old were housed in a room at a
temperature of 22 + 2 °C under a 12-h light/dark schedule
(lights on at 7:00 h) and given water and food ad libitum.
All the procedures involving experimental animals adhered
to the law (No. 105) and notification (No.6) of the Japanese
Government and were approved by the Laboratory Animal
Care and Use Committee of Fukuoka University.

2.2. MBECH4 cell culture

MBECH4 cells, which were isolated from BALB/c mouse
brain cortices and immortalized by SV40-transformation
[28], were cultured in Dulbecco’s modified Eagle’s medium
(DMEM; Invitrogen, Carlsbad, CA, USA) supplemented
with 10% fetal bovine serum (FBS), 100 units/ml penicillin
and 100 pg/ml streptomycin at 37 °C with a humidified
atmosphere of 5% CO,/95% air. They were seeded on 12-
well Transwell®-Clear inserts (Costar, MA) and 24-well
culture plates (BD FALCON™, BD Biosciences, NJ) at a
density of 42,000 cells/insert and 21,000 celis/well,
respectively.

2.3. Primary culture of rat pericytes

Rat cerebral pericytes were isolated according to the
method of Hayashi et al. [13]. Pure cultures of rat cerebral
pericytes were obtained by prolonged culture of isolated
brain microvessel fragments under selective culture con-
ditions because microvessel fragments contain 23% peri-
cytes [27]. The cerebral cortices from 2-week-old Wistar
rats were cleaned of meninges and minced. The homoge-
nate was digested with collagenase CLS2 (I mg/ml;
Worthington, Lakewood, NJ) and DNase I (37.5 pg/ml;
Sigma, St. Louis, MO) in DMEM (Sigma) containing 100
units/ml penicillin, 100 pg/ml streptomycin, 50 mg/ml
gentamicin and 2 mM glutamine at 37 °C for 1.5 h.
Neurons and glial cells were removed by centrifugation in
20% bovine serum albumin (BSA)-DMEM (1000 x g for
20 min). The microvessels obtained in the pellet were
further digested with collagenase/dispase (1 mg/mi; Roche,
Mannheim, Germany) and DNase I (16.7 pg/ml) in DMEM
at 37 °C for 1 h. Microvessel endothelial cell clusters were
separated by 33% Percoll (Amersham Biosciences, Piscat-
away, NJ) gradient centrifugation (1000 X g for 10 min).
The obtained microvessel fragments were washed twice in
DMEM (first 1000 X g for 8 min, then, 700 X g for 5
min) and placed in uncoated culture flasks in DMEM
supplemented with 10% FBS, 100 units/ml peniciilin and
100 pg/ml streptomycin at 37 °C with a humidified
atmosphere of 5% CO0,/95% air. After 14 days in culture,
rat pericytes overgrew brain endothelial cells and reached
typically 80-90% confluency. The cells were used at
passages 2-3.

2.4. Preparation of three in vitro BBB models

The preparation of the in vitro BBB models was
previously described [7]. In brief, rat pericytes (40,000
cells/cm?) were first cultured on the outside of the collagen-
coated polyester membrane (1.0 cm?, 0.4 pm pore size) of a
Transwell®-Clear insert (12-well type, Costar) directed
upside down in the well. Two days later, MBEC4 cells
(42,000 cells/cm?) were seeded on the inside of the insert
placed in the well of a 12-well culture plate (Costar) (the
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opposite coculture system). In the other (bottom coculture)
system, rat pericytes (20,000 cells/cm?) were first cultured
in the wells of the 12-well culture plate. After 2 days,
MBEC4 cells were seeded on the inside of a Transwell ®-
Clear insert placed in the plate containing layers of rat
pericytes. A monolayer system was also made with MBEC4
cells alone (MBEC4 monolayer).

2.5. Paracellular transport of Na-F

To initiate the transport experiments, the medium was
removed and MBEC4 cells were washed three times with
Krebs—Ringer buffer (118 mM NaCl, 4.7 mM KC], 1.3 mM
CaCl,, 1.2 mM MgCl,, 1.0 mM NaH,PO,, 25 mM
NaHCO; and 11 mM D-glucose, pH 7.4). Krebs—Ringer
buffer (1.5 ml) was added to the outside of the insert
(abluminal side). Krebs—Ringer buffer (0.5 ml) containing
100 pg/ml of Na-F (MW 376) (Sigma) was loaded on the
luminal side of the insert. Samples (0.5 ml) were removed
from the abluminal chamber at 30, 60, 90 and 120 min and
immediately replaced with fresh Krebs-Ringer buffer.
Aliquots (5 pl) of the abluminal medium were mixed with
200 pl of Krebs—Ringer buffer and then the concentration of
Na-F was determined with a CytoFluor Series 4000
fluorescence multiwell plate reader (PerSeptive Biosystems,
Framingham, MA) using a fluorescein filter pair (Ex(4)
485 + 10 nm; Em(Z) 530 £ 12.5 nm). The permeability
coefficient and clearance were calculated according to the
method described by Dehouck et al. [5]. Clearance was
expressed as microliters (ul) of tracer diffusing from the
luminal to abluminal chamber and was calculated from the
initial concentration of tracer in the luminal chamber and
final concentration in the abluminal chamber: Clearance
(ul) = [Cla X Va / [C]L, where [C]y is the initial luminal
tracer concentration, [C] is the abluminal tracer concen-
tration and ¥, is the volume of the abluminal chamber.
During a 120-min period of the experiment, the clearance
volume increased linearly with time. The average volume
cleared was plotted versus time, and the slope was estimated
by linear regression analysis. The slope of clearance curves
for the MBEC4 monolayer or coculture systems was
denoted by PS,,,, where PS is the permeability-surface
area product (in pul/min). The slope of the clearance curve
with a control membrane was denoted by PS cmprane. In the
rat pericyte opposite coculture system, the control mem-
brane is the rat pericyte-layered membrane. The real PS value
for the MBEC4 monolayer and the coculture system (PS;ans)
was calculated from 1/PS,5, = 1/PSiembrane T 1/PSyans. The
PSians values were divided by the surface area of the
Transwell inserts to generate the permeability coefficient
(Ptrans, In cm/min).

2.6. Functional activity of P-gp

The functional activity of P-gp was determined by
measuring the cellular accumulation of rhodamine 123

(Sigma) according to the method of Fontaine et al. [12].
MBEC4 cells were washed three times with assay buffer
(143 mM NaCl, 4.7 mM KCl, 1.3 mM CaCl,, 1.2 mM
MgCl,, 1.0 mM NaH,POy4, 10 mM HEPES and 11 mM
D-glucose, pH 7.4). In rat pericyte coculture systems, rat
pericytes on the outside of the membrane were removed
with a cell scraper. MBEC4 cells were incubated with 0.5
ml of assay buffer containing 5 uM of thodamine 123 for
60 min. Then, the solution was removed and the cells
were washed three times with ice-cold phosphate-buffered
saline and solubilized in 1 M NaOH (0.2 ml). Aliquots (5
ul) of the cell solution were removed for measurement of
cellular protein according to the method of Bradford [4]
using a Bio-Rad protein assay kit (Bio-Rad Labora-
tories, Hercules, CA). The remaining solution was
neutralized with 1 M HCI and the rhodamine 123 content
was determined with a CytoFluor Series 4000 fluores-
cence multiwell plate reader (PerSeptive Biosystems)
using a fluorescein filter pair (Ex(1) 485 =+ 10 nm;
Em(4) 530 £ 12.5 nm).

2.7. Detection of TGF-§1 mRNA

Total RNA from rat pericytes was extracted using
TRIzol™ reagent (Invitrogen). The primer pair used in the
reverse transcription-polymerase chain reaction (RT-PCR)
was designed based on the nucleotide sequence of the
rat TGF-p1 and rat GAPDH. The sequences of primers
were as follows: the upper primer 5'-ATACGCCTGA-
GTGGCTGTCT-3' and the lower primer 5-TGGGA-
CTGATCCCATTGATT-3 for TGF-Rl; the upper primer
5-CTACCCACGGCAAGTTCAAT-3 and the lower primer
5-GGATGCAGGGATGATGTTCT-3' for GAPDH. The
expected sizes of the RT-PCR products, predicted from the
positions of the primers, were 153 bp for TGF-B1 and 479
bp for GAPDH. A SuperScript One-Step RT-PCR system
(Invitrogen) was used for reverse transcription of RNA, and
TGF-p1 cDNA was amplified by PCR. Amplification was
performed in a DNA thermal cycler (PC707; ASTEC,
Fukuoka, Japan) according to the following protocol: cDNA
synthesis for 30 min at 50 °C, pre-denaturation for 5 min at
94 °C; 25 cycles of denaturation for 30 s at 94 °C, primer
annealing for 30 s at 57 °C and polymerization for 30 s at
72 °C; and a final extension for 5 min at 72 °C. Each 10 ul
of PCR product was analyzed by electrophoresis on a 3%
agarose (Sigma) gel with ethidium bromide staining. The
gels were visualized on a UV light transilluminator and
photographed using a DC290 Zoom digital camera (Kodak,
Rochester, New York).

2.8. Effects of the modulation of TGF-B1 signaling on BBB
functions

A TGF-B type I receptor antagonist, SB431542 (TOC-
RIS, Bristol, UK), and human TGF-B1 (Sigma) were first
dissolved in dimethylsulfoxide (DMSOQ) and 4 mM HCI
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containing 1 mg/ml BSA, respectively. They were diluted
with serum-free culture medium (0.1% as the final DMSO
concentration). MBEC4 cells were cultured for 3 days in the
three in vitro BBB models. The inserts and wells were
washed three times with serum-free medium prior to the
experiments. To examine the influence of the inhibition of
TGF-B1 signaling on the pericyte-induced changes in BBB
functions, SB431542 (10 uM) and monoclonal anti-human
TGF-B1 antibody (10 pug/ml; R&D Systems, Minneapolis,
MN) were loaded in both compartments of the opposite
coculture system. In the MBEC4 monolayer, cells were
exposed to 1 ng/ml TGF-Rl injected into the inside
(luminal) or outside (abluminal) of the insert for 12 h and
subjected to experiments to test whether MBEC4 cells
exhibit functional polarity in response to TGF-pl. TGF-R1
and the TGF-Bl receptor antagonist (SB431542) were
applied for 12 h to the inside of the insert in the MBEC4
monolayer to investigate the effect of SB431542 on the
TGF-p1-induced changes in BBB functions. In all experi-
ments, controls were performed by treating cells with
serum-free medium containing the corresponding amount
of DMSO and/or 4 mM HClI containing 1 mg/m] BSA as the
vehicle.

2.9. Statistical analysis

Values are expressed as the mean + SEM. Statistical
analysis was performed using Student’s ¢ test. One-way and
two-way analyses of variance (ANOVAs) followed by
Tukey-Kramer’s tests were applied to multiple compari-
sons. The differences between means were considered to be
significant when P values were less than 0.05.

3. Results

3.1. BBB functions in three in vitro BBB models and
expression of TGF-i1 mRNA in rat pericytes

After MBEC4 cells were cultured for 3 days, the basal
permeability and P-gp efflux pump of MBEC4 cells were
evaluated in three models of the BBB (Fig. 1). The
permeability coefficient of Na-F for MBEC4 cells signifi-
cantly decreased by 34.8% and 16.0% in the opposite and
bottom coculture systems, respectively, when compared to
that in the MBEC4 monolayer (Fig. 1A). The accumulation
of thodamine 123 in MBEC4 cells significantly decreased
by 17.8 and 7.8% in the opposite and bottom coculture
models relative to the MBEC4 monolayer, respectively
(Fig. 1B).

To obtain molecular evidence for the expression of TGF-
@1 in rat pericytes, RT-PCR was carried out with a primer
pair specific for rat TGF-B1 (Fig. 2). RT-PCR with mRNA
obtained from rat pericytes yielded a single product. The
size of this product was the same as that expected from the
primer positions in rat TGF-B1.
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Fig. 1. Permeability and P-gp function of MBEC4 cells in the MBEC4
monolayer and rat pericyte opposite or bottom coculture systems. (A)
MBEC4 permeability coefficients of Na-F. Results are expressed relative
(%) to the value for the MBEC4 monolayer (2.7 + 0.20 X 10™% cm/min).
Values are the means = SEM (n = 4-12). *P < 0.05, **P < (.01,
significant difference from MBEC4 monolayer. (B) Rhodamine 123
accumulation in MBEC4 cells. Results are expressed relative (%) to the
value for the MBEC4 monolayer (1.61 + 0.25 nmol/mg protein). Values are
the mean + SEM (n = 4-12). **P < (.01, significant difference from
MBEC4 monolayer.

3.2. Effect of the inhibition of TGF-f1 signaling on BBB
Junctions in the MBEC4 monolayer and rat pericyte
opposite coculture

As shown in Fig. 3, exposure to anti-TGF-$1 antibody for
12 h inhibited the pericyte-induced enhancement of endo-
thelial barrier and P-gp function in rat pericyte cocultures,
whereas anti-TGF-B1 antibody had no significant effect on
BBB functions in the MBEC4 monolayer. In the coculture
models, anti-TGF-B1 antibody (10 pg/ml) increased the
permeability coefficient of Na-F for MBEC4 cells from
86.7 £ 6.1 to 101.7 + 9.1% of the control value (vehicle-
treated MBEC4 monolayer) and the accumulation of rhod-
amine 123 in MBEC4 cells from 76.6 + 6.5 t0 90.1 + 8.0%
of the control value (Fig. 3). For the permeability to Na-F
(Fig. 3A), a two-way ANOVA showed significant effects for
the factors culture system (monolayer and coculture) [ F(1,
25)=4.65, P < 0.05], treatment (vehicle and antibody) [ F(1,
25) = 8.25, P < 0.01] and interaction (culture system X
treatment) [ F(1, 25) = 11.51, P < 0.005]. For accumulation
of thodamine 123 (Fig. 3B), a two-way ANOVA showed
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800 bp

100 bp

Fig. 2. TGF-B1 mRNA expression in rat pericytes detected by RT-PCR
analysis. RNA samples from rat pericytes were used for RT-PCR with
primer pairs specific for rat TGF-p1 and GAPDH.

significant effects for culture system [ F(1, 18) = 14.88, P <
0.005] and interaction [ F(1, 18) = 11.97, P <0.005], but not
for treatment. Tukey—Kramer post hoc tests indicated that
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Fig. 3. Effect of anti-TGF-B1 antibody on MBEC4 permeability (A) and P-
gp function of MBEC4 cells (B) in the MBEC4 monolayer and rat pericyte
coculture systems. Experiments were performed after 12 h of exposure to
anti-TGF-R1 antibody (TGF-B1 Ab; 10 pg/ml). (A) MBEC4 permeability
coefficients of Na-F. Results are expressed as a percentage of the control
(vehicle-treated MBEC4 monolayers) value (3.85 + 0.11 X 107™* cr/min).
Values are the means = SEM (r = 6-11). **P < 0.01. (B) Rhodamine 123
accumulation in MBEC4 cells. Results are expressed as a percentage of the
contro} value (2.46 + 0.08 nmol/mg protein). Values are the mean = SEM
(n =3-7). *P <0.05, **P < 0.01.

anti-TGF-p1 antibody significantly increased the perme-
ability to Na-F (P < 0.01) and the accumulation of
rhodamine 123 in MBEC4 cells (P < 0.05) in the coculture
system, but not in the monolayer (Fig. 3).

A 12-h exposure to SB431542 (10 pM) significantly
increased the permeability from 73.8 £ 3.4 to 87.6 £ 3.9%
and moderately elevated the accumulation of rhodamine 123
in MBEC4 cells from 79.0 = 8.4 to 91.7 £ 11.6% of the
control value in the opposite coculture system (Fig. 4). For
permeability to Na-F (Fig. 4A), a two-way ANOVA showed
significant effects for the factors culture system [F(1, 21) =
90.10, P <0.0001], treatment [ F(1, 21) = 14.21, P < 0.005]
and interaction [F(1, 21) = 6.73, P < 0.05]. For the
accumulation of rhodamine 123 (Fig. 4B), a two-way
ANOVA showed significant effects for culture system
[F(1, 32) = 13.18, P < 0.001] and interaction [F(1, 32) =
4.16, P < 0.05], but not for treatment. Tukey-Kramer post
hoc tests indicated that SB431542 significantly increased
the permeability to Na-F (P < 0.01) in the coculture system,
but not in the MBEC4 monolayer.
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Fig. 4. Effect of a TGF-B type I receptor inhibitor (SB431542) on MBEC4
permeability (A) and P-gp function of MBEC4 cells (B) in the MBEC4
monolayer and rat pericyte coculture systems. Experiments were performed
after 12 h of exposure to SB431542 (10 uM). (A) MBEC4 permeability
coefficients of Na-F. Results are expressed as a percentage of the control
(vehicle-treated MBEC4 monolayers) value (4.29 % 0.18 X 107 cm/min).
Values are the means + SEM (n = 4-8). **P < 0.01. (B) Rhodamine 123
accumulation in MBEC4 cells. Results are expressed as a percentage of the
control value (2.22 £ 0.43 nmol/mg protein). Values are the mean & SEM
(n = 7-12). **P < 0.01.
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3.3. Effect of TGF-p type I receptor antagonist on
TGF-p I-induced enhancement of BBB functions
in MBEC4 monolayer

To determine whether the site of treatment had an effect
on the permeability of MBEC4 cells, TGF-p1 (10 ng/ml)
was applied to the luminal or abluminal side of the MBEC4
monolayer. A 12-h exposure to TGF-31, when injected into
either the luminal or abluminal side, produced significant
decreases with the same change in permeability to Na-F
(35.7 and 36.6%, respectively) (Fig. 5). Then, TGF-B1 and
the TGF-R1 receptor antagonist were applied to the luminal
compartment of the MBEC4 monolayer.

The TGF-p1 antagonist SB431542 (10 uM) alone had no
effect on the permeability to Na-F and the accumulation of
thodamine 123 in the MBEC4 monolayer. TGF-p1 (1 ng/
ml) significantly decreased the permeability (P < 0.01 vs.
vehicle) and accumulation of rhodamine 123 in MBEC4
cells (P < 0.01 vs. vehicle). SB431542 (10 uM) completely
blocked the TGF-Rl-induced decreases in permeability
(106.5 £ 2.2% of vehicle, P < 0.01 vs. TGF-pl) and
accumulation of rhodamine 123 (107.4 + 4.0% of vehicle,
P < 0.01 vs. TGF-B1) (Fig. 6).

4. Discussion

The present study demonstrated that pericytes positively
retain BBB functioning through contact with brain endo-
thelial cells and a soluble factor secreted from pericytes. We
made three in vitro BBB models; the MBEC4 monolayer,
rat pericyte coculture (bottom) and rat pericyte coculture
(opposite) (Fig. 1). The pericyte-released substances are
permitted to interact with brain endothelial cells through the
pores of the insert (0.4 pm pore size) in the bottom coculture
model. The opposite coculture model produces a partial
contact effect in addition to the soluble factor from
pericytes. In the presence of rat pericytes, the permeability
to Na-F and the accumulation of rhodamine 123 in MBEC4
cells were markedly decreased (Fig. 1). A positive role for
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Fig. 5. Functional polarity to the permeability effect of TGF-B1 in MBEC4
monolayers. MBEC4 monolayers were exposed to TGF-B1 (10 ng/ml, 12 h)
on cither the luminal or abluminal side. The permeability coefficient of Na-
F for the control was 2.51 £ 0.02 x 10™* cm/min. Values are the mean +
SEM (1 = 4). **P < 0.01, significant difference from control.

A
- 1107
j ol
8
S . 100} T
Lot 90F
P
56 8o}
o N
QD
E 70}
S_ 0': h—
Vehicle SB431542
(10puM) TGF-B1 (1 ng/mi)
$B431542
(10 M)
L3 sk
B ]
T T
k<]
7
83 /
ESs gol /
FEES /
£27 70} é
3
3] E i
0

Vehicle SB431542 _____
(10uM) TGF-1 (1 ngimi)
SB431542

(10 uMm)

Fig. 6. Effect of a TGF-B type I receptor inhibitor (SB431542) on TGF-p1-
enhanced tightening of paracellular junctions (A) and P-gp function of
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after 12 h of exposure to TGF-R1 (1 ng/ml) and/or SB431542 (10 uM). (A)
MBEC4 permeability coefficients of Na-F. Results are expressed as a
percentage of the control value (3.66 + 0.25 x 10™* cm/min). Values are
the mean + SEM (n = 8-12). **P < 0.01. (B) Rhodamine 123
accumulation in MBEC4 cells. Results are expressed as a percentage of
the control value (1.14 + 0.02 nmol/mg protein). Values are the mean +
SEM (n = 3-4). **P < 0.01.

pericytes in the expression and maintenance of endothelial
tight junctions has been documented [13,15], although there
are few reports concerning pericyte-enhanced P-gp function.
Pericytes in the opposite coculture system apparently
enhanced BBB properties compared to those in the bottom
coculture model (Fig. 1). These findings suggest that
pericytes participate in tightening the intercellular junctions
and facilitating P-gp function in brain endothelial cells
through the production of soluble factors and cell-to-cell
contact. Therefore, we employed the opposite coculture
model to investigate effects of the inhibition of TGF-pl
signaling on BBB functions in rat pericyte cocultures.

The anti-TGF-p1 antibody and TGF-B1 receptor antag-
onist (SB431542) were used here at the maximal concen-
tration having no significant effect on BBB functions in the
MBEC4 monolayer. Anti-TGF-R1 antibody reversed the
decrease in permeability to Na-F and in the accumulation of
rhodamine 123 in the rat pericyte coculture to the
corresponding levels in the MBEC4 monolayer (Fig. 3).
TGF-B1 receptor antagonist (SB431542) inhibited pericyte-
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induced decreases in the permeability to Na-F and the
accumulation of rhodamine 123 in MBEC4 cells by 50—
60% (Fig. 4). A longer period of exposure than 12 h and/or
an injection before 3 days may need to be tested. The
present results suggest that the pericyte-induced enhance-
ment of BBB functions is mediated to some extent by TGF-
pl. RT-PCR analysis of rat pericytes demonstrated the
expression of TGF-B1 (Fig. 2). It is, therefore, conceivable
that pericyte-derived soluble factors include TGF-B1 and
enhance both tight junctions and P-gp function through, at
least in part, the TGF-p type I receptor. This notion is
supported by our previous findings that TGF-B1 actually
lowers the endothelial permeability and enhances the
functional activity of P-gp {8]. In the present study, effects
of TGF-p1 adsorption and TGF-R receptor inhibition
emerged within 12 h (Figs. 3 and 4), after brain pericytes
had induced a restoration of the BBB properties of MBEC4
cells. Thus, brain pericytes seem to positively maintain BBB
functioning by continuously producing TGF-R1.

TGF-p expresses its physiological actions predomi-
nantly through two types of receptors with serine/threonine
kinase activity, TGF-PR type I and II receptors [20]. The
binding of TGF-p to the TGF-B type II receptor induces
the assembly of the TGF-p type I receptor-type II receptor
heterodimer, leading to phosphorylation of TGF-p type I
induced by the type II receptor. As shown in Fig. 6,
SB431542 (10 uM) significantly inhibited the TGF-Bl1-
induced enhancement of BBB functions in the MBEC4
monolayer, suggesting that TGF-p1 facilitates the barrier
function of the BBB through the TGF-B type I receptor. It
is, therefore, likely that the activation of the TGF-R1/TGF-
 receptor pathway between brain endothelial cells and
brain pericytes contributes to an enhancement of the tight
junctions and P-gp function. Mouse brain capillary
endothelial cells expressed TGF-p type I and II receptors
[9]. The TGF-g type I receptor was expressed on blood
vessels of the basal surface of endothelial cells [9]. In the
present study, the enhancement of the permeability and P-
gp function of MBEC4 cells induced by TGF-p1 (10 ng/
ml) was not dependent on addition to the luminal (blood)
or the abluminal (brain) side (Fig. 5). These findings
suggest that the TGF-B receptor may be located on both
sides of MBEC4 cells. The possibility that TGF-Bl
injected into the abluminal compartment is transported in
the Iuminal side through MBEC4 cells could not be
excluded. The TGF-p signaling cascades from membrane
to nucleus including MAPK and a receptor serine/
threonine kinase pathway are probably involved in the
enhancement of BBB functions. It is, therefore, conceiv-
able that TGF-p facilitates the barrier function and P-gp
functional activity of brain endothelial cells by increasing
the expression of tight junction-associated proteins (such
as occludin and claudins) and P-gp. The signal molecules
involved in the enhancement of BBB functions following
the activation of TGF-R1/TGF-p receptor pathway are now
under investigation.

In several neurodegenerative diseases, changes in BBB
functions and an increase of TGF-pl in the brain have
been described [11,16]. However, it has not been deter-
mined whether the increase in the expression of TGF-g
observed in human neurodegenerative diseases is the
underlying cause or the result of degenerative conditions.
Thus, TGF-B1 seems to protect against impairment of the
BBB and positively maintain brain homeostasis. In fact,
the degeneration of pericytes was observed in neuro-
degenerative diseases [19,30]. This phenomenon probably
decreases TGF-p production, leading to dysfunction of the
BBB.

Other soluble factors derived from pericytes, VEGF and
bFGEF, were reported to influence BBB functions. VEGF
increased the permeability of brain endothelial cells,
suggesting that VEGF is a barrier-weakening factor [31].
bFGF was found to tighten the intercellular junctions and
induce the expression of multidrug resistance proteins [26].
TGF-B1 up-regulated the induction of bFGF production
[10]. Angiopoietin-1, an antipermeability factor [18]
secreted from pericytes, produced the expression of occlu-
din mRNA in brain endothelial cells [15]. It is, therefore,
conceivable that brain pericytes regulate BBB functions by
secreting these substances. TGF-pl, VEGF, bFGF and
angiopoietin-1 appear to be involved in the interaction of
endothelial cells, pericytes and astrocytes under physiolog-
ical and pathophysiological conditions, since these sub-
stances are also produced by astrocytes.

In conclusion, brain pericytes induce and up-regulate the
barrier function and P-gp functional activity of brain
endothelial cells. This pericyte-induced up-regulation of
BBB functions is mediated, at least in part, through
continuous TGF-B production.
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Ya. Clinical diagnosis of MM2-type sporadic
45 Creutzfeldt—Jakob disease
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S. Katayama, MD, PhD; M. Yamashita, MD, PhD; T. Yamamoto, MD, PhD; F. Udaka, MD, PhD;
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Abstract—Background: No method for the clinical diagnosis of MM2-type sporadic Creutzfeldt—Jakob disease (sCJD) has
been established except for pathologic examination. Objective: To identify a reliable marker for the clinical diagnosis of
MM2-type sCID. Methods: CSF, EEG, and neuroimaging studies were performed in eight patients with MM2-type sCJD
confirmed by neuropathologic, genetic, and western blot analyses. Results: The eight cases were pathologically classified
into the cortical (n = 2), thalamic (n = 5), and combined (corticothalamic) (n = 1) forms. The cortical form was
characterized by late-onset, slowly progressive dementia, cortical hyperintensity signals on diffusion-weighted imaging
(DWI) of brain, and elevated levels of CSF 14-3-3 protein. The thalamic form showed various neurologic manifestations
including dementia, ataxia, and pyramidal and extrapyramidal signs with onset at various ages and relatively long
disease duration. Characteristic EEG and MRI abnormalities were almost absent. However, all four patients examined
with cerebral blood flow (CBF) study using SPECT showed reduction of the CBF in the thalamus as well as the cerebral
cortex. The combined form had features of both the cortical and the thalamic forms, showing cortical hyperintensity
signals on DWI and hypometabolism of the thalamus on [15F]2-fluoro-2-deoxy-p-glucose PET. Conclusion: For the clinical
diagnosis of MM2-type sporadic Creutzfeldt—Jakob disease, cortical hyperintensity signals on diffusion-weighted MRI are
useful for the cortical form and thalamic hypoperfusion or hypometabolism on cerebral blood flow SPECT or [*5F]2-fluoro-
2-deoxy-D-glucose PET for the thalamic form.
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Sporadic Creutzfeldt—Jakob disease (sCJD) has been Other phenotypes of sCJD do not present with

classified based on the genotype at polymorphic
codon 129 of the prion protein gene (PrP) and the
physicochemical properties of the pathologic PrP
(PrP%°); various classification systems have been
proposed.’’ A simple classification®? has been widely
accepted and recognizes at least six phenotypes in
sCJD: MM1, MV1, VV1, MM2, MV2, and VV223
About 70% of patients with sCJD show the classic
CJD phenotype and are mostly classified as MM1 or
MV1 types.® Their clinical diagnosis relies on the
detection of periodic sharp-wave complexes (PSWCs)
in EEG, elevated levels of CSF 14-3-3 protein, and

typical clinical symptoms of classic CJD or PSWCs
on EEG.?¢ Both VV2 and MV2 patients are charac-
terized by ataxia and dementia,® and brain MRI and
CSF 14-3-3 protein are useful for their clinical diag-
nosis.® As for several reported patients with MM2-
type sCJD, some showed positive CSF 14-3-3 protein,
but others did not.¢® Thus, for MM2 as well as VV1,
diagnostic markers have not been established yet.
The clinical features of MM2-type sCJD in some
patients were previously reported.l$6510.11 MM2-type
sCJD presents with at least two pathologic pheno-
types: MM2 cortical and MM2 thalamic forms.? In

typical hyperintensity signals of brain MRI in addi-

the MM2 cortical phenotype, dementia is a major
tion to the classic clinical manifestations.38

symptom, and visual or cerebellar signs are usually
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Table 1 Clinical features of eight patients with MM2-type sCJD

Patient no. Sex Onset, y Course, mo Onset symptoms

Clinical manifestations during illness Initial diagnosis

1 F
2 F

65
75

Alive (13)
Alive (28)

Dementia

Depression

65 14 Falling to left side

49 30 Insomnia

64 53 Photophobia

30 73

Blurred vision

71 25 Ataxic gait

58 13 Dementia

Dementia, pyramidal signs, insomnia CJD

Psychiatric symptoms, dementia, CJD

myoclonus

Dementia, myoclonus, cerebellar ataxia, CJD

akinetic mutism

Insomnia, dementia, psychiatric symptoms,
pyramidal signs, extrapyramidal signs,
autonomic symptoms, myoclonus,
akinetic mutism

PSP

Visual symptoms, extrapyramidal signs, PSP
dementia, autonomic symptoms,
psychiatric symptoms, myoclonus,

akinetic mutism

Visual symptoms, psychiatric symptoms,
cerebellar ataxia, dementia, pyramidal
signs, extrapyramidal signs, myoclonus,
akinetic mutism

SCD

Cerebellar ataxia, autonomic symptoms, SCD

dementia

Dementia, cerebellar ataxia, myoclonus, AD

pyramidal signs, psychiatric symptoms

sCJD = sporadic Creutzfeldt—Jakob disease; PSP = progressive supranuclear palsy; SCD = spinocerebellar degeneration; AD = Alzhei-

mer disease.

absent.? There have been no reports of laboratory or
neuroimaging studies in MM2 cortical sCJD. In the
MM2 thalamic phenotype, the clinical features are
insomnia and psychomotor hyperactivity in addition
to ataxia and cognitive impairment.? This phenotype
may be called sporadic fatal insomnia (SFI) because
the clinical and pathologic features resemble those of
fatal familial insomnia (FFI).8%® In the MM2 tha-
lamic form or SFI, no PSWCs on EEG, positive or
negative 14-3-3 protein in CSF, and normal brain
MRI have been reported.s810

Since a report of variant CJD (vCJD) in the
United Kingdom in 1996, identification of vCJD
has been an important part of the surveillance of
prion diseases. The clinical features of vCJD are sim-
ilar to those of MM2-type sCJD, including young age
at onset, long disease duration, absence of PSWCs on
EEG, and methionine homozygosity on codon 129 of
PrP gene.?1® Therefore, MM2-type sCJD is important
in the differential diagnosis for vCJD.

We have investigated the clinical and neuroimag-
ing features of eight patients with MM2-type sCJD
in an attempt to identify a reliable marker for the
clinical diagnosis of this type of sCJD.

Methods. Subjects. We investigated eight patients with MM2-
type sCJD confirmed by neuropathologic, genetic, and western
blot analyses. The clinical features, results of EEG, CSF 14-3-3
protein, MRI, cerebral blood flow (CBF) studies using SPECT, and
brain glucose metabolism studies using [*®*F]2-fluoro-2-deoxy-b-
glucose (FDG) PET were reviewed. CBF-SPECT using %™ Tc-ethyl
cysteinate dimer (**™T¢-ECD) was performed in three (Patients 1,
2, and 8), CBF-SPECT using N-isopropyl-p-[***I]iodoamphetamine
in three (Patients 4, 5, and 6), and FDG-PET in one (Patient 3).
MRI, CBF-SPECT, and FDG-PET were evaluated by two neurolo-
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gists and a neuroradiologist without knowledge of the clinical
findings. None of these subjects had a family history of CJD or
known exposure to prion contamination in the past.

Analysis of PrP gene. DNA was extracted from the blood, and
the open reading frame of the PrP gene was analyzed as previ-
ously described.+%

Neuropathology. The brain tissues were obtained by brain
biopsy (Patients 1 and 2) or autopsy (Patients 3 to 8). Brain tissue
sections were stained with routine neuropathologic techniques.
Immunchistochemistry was performed with a monoclonal anti-
body to PrP (8F4), as previously described.’®

Western blot analysis. Brain tissue from the frontal lobe was
homogenized, and western blot analysis of protease K-resistant
PrP was performed with 3F4 as previously described.?

Results. Clinical features and laboratory and neuroim-
aging studies. The clinical features are summarized in
table 1 and the laboratory and neuroimaging studies in
table 2. The details of the clinical and pathologic features
of Patients 5 and 6! were previously reported, and Pa-
tient 8 was included in a previous MRI study.'® The details
of the clinical features of three representative patients (Pa-
tients 2, 3, and 8) are described below.

Patient 2. A T5-year-old woman developed forgetful-
ness and depression. Her mental symptoms gradually de-
teriorated, and she was admitted to our hospital 14
months after the onset. Neurologically, she showed only
dementia (Mini-Mental State Examination 9/30) with de-
pressed mood.

Sixteen months after the onset, the MRI showed gyri-
form hyperintensity in the bilateral frontal, temporal, pa-
rietal, and occipital cortices on diffusion-weighted imaging
(DWD) (figure 1A). Less intense and smaller cortical lesions
were shown on fluid-attenuated inversion recovery imag-
ing (see figure 1B). On the EEG, diffuse slowing was found
without PSWCs. CBF-SPECT using °®Tc-ECD showed re-



Table 2 Laboratory and neuroimaging findings of eight patients with MM2-type sCJD

Reduction of CBF or

EEG CSF Abnormal signals on MRI* hypometabolism

Patient no. Slowing PSWCs DD, mo 14-3-3 DD, mo CO BG TH DD, mo CO BG TH DD, mo
1 + - 13 + 9 + - - 7 + - - 9

2 + + 27 + 16 + - - 16 + - 16

3 + - 11 * 4 + - - 4 + - + 4

4 + - 25 NA NA + - -+ 16

5 + - 42 NA NA + - + 12

6 + + 36 NA - - - 58 + - + 37

7 + - + 9 - - - 13 NA

8 + - 7 = 7 - - -~ 7 + - + 7

sCJD = sporadic Creutzfeldt—Jakob disease; CBF = cerebral blood flow; PSWCs = periodic sharp-wave complexes; DD = disease dura-
tion at time point when each examination showed the following results: PSWCs on EEG, positive 14-3-3 protein in CSF, abnormal sig-
nals on MRI, and reduction of CBF on SPECT or hypometabolism on [*F]2-fluoro-2-deoxy-D-glucose PET or at the time when the last
examination was performed if the examinations revealed negative results throughout the clinical course; CO = cortex; BG = basal gan-

glia; TH = thalamus.

* We judge that abnormal signals are positive on MRI when they are shown on any sequence, such as T1-weighted, T2-weighted,

diffusion-weighted, and fluid-attenuated inversion recovery images.

duction of the CBF in the bilateral parietal and temporal
cortices (figure 2A). CSF examination revealed an in-
creased level of 14-3-3 protein (28 ng/mL [normal <20
ng/mL]). Although the clinical criteria of sCJD?% were not
fulfilled because of the scarcity of neurologic and EEG
abnormalities, CJD was suspected on the basis of MRI and
CSF findings.

Twenty-seven months after the onset, the EEG showed
PSWCs. Cortical hyperintensity signals on DWI were
found to extend to the bilateral frontal regions. ®*®Te-ECD
SPECT showed diffuse severe reduction of CBF except in
the cerebellum, basal ganglia, and thalamus. To confirm
the diagnosis of CJD for participation in a clinical trial of
pentosan polysulfate, brain biopsy of the right frontal lobe
was performed with her family’s consent 28 months after
the onset. The patient developed myoclonic movement in-
volving the bilateral hands and was alive 30 months after
the onset.

Patient 3. A 65-year-old man developed unsteadiness
with a tendency to fall to the left side. Three months after
the onset, he showed gait disturbance and dysarthria.

Neurologic examination 4 months after the onset re-
vealed slurred dysarthria, clumsiness of the left upper and
lower extremities, and dementia. The EEG was normal.
The CSF level of 14-3-3 protein was equivocal. MRI
showed gyriform hyperintensity in the bilateral frontal,
temporal, parietal, and occipital cortices on DWI. FDG-
PET of the brain showed diffuse hypometabolism in the
bilateral thalamus and cortices. CJD was suspected as an
initial diagnosis.

Thereafter, the patient’s symptoms rapidly progressed;
he became bedridden and could not communicate 5 months
after the onset. Myoclonus of the extremities developed 9
months after the onset. Eleven months after the onset,
cortical lesions with hyperintense signals on DWI ex-
tended more widely than in the previous study and re-
vealed diffuse, mild atrophy. EEG revealed diffuse slowing
without PSWCs. The CSF level of 14-3-3 protein was still
equivocal. The patient fell into akinetic mutism 13 months

after the onset. He died 14 months after the onset and was
autopsied.

Patient 8. A B58-year-old man developed progressive
dementia. He showed unsteady gait 5 months after the
onset and myoclonic movement in all limbs 6 months after
the onset.

Neurologic examination 7 months after the onset re-
vealed dementia, cerebellar ataxia, myoclonic jerking, and
exaggerated deep tendon reflexes in all the extremities.
Brain MRI, including DWI, and EEG were normal (see
figure 1, C and D). CBF-SPECT using *°®Tc-ECD revealed
reduction of the CBF in the bilateral thalamus and cortices
of the temporal and parietal lobes (see figure 2B). A CSF
study disclosed a mild increase of protein concentration (44
mg/dL) and equivocal levels of 14-3-3 protein. The diagno-
sis was suspicion of Alzheimer disease (AD).

His symptoms gradually deteriorated. He also devel-
oped visual hallucinations and confusion 12 months after
the onset. Thirteen months after the onset, he died and
was autopsied.

PrP gene analysis. Analysis of the PrP gene revealed
no mutation in any of the eight patients. The polymorphic
codons showed methionine homozygosity at codon 129 and
glutamic acid homozygosity at codon 219 in all the
patients.

Neuropathology. Neuropathologically, the biopsy sam-
ples from the right frontal cortex of Patients 1 and 2
showed similar pathologic findings: prominent spongiform
changes, including large vacuoles, with gliosis, and diffuse
granular PrP immunostaining of synaptic type with a peri-
vacuolar pattern.

Autopsies were performed in Patients 3 to 8. The neuro-
pathologic findings of Patients 4 to 8 were similar. Severe
neuronal loss and gliosis, but no spongiform changes, were
observed in the nuclei of the medial thalamus as well as in
the inferior olive. In the thalamus, PrP immunoreactivity
was absent in all the patients. In the cerebral cortex, spon-
giform degeneration was absent in Patient 8 and limited to
isolated foci in Patients 4 to 7 mainly in the frontal, pari-
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