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Fig. 1 a Western blot analysis of collagen type IV, fibronectin, TIMP-1,
MMP-2 and MMP-9 proteins in PaMECs and peripheral nerve pericytes.
Fibronectin, collagen type IV, TIMP-1, MMP-2 and MMP-9 bands
corresponded to single bands at 190, 25, 38, and 92 kDa, respectively.
Bands corresponding to collagen type IV and TIMP-1 were not detected
in PaMECs, although the fibronectin, MMP-2 and MMP-9 proteins were

TIMP-1 bands were not detected, the fibronectin, MMP-2,
and MMP-9 proteins were produced in PnMECs (Fig. 1a).
Interestingly, the production of fibronectin (Fig. 1b) and
MMP-2 (Fig. 1c) proteins in the peripheral nerve pericytes
was significantly higher than those in PnMECs (p<0.01),
whereas production of MMP-9 protein production did not
show a significant difference between these two cells
(Fig. 1d).

Effect of AGEs on the production of basement-membrane-
related molecules in peripheral nerve pericytes To identify
the possible mechanism responsible for the basement
membrane hypertrophy of the BNB after exposure to
AGEs, we also examined the changes in the production of
fibronectin, collagen type IV, TIMP-1, MMP-2 and MMP-9
proteins in peripheral nerve pericytes after AGE exposure
(100, 200 ug/ml; Fig. 2a). The production of fibronectin
and collagen type IV protein in peripheral nerve pericytes
significantly increased in a dose-dependent manner after
exposure to AGEs (p<0.01; Table 1). The TIMP-1 protein
production in peripheral nerve pericytes was also signifi-
cantly increased after application of AGEs; however, the
production of active MMP-9 (act-MMP-9) was decreased
by treatment with 200 pug/ml AGE (Table 1). The level of
the receptor of AGE (RAGE) in peripheral nerve pericytes
was observed to increase significantly after incubation with
AGE:s in a dose-dependent manner {Table 1). We previous-
ly reported that our peripheral nerve pericytes released
several growth factors, including VEGF, TGF-f3 and bFGF,
to maintain peripheral nerve homeostasis at the BNB [15].
We also quantified the change of these growth factors in

@_ Springer

©
=1

= 25
i 2 I

1.5

15

0.5 0.5

Ratio pro-MMP-2:actin
Ratio pro-MMP-9:actin

PnMECs  Pericytes PnMECs  Pericytes

visualised. b—d The bar graph reflects the combined densitometry
data from five independent experiments (mean+SEM, n=5). The
production of fibronectin (b) and pro-MMP-2 (c¢) in peripheral nerve
pericytes was significantly higher than in PnMECs, whereas
production of pro-MMP-9 protein (d) did not show a significant
difference between these two cell lines. **p<0.01

peripheral nerve pericytes after incubation with AGEs (100
and 200 ug/ml) by a western blot analysis (Fig. 2b). The
production of VEGF and TGF-f3 protein in peripheral nerve
pericytes was significantly increased by treatment with
AGEs, although there was no change in the bFGF protein
production after AGE exposure (Table 1).

Contribution of TGF-81 and VEGF to the induction
of basement-membrane-related molecules after AGE
exposure TGF-f1 and VEGF are known to be major
mediators of the early and late vascular changes in
diabetic microangiopathy. To investigate the effect of
TGF-f1 and VEGF on the production of basement-
membrane-related molecules at the BNB, we also
quantified the changes in the production of fibronectin,
collagen type IV, TIMP-1, MMP-2 and MMP-9 in
peripheral nerve pericytes after incubation with TGF-
1 (10 ng/ml) and VEGF (10 ng/ml) by western blot
analysis (Fig. 3). Fibronectin and collagen type IV in
peripheral nerve pericytes significantly increased after
exposure to TGF-1 or VEGF (p<0.01; Table 2). The
promatrix metalloproteinase (pro-MMP-9) protein in
peripheral nerve pericytes was also upregulated
(p<0.01) after application of TGF-f31 or VEGF (Table 2).
To clarify the individual contributions of VEGF and TGF-
31 to the increase in basement-membrane thickness after
exposure to AGEs, the activities of VEGF and TGF-f
were neutralised using an anti-VEGF and anti-TGF-B
antibody. The production of fibronectin and collagen type
IV protein in peripheral nerve pericytes was decreased
after incubation with AGEs pretreated with the anti-TGF-f3
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Fig. 2 a The changes in colla-

gen type IV, fibronectin, TIMP-1,

MMP-2 and MMP-9 production

in peripheral nerve pericytes after

treatment with the two AGE con-

centrations (100 and 200 g/ml). a
The production of fibronectin,
collagen type IV, TIMP-1 and
RAGE in peripheral nerve
pericytes was significantly
increased after treatment with
AGEs in a dose-dependent
manner. The level of act-MMP-9

Collagen type [V

Fibronectin

proteins in peripheral nerve TIMP-1
pericytes was significantly
reduced, whereas act-MMP-2
protein did not show a significant MMP-2 Pro-MmP2
difference following AGE “ Ac-MMP2
treatment. b The changes in
TGEF-f3, VEGF and bFGF .
production in peripheral nerve MMP-9 Pro-MM PQ
pericytes treated with AGEs. The Act-MMP9
production of TGF-f and VEGF
in peripheral nerve pericytes was RAGE
significantly increased after a
treatment with AGEs, whereas
bFGF production was not affected Actin
following AGE treatment.
Control, conditioned medium
of unmodified BSA; AGE,
condition medium of AGEs-BSA
b
TGF-B
VEGF
bFGF
Actin

(Fig. 4a~c) or VEGF (Fig. 4d—f) antibody, as determined by
a western blot analysis.

Effect of AGEs on the production of tight junctional
molecules by PnMECs, and the contribution of VEGF
to the induction of claudin-5 after AGE exposure To
determine the effect of AGEs on the barrier function of
the BNB, we also examined the changes in claudin-5
production by PnMECs after exposure to AGE (100 pg/ml)
by a western blot analysis (Fig. 5a). Whereas the claudin-5
production in PnMECs was significantly reduced (Fig. 5b),
VEGF production was significantly increased after incuba-
tion with AGEs (Fig. 5¢). The TEER value of PuMECs did
not change after incubation with AGEs (Fig. 5h). To clarify

the contribution of VEGF to the reduction of claudin-5 in
PnMECs, a neutralising anti-VEGF antibody was used.
Relative quantification with real-time RT-PCR revealed
that the percentage of increase in the claudin-5
(CLDN5) mRNA expression was 48% after incubation
with AGEs pretreated using the anti-VEGF antibody
(Fig. 5¢). In addition, we quantified claudin-5 protein in
PnMECs after incubation with the anti-VEGF neutralis-
ing antibody (Fig. 5f). Production of claudin-5 protein
was increased after pre-incubation with the anti-VEGF
neutralising antibody (Fig. 5g). The TEER value of
PnMECs was also significantly increased after exposure
to AGEs in cells pretreated with the anti-VEGF neutral-
ising antibody (Fig. 5h). RAGE production in PuMECs
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Fig. 3 The effect of VEGF (10 ng/ml) and TGF-$ (10 ng/ml) on
production of collagen type IV, fibronectin, TIMP-1, MMP-2, and
MMP-9 proteins in peripheral nerve pericytes. The production of
collagen type IV and fibronectin in peripheral nerve pericytes was
significantly increased after treatment with TGF-f. The pro-MMP-9
proteins in peripheral nerve pericytes were upregulated after incuba-
tion with TGF-f, although TIMP-1 production was not affected. The
production of collagen type IV and fibronectin in peripheral nerve
pericytes was significantly increased after treatment with VEGF. The
pro-MMP-9 proteins in peripheral nerve pericytes were upregulated
after incubation with VEGF, although TIMP-1 production was not
affected

was significantly induced after the application of AGEs
(Fig. 5d).

Discussion

In this study, we examined the importance of the cells
comprising the BNB in the formation or maintenance of the
basement membrane. We have successfully established
PnMEC and peripheral nerve pericyte cell lines of human
origin [15, 16]. Therefore, our in vitto BNB model is
considered suitable for the analysis of the production of
basement-membrane-related molecules, because it is diffi-
cult to identify cells that synthesise these molecules in vivo.
Our study demonstrated that fibronectin, collagen type IV,
MMP-2 and TIMP-1 are mainly synthesised by peripheral
nerve pericytes, confirming that the maintenance of the
basement membrane components is regulated primarily by
peripheral nerve pericytes at the BNB. The basement
membrane of the BBB is constructed from ECM-related
molecules, including collagen type IV and fibronectin, and
is regulated by TIMP-1, which inhibits MMPs [8]. Several
studies suggest that astrocytes and brain pericytes synthe-
sise fibronectin and collagen type IV, and these cells secrete

42_} Springer

MMP-2 and MMP-9 to maintain basement membrane
turnover [11, 17]. Our study verified that peripheral nerve
pericytes, which are the only cells in the endoneurial
microvessels other than PnMECs, might be the key cells
with regard to the maintenance of the basement membrane
at the BNB.

The breakdown of the BNB is considered to be a key
step in diabetic neuropathy [5, 6]. Investigations of biopsied
nerves with mild to severe diabetic neuropathy showed
structural changes in the microvasculature in the endoneu-
rium, including an increase in the basement membrane
thickness, pericyte degeneration and endothelial hyperpla-
sia [6]. Although basement membrane hypertrophy at the
BNB is one of the cardinal pathogenic features of diabetic
neuropathy [6], its pathogenesis remains unclear. TGF-f31
is generally accepted to be the main pro-fibrotic factor in
diabetic nephropathy [13]. Several lines of experimental
and clinical evidence support a major role for TGF-$1 in
the development of glomerulosclerosis and interstitial
fibrosis in diabetic nephropathy [18, 19]. In another study,
inhibition of TGF-1 with neutralising antibodies pre-
vented the glomerular enlargement and the excess matrix
production by reducing collagen type IV and fibronectin
[20, 21]. Conversely, VEGF is also known to be another
mediator of the early and late vascular changes in diabetic
nephropathy and retinopathy. Several studies have sug-
gested that VEGF signalling may affect renal matrix
accumulation, because inhibition of VEGF with neutralis-
ing antibodies attenuates the increase in glomerular base-
ment membrane thickness and mesangial matrix expansion
in diabetic nephropathy [13, 22]. Furthermore, recent
evidence has shown that VEGF may contribute to the
breakdown of the BRB during diabetic retinopathy because

Table 2 Effect of TGF-f§ and VEGF on production of basement-
membrane-related molecules in peripheral nerve pericytes

Protein Ratio of target protein production (protein:actin)
TGF-f VEGF

Collagen type IV 4.49+0.15%* 1.94:£0.20**
Fibronectin 3.60£0.18%* 1.92+0.15%*

TIMP-1 1.23+0.14 1.10+0.14
Pro-MMP-9 1.84£0.13%* 3.2240.23%*
Act-MMP-9 1.28+0.14 1.38+0.17
Pro-MMP-2 0.95+0.14 1.34+0.25
Act-MMP-2 1.43+0.32 1.32+0.14

Data shown are means=SEM (n=5)

Each value reflects the combined densitometry data from five
independent experiments and is shown as a fold increase above
control

**p<0.01 compared with control
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Fig. 4 The effects of anti-TGF- and anti-VEGF neutralising
antibodies on the collagen type IV and fibronectin induction by
treatment with AGEs. The peripheral nerve pericytes were cultured
with AGEs or AGEs pre-treated with anti-TGF-p or anti-VEGF
antibody for 24 h. a The change in the production of collagen type IV
and fibronectin protein in PaAMECs after treatment with anti-TGF-3
neutralising antibody using a western blot analysis. b Collagen type
IV and (¢) fibronectin proteins were inhibited after pretreatment with
anti-TGF-§ neutralising antibody. d The change in the production of
collagen type IV and fibronectin protein in PnMECs after treatment

of the beneficial effects of anti-VEGF agents in the
reduction of retinal vascular permeability [23]. We therefore
hypothesised that TGF-B and VEGF signalling may
confribute to the induction of basement membrane hyper-
trophy and disruption of the BNB. Our study demonstrated
that the production of fibronectin and collagen type IV by
peripheral nerve pericytes significantly increased after
exposure to TGE-f or VEGF, and that the amount of pro-
MMP-9 significantly increased. These results indicate that
TGF-$ and VEGF might directly stimulate the production
of fibronectin and collagen type IV in peripheral nerve
pericytes, and that the induction of pro-MMP-9 might then
occur secondary to these signals, thus leading to degrada-
tion of the increased fibronectin or collagen type IV in
order to maintain ECM turnover.

AGEs are the late products of non-enzymatic glycation,
and their accumulation on proteins in the microvasculature
appears to be a key factor in the development of neuropathy
[24]. AGEs accumulate in the vessel walls and have been
implicated in both the macrovascular and microvascular
complications of diabetes [12]. The accumulation of AGEs
in both the peripheral nerves of human diabetic patients and
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with anti-VEGF neutralising antibody using a western blot analysis.
Production of (e) collagen type IV and (f) fibronectin was inhibited
after pretreatment with anti-VEGF neutralising antibody. Each bar
graph reflects the combined densitometry data from five independent
experiments {(mean+SEM, n=5). Control, conditioned medium of
unmodified BSA; AGEs, conditioned medium of AGEs-BSA; AGE+
VEGF antibody, conditioned medium of AGEs-BSA pre-treated with
VEGF neutralising antibody; AGE+TGF-f antibody, conditioned
medium of AGE-BSA pre-treated with TGF-f3 neutralising antibody;
#p<0.01

in the experimental diabetic animals was observed in
vascular endothelial cells, pericytes, and the basement
membrane, as well as in axons and Schwann cells, thus
resulting in an impaired nerve function and characteristic
pathological alterations [24, 25]. Several lines of evidences
suggest that AGEs induce basement-membrane thickening
in diabetic nephropathy and retinopathy [13, 26]. However,
the molecular mechanism underlying this process is unclear
in diabetic neuropathy. Our study demonstrates that the
production of collagen type IV and fibronectin in peripheral
nerve pericytes was significantly increased after exposure
to AGEs. These results thus indicate that AGEs directly
induce basement membrane hypertrophy at the BNB.
Several other studies suggest that an imbalance between
MMPs and TIMPs may cause basement membrane hyper-
trophy through inhibition of ECM degradation [9, 13]. Our
results demonstrated that induction of TIMP-1 and reduc-
tion of MMP-9 in peripheral nerve pericytes was observed
after application of AGEs, thus suggesting that AGEs
inhibit ECM degradation at the BNB. Furthermore, our
study also demonstrated that the production of VEGF and
TGF-B secreted from peripheral nerve pericytes was
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Fig. 5 a The changes in claudin-5, VEGF and RAGE production in
peripheral nerve pericytes after treatment with AGEs (100 pg/ml)
using western blot analysis. b Claudin-5 in PaMECs was significantly
decreased after treatment with AGE. VEGF (¢) and (d) RAGE
production was significantly increased after incubation with AGE.
e The effect of anti-VEGF neutralising antibody on the CLDN3
induction by AGE treatment. The PaMECs were cultured with AGEs
or AGEs pre-treated with anti-VEGF antibody for 24 h. The level of
CLDN5 mRNA in PuMECs was assayed by real-time RT-PCR and
expressed as the ratio of the target gene/GAPDH. The CLDN5 mRNA
was upregulated by 48% following exposure to AGEs pretreated with
anti-VEGF antibody as compared with AGEs only. f The change in

increased after incubation with AGEs. The experimental
inhibition studies using anti-VEGF or TGF-3 neutralising
antibodies in peripheral nerve pericytes also revealed that
VEGF and TGF- were primarily responsible for the
upregulation of fibronectin and collagen type IV. These
results indicate that AGEs induce basement membrane
hypertrophy and disrupt the BNB by increasing the
production of secreted VEGF and TGF-f3 by pericytes
under diabetic conditions.

The breakdown of the BRB occurs in patients with
diabetic retinopathy [27]. Several studies have suggested
that AGEs induce vasopermeability of the retina by
increasing VEGF production [14, 23, 28-31] and disrupt
the BRB by decreasing tight junction proteins, such as
occludin and ZO-1 [32]. However, the role of AGEs in
diabetic neuropathy remains unclear. In this study, we
examined whether AGEs could alter the integrity of the
tight junction in endothelial cells during diabetic neuropa-
thy. Claudin-5 is known to be a major component of tight
junctions, and the production of claudin-5 is important for
tight junction maintenance in the mature BBB [33]. Our
results demonstrate that claudin-5 in PnMECs was
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the production of claudin-5 protein in PnMECs after treatment with
anti-VEGF neutralising antibody using western blot analysis.
g Claudin-5 protein was increased after pretreatment with anti-VEGF
neutralising antibody. h The TEER value of PnMECs was also
significantly increased after treatment with AGEs pretreated with anti-
VEGF neutralising antibody. Each bar graph reflects the combined
densitometry data from five independent experiments (mean+SEM,
n=5). Control, conditioned medium of unmodified BSA; AGEs,
conditioned medium of AGEs-BSA; AGE+VEGF antibody, a
conditioned medium of AGE-BSA pre-treated with VEGF neutralis-
ing antibody. **p<0.01

decreased after exposure to AGEs. In contrast, the
production of VEGF in PnMECs was increased after
incubation with AGEs, and our inhibition studies using an
anti-VEGF neutralising antibody also revealed that VEGF
was primarily responsible for the downregulation of
claudin-5. These results indicate that AGEs reduce the
production of claudin-5 in PnMECs by increasing the
secretion of VEGF secreted by the PnMECs themselves.
Our findings show that the production of RAGE was
significantly increased in peripheral nerve pericytes and
PnMECs after exposure to AGEs. RAGE is a 35 kDa
polypeptide of the Ig superfamily that plays a critical role in
the development of diabetic vascular complications [34,
35]. RAGE is present in minimal quantities in the normal
endothelial cells and pericytes of the BNB, but is
upregulated in a positive-feedback manner when AGE
ligands accumulate [24, 36]. These activities may induce
inflammatory responses, leading to aggravation of diabetic
vascular complications [36]. RAGE has also been reported
to activate transcription factor nuclear factor kB cells (NF-
«B), thus leading to increase production of the cytokines
including TNF-oc [34, 35]. Several studies have demon-
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strated that NF-«B activation may induce VEGF and TGF-$
production [37, 38]. The activation of RAGE in PnMECs
and peripheral nerve pericytes after exposure to AGEs may
thus induce the production of VEGF and TGF-f through
NF-«B signalling. The prevention or decrease of glycation
and glycation-induced tissue damage could be possible
therapeutic sfrategies for the treatment of diabetic
neuropathy [39, 40]. Recent clinical studies have shown
that AGE breakers, including ALT-711 and alagebrium,
may be able to decrease the adverse vascular effects of
glycation with few side effects [41-43], although no
benefits have been demonstrated in the area of neuropathy.
The inhibition of pathological responses mediated by AGEs
may have therapeutic potential for diabetic neuropathy,
although the RAGE-mediated molecular mechanisms need
to be explored in further studies.

In conclusion, we have herein demonstrated that peri-
cytes are the main regulators involved in the maintenance
of the basement membrane at the BNB, and that AGEs
induce basement membrane hypertrophy and disrupt the
BNB by increasing the secretion of VEGF and TGF-f3
released by pericytes and the secretion of VEGF secreted
by PnMECs under diabetic conditions. Further research is
necessary because obtaining a better understanding of the
molecular mechanisms by which AGEs induce BNB
breakdown is expected to provide new targets for the
treatment and prevention of diabetic neuropathy.
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Peripheral Nerve Pericytes
Modify the Blood-Nerve Barrier
Function and Tight Junctional
Molecules Through the Secretion
of Various Soluble Factors
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Sendai, Japan

The objectives of this study were to establish pure blood-nerve barrier (BNB) and blood-brain barrier (BBB)-derived pericyte cell lines of
human origin and to investigate their unique properties as barrier-forming cells. Brain and peripheral nerve pericyte cell lines were

established via transfection with retrovirus vectors incorporating human temperature-sensitive SV40 T antigen (tsA58) and telomerase.
These cell lines expressed several pericyte markers such as a-smooth muscle actin, NG2, platelet-derived growth factor receptor 3,
whereas they did not express endothelial cell markers such as VWF and PECAM. In addition, the inulin clearance was significantly lowered
in peripheral nerve microvascular endothelial cells (PnMECs) through the up-regulation of claudin-5 by soluble factors released from brain
or peripheral nerve pericytes. In particular, bFGF secreted from peripheral nerve pericytes strengthened the barrier function of the BNB
by increasing the expression of claudin-5. Peripheral nerve pericytes may regulate the barrier function of the BNB, because the BNB does
not contain cells equivalent to astrocytes which regulate the BBB function. Furthermore, these cell lines expressed several neurotrophic
factors such as NGF, BDNF, and GDNF. The secretion of these growth factors from peripheral nerve pericytes might facilitate axonal
regeneration in peripheral neuropathy. Investigation of the characteristics of peripheral nerve pericytes may provide novel strategies for

modifying BNB functions and promoting peripheral nerve regeneration.

J. Cell. Physiol. 226: 255-266, 2010. © 2010 Wiley-Liss, Inc.

Brain and peripheral nerve pericytes, which completely
surround capillary endothelial cells, are the critical components
of the blood-brain barrier (BBB) and blood-nerve barrier
(BNB). Pericytes play important roles in mediating the
development, maintenance, and regulation of the BBB and BNB.
Pericytes may contribute to the regulation of BBB and BNB-
endothelial function by paracrine secretion of growth factors
such as Ang | (Davis etal., 1996), TGF-{ (Sato and Rifkin, 1989;
Hirschi et al., 2003), VEGF (Brown et al., 2001 ; Reinmuth etal.,
2001), and bFGF (Niimi, 2003). In addition, extensive pericyte
coverage is found around microvessels in organs that have a
barrier system, and the pericyte-to-endothelial ratios are I:1 in
the retina and brain and approximately 1:10 in the lung (Shepro
and Morel, 1993). It is not clear why the nervous system
requires a larger degree of pericyte coverage than other organs,
but one possibility is that brain and peripheral nerve pericytes
contribute to the regulation of the BBB and BNB and increase
vascular stability.

The loss of pericytes from the microvasculature is one of the
earliest hallmarks of several angiopathy-related diseases. Pericyte
loss from microvessels is associated with the formation of
microaneurysms, microhemorrhage, and local edema in diabetic
microangiopathy (Giannini and Dyck, 1995; Lindahl et al,, 1997;
Hammes, 2005). CADASIL, which is an increasingly recognized
autosomal-dominant vascular dementia caused by highly
stereotyped mutations in the Notch3 receptor, is a widespread
angiopathy characterized by pericyte degeneration. Therefore,
clarifying the molecular mechanisms by which pericytes regulate
BBB and BNB functions under both physiological and
pathological conditions would positively contribute to the
development of a novel therapy for many vessel-related diseases
such as diabetic microangiopathy and stroke.

© 2010 WILEY-LI1SS, INC

Primary cultures of retinal and brain pericytes derived from
rat, bovine, and human tissue have been used for in vitro
investigation of the physiological roles of pericytes (Capetandes
and Gerritsen, |9%0; Kondo et al,, 2003). Although endoneurial
pericytes would be useful sources for investigating the roles
of pericytes in pathological conditions such as diabetic
neuropathy, no optimal pericyte cell lines originating from
the BNB have been developed. This absence is partly due to
the difficulty in isolating a sufficient amount of pericytes from
a miniscule amount of endoneurial tissue. Recently, brain
and peripheral nerve pericyte cell lines were successfully
established from rats (Shimizu et al., 2008). However, brain and
peripheral nerve pericytes of human tissue origin are definitely
necessary in order to study human BBB and BNB function.

The purpose of the present study was to establish pure
BBB- and BNB-derived pericyte cell lines from human tissue
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origin by transfection with retrovirus vectors incorporating
human temperature-sensitive SV40 T antigen (tsA58) and
human telomerase (hTERT) and to characterize the established
pericyte cell lines. In addition, the differences of cellular
properties between brain pericytes originating from the BBB
were compared with peripheral nerve pericytes originating
from the BNB. In addition, these cell lines up-regulated the
barrier function of endothelial cells in the BBB and BNB.

Materials and Methods
Reagents

The culture medium for pericytes was Dulbecco’s modified Eagle’s
medium (DMEM; Sigma, St. Louis, MO) containing 100 U/ml
penicillin (Sigma), 100 pg/ml streptomycin (Sigma), 25 ng/mi
amphotericin B (Invitrogen, Grand Island, NY), and 10% fetal
bovine serum (FBS; Sigma). Polyclonal anti-NG2, anti-Ang-1, anti-
BDNF, and anti-GDNF antibodies were obtained from Santa Cruz
(Santa Cruz, CA). Monoclonal anti-SV40 antibody was purchased
from Calbiochem (Darmstadt, Germany). Monoclonal anti-SMA
antibody and polyclonal anti-vWVF antibody were obtained from
Dako (A/S,Glostrup, Denmarlk). Polyclonal anti-claudin-5 and anti-
occludin antibodies were purchased from Zymed (San Francisco,
California). Polyclonal anti-bFGF, anti-TGF-B, and anti-VEGF
antibodies were purchased from R&D Systems (Minneapolis,
Minnesota). Recombinant human TGF-$, Ang-1, VEGF, bFGF, and
TNF-a were purchased from Peprotech EC (London, UK). Human
umbilical vein ECs (HUVEC) and HL-60 cells were obtained from
Japan Health Sciences Foundation (Osaka, japan), and human
astrocytes were purchased from Lonza (Walkersville, Maryland).
TY10 cells were conditionally immortalized a brain microcapillary
endothelial cell line (BMECs) (Sano etal., 2010), and used as in vitro
BBB model. Primary human fibroblasts were obtained from DS
Pharma Biomedical (Osaka, Japan).

Isolation of peripheral nerve and brain pericytes and
establishment of cell lines

The study protocol for human tissue was approved by the ethics
committee of the Medical Faculty, University of Yamaguchi
Graduate School and was conducted in accordance with the
Declaration of Helsinki, as amended in Somerset West in 1996.
Written informed consent was obtained from the family of the
participants before entering the study.

Human sciatic nerve and brain tissues samples were obtained
from a patient who suddenly died from a heart attack. The isolation
procedure follows that of the previous method with modification
(Kanda et al., 1997). Briefly, the sciatic nerve was removed and the
endoneurium was carefully separated from the epineurium and
perineurium using fine forceps, dissected into small pieces, and
digested with 0.25% type | collagenase (Sigma). After

TABLE I. Human primer pairs utilized in RT-PCR analysis

centrifugation, the mixture was centrifuged, and the pellet was
suspended in 15% dextran solution. The pellet was resuspended
and cell suspension placed onto a type | collagen-coated dish
(Becton Dickinson, Tokyo, Japan). The brain capillary-rich fractions
were isolated using a previously reported method (Kanda et al,,
1994). Briefly, the cerebral cortex of the human brain was
homogenized, and the homogenate was further dissociated with
0.005% dispase (Sigma). After the mixture was centrifuged, the
pellet was suspended in 15% dextran solution. Next, the pellet was
resuspendedand the cell suspension wasfiltered througha 1 90-um
nylon mesh, and the filtered cell clusters were plated onto a type |
collagen-coated dish. The colonies of pericyte and peripheral nerve
microvascular endothelial cells (PnMECs) were isolated using a
cloning cap. Pure peripheral nerve and brain pericytes, and PnMECs
were isolated after two or three passages. Thereafter, peripheral
nerve and brain pericytes were immortalized via sequential
transduction with retrovirus-incorporated tsA58 and hTERT genes.
Pericytes were initially incubated overnight with a high
concentration of retrovirus vector carrying tsA58 in 10% DMEM.
The cells were subsequently washed, and the temperature was
adjusted from 37 to 33°C to activate the large T-antigen. This
process was followed by another overnight incubation with a high
concentration of retrovirus vector carrying hTERT.

Reverse transcription-polymerase chain reaction
(RT-PCR) analysis

Total RNA was extracted using an RNeasy® Plus Mini Kit
(Qiagen, Hilden, Germany) following the manufacturer’s protocol.
Single-stranded cDNA was created from 40 ng total RNA by
StrataScript First Strand Synthesis System (Stratagene®, Cedar
Greek, TX). The sequence specificity of each human primer
pair and its reference are shown in Table I. RT-PCR amplification
was performed using TAKARA PCR Thermal Cycler Dice (Takara,
Otsu, Japan). The RT-PCR amplification products were separated
by electrophoresis in 2% agarose gels containing 0.5 mg/ml
ethidium bromide and visualized with an imager.

Quantitative reai-time PCR analysis

A quantitative real-time PCR analysis was performed using a
Stratagene’s Mx3005P (Stratagene®) with FullVelocity® SYBR®
Green QPCR master mix (Stratagene®) according to the
manufacturer’s protocol. The sequences of primers are shown in
Table |. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was used as an internal standard. The samples were subjected to
PCR analysis using the following cycling parameters: 95°C for

10 min, 95°C for 15 sec, and 60°C for | min for 40 cycles. Negative
controls (cDNA-free solutions) were included in each reaction.
The standard reaction curve was analyzed by MxPro™"
(Stratagene®) software and the relative quantity according to
standard reaction curve (R,) was calculated according to the
formula Ry = Rgene/Rcappn by computer.

Target Sense Antisense Refs.
PDGF-B 5-AATGTCTCCAGCACCTTCGT-3' 5-AGCGGATGTGGTAAGGCATA-3 Basciani et al. (2002)
Osteopontin 5'-ACCCTCTCTGACACCCTGTG-3 5-GGCTGGCTTCTCACATTCTC-3 Said et al. (2007)
Ang-1 5-GGAAGTCTAGATTTCCAAAGAGGC-3 5-CTTTATCCCATTCAGTTTTCCATG-3' Huang et al. (2000)
TGF-BI 5'-ACCAACTATTGCTTCAGCTC-3' S -TTATGCTGGTTGTACAGG-3 Soufla et al. (2005)
VEGF 5'-GCAGAAGGAGGAGGGCAGAATC-3 5-ACACTCCAGGCCCTCGTCATT-3' Soufla et al. (2005)
BFGF 5-GAAGAGCGACCCTCACATCAAG-3' 5'-CTGCCCAGTTCGTTTCAGTG-3 Soufla et al. (2005)
NGF 5-TCATCATCCCATCCCATCTT-3 5-CTTGACAAAGGTGTGAGTCG-¥ Bronzetti et al. (2006)
BDNF 5-AGCCTCCTCTGCTCTTTCTGCTGGA-3 5-CTTTTGTCTATGCCCCTGCAGCCTT-3 Bronzetti et al. (2006}
GDNF 5.CGCCGCCGGACGGGACTTTAAGATGAAGTTA-3' 5-CAAGAGCCGCTGCAGTACCTAAAAATCA-3' Bickman et al. (2006)
VWEF 5'-CACCATTCAGCTAAGAGGAGG-3 5-GCCCTGGCAGTAGTGGATA-3 Fuchs et al. (2006)
Claudin-5 5'-CTGTTTCCATAGGCAGAGCG-3’ 5-AAGCAGATTCTTAGCCTTCC-3' Varley et al. (2006)
Occludin 5'-TGGGAGTGAACCCAACTGCT-3' 5'-CTTCAGGAACCGGCGTGGAT-3' Ghassemifar et al. (2003)
G3PDH 5-TGAAGGTCGGAGTCAACGGATTTGGT-3 5-CATGTGGGCCATGAGGTCCACCAC-3 Ye (2003)

GAPDH (real-time) 5-GTCAA CGGAT TTGGT CTGTA TT-3

5-AGTCT TCTGG GTGGC AGTGAT-3 Zhang et al. (2006)
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Western blot analysis

The proteins samples (1020 j.g) were separated by SDS-PAGE
(Biorad, Tokyo, Japan), and transferred to nitrocellulose
membrane (Amersham, Chalfont, UK). The membranes were
treated with blocking buffer (5% skimmed millcin 25 mM Tris-HC|,
pH7.6, 125 nM NaCl, 0.5% Tween-20) for | h at room temperature
and incubated with relevant antibodies (dilution 1:100) for 2h at
room temperature as the primary antibodies. The membrane were
exposed to peroxidase-conjugated secondary antibody (1:2,000)
followed by chemiluminescence reagent (Amersham), exposure to
X-Omat S films (Amersham), and quantification of bands intensity
using the Fuji image analysis software package.

Immunocytochemistry

The cultured cells were fixed with 4% paraformaldehyde (Walo,
Osaka, Japan) and were permeabilized with 100% methanol.

The cells were subsequently incubated overnight with relevant
antibodies (dilution 1:50-100), and then incubated with FITC-
labeled secondary antibody at dilution of 1:200 staining. The
fluorescence was observed by a fluorescent microscope (Olympus,
Tokyo, Japan). The nuclei were stained with DAPI, and the
fluorescence was detected with a fluorescence microscope
(Olympus). Image stacks were analyzed with the localization
module of the Olympus software program (Olympus).

Uptake of Dil-Ac-LDL

The cells were incubated with cultured media containing 10 pg/ml
acetylated low-density lipoprotein labeled |, 1'-dioctadecyl-
3,3,3',3/-tetramethyliodo-carbocyanine perchlorate (Dil-Ac-LDL;
Biogenesis, Poole, England) at 37°C for 12 h. After incubation,
the cells were photographed using a fluorescent microscope
(Olympus).

Treatment of PnMECs with a conditioned medium of pericyte,
angiopoietin-l, VEGF, or bFGF, and exposure of pericytes
with TNF-o

The brain and peripheral nerve pericytes, astrocyte, and fibroblasts
were cultured in DMEM with 20% FBS. After 24 h, the conditioned
medium of brain pericytes (BPCT-CM), peripheral nerve pericytes
(PPCT-CM) astrocytes {AST-CM), and fibroblasts (fibro-CM) was
collected and stored at —20°C until analysis. The control medium
was prepared by the same procedure using DMEM with 20% FBS
(non-conditional medium (NCM)). PnMECs were treated with
NCM, BPCT-CM, or PPCT-CM, or treated with angiopietin-|
(0, 0.1, 1, and 10ng/ml), VEGF (0, 0.1, I, and 10 ng/ml), or bFGF
(0, 0.1, I, and 10 ng/ml). Peripheral nerve pericytes were treated
with DMEM with 10% FBS (NCM) and TNF-a (100 ng/ml). The
total RNA was extracted 24 h later, and total protein was obtained
after 3 days.

bFGF inhibitory study

PnMECs were cultured with PPCT-CM containing 1.0 pug/ml
antibody against bFGF or normal rabbit IgG. The total RNA was
extracted 24 h later, and total protein was obtained 3 days later.

Transendothelial electrical resistance (TEER) study

Transwell inserts (pore size 0.4 um, effective growth area 0.3 cm?,
BD Bioscience, Franklin Lakes, NJ) were coated by rat-tail collagen
type-l (BD Bioscience) according to the manufacturers
instructions. After PAMECs were seeded (1 x 10° cells/insert) in
the upper compartment and cultured for 24 h, the upper
compartment was incubated with each medium (NCM, EBM,
BPCT-CM, and PPCT-CM) for 3 days. To construct in co-culture
system, brain and peripheral nerve pericytes, astrocytes, or
fibroblasts were seeded on the bottom side of the inserts. The cells
were allowed to adhere firmly for overnight, and then endothelial
cells were seeded on the upper side of the inserts placed in the well

JOURNAL OF CELLULAR PHYSIOLOGY

of the 24-well culture plates containing no cells, pericytes, or
astrocytes. TEER values of cell layers were measured with a Millicell
electrical resistance apparatus (Endohm-6 and EVOM; World
Precision [nstruments, Sarasota, FL). Statistical significance was
evaluated using Student’s t-test.

Transendothelial transport study

The paracellular passage of '*C-labeled inulin (0. 2 wCi/ml) across
the cell layers was determined using prevnously described
protocols. After 0.2 uCi of [carboxyl-' C] -inulin in 0.5 ml of
DMEM was, added to the upper compartment, the appearance of
[carboxyl-'*Cl-inulin in the lower chamber was measured after
20 min by scintillation counting of 20 ul samples from the upper
and lower chambers. The clearance (in wl) of inulin (C;,,) was
calculated as Ci,, = V| *"CPM/CPM_, where V_ is the volume of the
lower compartment in wl, CPM_ is the radioactivity of
[carboxyl-"*CJ-inulin in the Iower chamber in CPM/ul, and CPM,
is the radioactivity of [carboxyl-'“CJ-inulin in the upper
compartment in CPM/ul. The upper compartment was incubated
with each medium (NCM, EBM, BPCT-CM, and PPCT-CM) for
3 days.

Data analysis

All dataare presented as the mean £ SEM. The unpaired, two-tailed
Student’s t-test was used to determine the significance of
differences between two group means. A P-value of <0.01 was
considered to be statistically significant.

RESULTS
Characterization of human peripheral nerve and brain
pericyte cell lines

Human peripheral nerve and brain pericyte cell lines were
established (Fig. | A-C). These two cell lines appeared to have a
ruffled-border morphology with highly irregular edges, as
shown in Figure |A,B. The expression of the endothelial cell
markers, vWF and PECAM, was not detected by RT-PCR in
either cell line (Fig. 2A) and vWF expression was not detected
by immunocytochemistry (Fig. |D,E). These cell lines also did
not take up Dil-Ac-LDL (Fig. | G,H), thus indicating that they did
not have the Ac-LDL receptor, which is an essential endothelial
cell marker. We therefore confirmed that these cell lines
were not contaminated by endothelial cells. We also isolated
PnMECs of human BNB origin (Fig. 1 C). Approximately 100%
of the cells were immunoreactive for wWF (Fig. |F) and they
displayed the uptake of Dil-Ac-LDL (Fig. {1).

The mRNA of several pericyte markers, such as PDGF-RS,
desmin, and osteopontin, was detected by RT-PCR in the
pericyte cell lines as well as in human brain tissue used as a
positive control (Fig. 2A). The expression of aSMA and
NG2 in these cell lines was verified by Western blot analysis
(Fig. 2B,C) and immunocytochemistry (Fig. 2D,E) (Nehls and
Drenckhahn, 1991; Ozerdem et al,, 2001). They displayed
stable growth and differentiated characteristics after at least
five passages.

The peripheral nerve and brain pericytes cell lines expressed
a large T-antigen with a molecular weight of 94 kDa under a
permissive temperature of 33°C, which was the same
molecular weight as that expressed by TR-BBB I3 which
expresses T-antigen at 33°C as a positive control (Hosoya etal.,
2000) (Fig. 2F). Although hTERT protein was not detected by
Western blot analysis (data not shown), these cell lines
displayed a high expression level of nuclear and perinuclear
hTERT protein by confocal microscopy {Fig. 2G,H). Therefore,
pure BBB-and BNB-derived pericyte celilines were successfully
established from human tissue and identified the characteristics
of the established pericyte cell lines.

— 521 —

257



SHIMIZU ET AL.

Peripheral nerve pericytes

e

Fig. I. A phase microscopic image of human peripheral nerve pericytes (A,D,G), brain pericytes (B,E,H), and PnMECs (C,F,l). Pericytes

appeared to have ruffled-border morphology (A,B). Anti-vWF antibody did not stain peripheral nerve (D) or brain pericytes (E). PnMECs
were used as a positive control (F). No uptake of Dil-Ac-LDL was observed in peripheral nerve (G) or brain pericytes (H). PnAMECs were used as
a positive control (I). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Paracrine growth factor and nerve growth factor
secreted from the brain and peripheral nerve pericytes

The expression levels of the mRNA of pericyte paracrine
growth factors such as Ang-/, TGF-S1, VEGF, and bFGF in the
isolated pericytes are shown in Figure 3A.

In addition, the expression of Ang-1, TGF-B1, VEGF, and
bFGF proteins in these pericyte cell lines was determined by a
Western blot analysis (Fig. 3B). The Ang-|, TGF-$, VEGF, and
bFGF bands, corresponding to 60-, 25-, 38-, and [6-kDa single
bands, respectively, were detected in the brain and peripheral
nerve pericytes, and astrocytes. The Ang-1, TGF-8, and bFGF
bands, corresponding to this band, were not detected in
PnMECs. Interestingly, the levels of Ang-| (Fig. 3C), TGF-8
(Fig. 3D), and bFGF (Fig. 3F) proteins in peripheral nerve
pericytes were significantly higher than those in brain pericytes
(P<0.01; Fig. 3C,D,F). Their levels were almost equivalent to
those in astrocytes. In contrast, the expression of VEGF protein
did not show a significant difference between these cell lines
(Fig. 3E). This study also investigated whether these pericyte
cell lines expressed neurotrophic factors to promote nerve
regeneration. The mRNA expression levels of nerve growth
factors such as GDNF, NGF, and BDNF were determined in brain
and peripheral nerve pericytes and shown in Figure 4A. These
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GDNF and NGF were not detected in PnMECs (Fig. 4A).
Interestingly, the GDNF (Fig. 4B) and NGF {Fig. 4C) mRNA
expression levels in peripheral nerve pericytes were
significantly higher than those in brain pericytes (P < 0.01).
Their levels were almost equivalent to those in astrocytes.
Furthermore, the BDNF (Fig. 4D) mRNA expression level in the
brain and peripheral nerve pericytes was also significantly
higher than thatin PnMECs (P < 0.01) and it was also equivalent
to that in astrocytes. In addition, the expression of GDNF and
BDNF proteins in the isolated pericytes was determined by a
Western blot analysis (Fig. 4E). The GDNF and BDNF bands,
corresponding to |5- and 14-kDa single bands, respectively,
were detected in the brain and peripheral nerve pericytes, and
astrocytes (Fig. 4E). The GDNF and BDNF bands were not
detected in PnMECs. Interestingly, the levels of GDNF (Fig. 4F)
and BDNF (Fig. 4G) protein in peripheral nerve pericytes were
significantly higher than those in brain pericytes (P < 0.01)
and astrocytes (P < 0.01). The change in GDNF, BDNF, and
NGF mRNA in peripheral nerve pericytes after treatment with
TNF-a (100 ng/ml) was measured using relative quantification
with real-time RT-PCR (Fig. 4H-J). The GDNF (Fig. 4H),
BDNF (Fig. 4l), and NGF (Fig. 4]) mRNA expression levels in
the peripheral nerve pericytes significantly increased after
treatment with TNF-o (P < 0.01).

— 522 —



PERICYTES FORMING BLOOD-NERVE BARRIER

SMA

¥ actin

SV-40

apotin

Fig. 2. A:The expression of pericyte markers, including PDGF-Rp, osteopontin, and desmin, and of VWF and PECAM as endothelial cell markers
by RT-PCR analysis. Human brain tissue was used as a positive control, and PnMECs were used as a negative control. Each mRNA expressionlevel
was normalized with respect to the GAPDH mRNA expression. A Western blot analysis of «SMA (B) and NG2 (C) proteins in pericyte cell lines.
Human vascular fraction and human brain tissue were used as positive controls, and TR-BBB and HL-60 cells were used as negative controls.
Immunocytochemistry using anti-aSMA antibody against peripheralnerve (D) andbrainpericytes (E,F) Theexpression of alarge SV40 T-antigenin
peripheral nerve and brain pericytes cultured at 33°C. TR-BBB cultured at 33°C was used as a positive control and human brain tissue was used asa
negative control. G,H,I: The presence of nuclear and perinuclear \TERT was confirmed by immunocytochemistry using anti-hTERT antibody
in peripheral nerve (G) and brain (H) pericyte cell lines. HUVEC was used as a negative control (I). [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Fig. 3. A: The expression of the paracrine growth factors Ang-1, TGF-8, VEGF, and bFGF by RT-PCR analysis. Human brain tissue was used as a
positive control. EachmRNA level was normalized with respect to the expression of GAPDH mRNA. Human brain served asa positive control (P.C).
B: A Western blot analysis of Ang-1, VEGF, TGF-§, and bFGF in peripheral nerve and brain pericyte, PnMECs, and astrocyte. The Ang-1, TGF-§,
VEGF, and bFGF bands, corresponding to 60-, 25-, 38-, and |6-kDa single bands, respectively, were detected in the brain and peripheral

nerve pericytes, and astrocytes. The Ang-1, TGF-§, and bFGF proteins corresponding to this band were not detected in PnMECs. C-F: The
bar graph reflects the combined densitometry data from three independent experiments (mean + SEM, n=3,*P <0.01). B,C: The Ang-1, TGF-p,
and bFGF protein levels in peripheral nerve pericytes were significantly higher than those in brain pericytes (mean £ SEM, n= 3, "P<0.01).

The change of TEER and transendothelial permeability
of PnMECs by pericyte-conditioned medium

The TEER and permeability for paracellular diffusion of
[carboxyl-C"*]-inulin across the layer of PAMECs or TY08 in
response to treatment with NCM, BPCT-CM, and PPCT-CM
(Fig. 5A—E) was measured to determine whether soluble factors
secreted by pericytes strengthen the barrier function of
endothelial cells in the BBB or BNB. The TEER value of TY08

JOURNAL OF CELLULAR PHYSIOLOGY

was not changed after treatment with fibroblast (FB)-CM, but
significantly increased after incubation with AST-CM or BPCT-
CM (P < 0.01; Fig. 5A). There was no significant difference

in the TEER value after treatment of TY08 with AST-CM and
BPCT-CM. When cultured with BPCT-CM or PPCT-CM, the
TEER value of PnMECs was also significantly elevated (P < 0.01)
in comparison to those treated with NCM, although it was
not changed after exposure of FB-CM (Fig. 5B). The transfilter
co-culture of TY08 with brain pericytes or astrocytes could

— 524 —



PERICYTES FORMING BLOOD-NERVE BARRIER

BOF mBNA levek
NP GAPDED
W T owe B

=

s owm

Ratio {GDNFracting

e A%

=

CURF mBlNA el
GBHEGAYDI:
e e W B

(L L
e vl

AT BPCT BRPCT

oy
et

pPEa D ¥
Mok onow s W

BONF mRNA levels
(BDNF/CAPDED

o«

o
8 ¥

Hatls (BDNFetm
%

o

&=

¥

Wk Eas

BURF s A vl e

ETNFCATDH)

]

apwirel  TNEQ
1000

CDNF RNA Jovels
{CDNFIGAPDED
SEnEwBuEnk

AST  B-RCT  PPCT

PPCT  BPOT ART

£

mfwmm]

NOF mBHA bvek
BOFGAPDH
i el k8

THE-@
T

Eakityed

Fig. 4. A:The expression of paracrine growth factors, including GDNF, NGF, and BDNF, by RT-PCR analysis. Human brain tissue was used as a
positive control. The mRNA expression levels were normalized with respect to the expression of GAPDH mRNA. The expression of GDNFand NGF
mRNA was not detected in PnMECs. Astrocytes served as a positive control (P.C) and PnMECs as a negative control (N.C). B-D: GDNF, NGF, and
BDNF mRNA levels were quantified in brain pericytes, peripheral nerve pericytes, PnMECs, and astrocytes by real-time RT-PCR expressed as the
ratio of target gene/ GAPDH. B,C: The GDNF and NGFmRNA expressionlevels in peripheral nerve pericytes were equivalent to those inastrocytes
and significantly higher than those in brain pericytes (mean = SEM, n =3, *P<0.01). D: The BDNF mRNA expression levels in brain and peripheral
nerve pericytes were also equivalent to that in astrocytes and significantly higher than those in PnMECs (mean & SEM, n =3, *P<0.01).

E: A Western blot analysis of GDNF and BDNF protein in peripheral nerve and brain pericytes, PnMECs, and astrocytes. The GDNF and
BDNF bands, correspondingto | 5-and | 4-kDasingle bands, respectively, were detected inthe brain and peripheral nerve pericytes, and astrocytes.
F,G: The bar graph reflects the combined densitometry data from three independent experiments (mean = SEM, n=3, *P<0.01). The GDNF
and BDINF protein levels in peripheral nerve pericytes were significantly higher than those in brain pericytes and astrocyte (mean = SEM, n=3,
*P<0.0l). The GDNF and BDNF proteins corresponding to this band were not detected in PnMECs. H-J: The GDNF, BDNF, and NGF mRNA

expression levels in peripheral nerve pericytes were significantly increased after treatment with TNF-« (P<0.01).
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Fig. 5. A:The effect of brain pericytes and astrocytes-conditioned media on the TEER values across TY08 monolayer (mean + SD,n =6 in each
condition). The TEER value of TY08 was not changed after treatment with fibroblast (FB)-CM, but significantly increased after incubation with
AST-CM and BPCT-CM (P<0.01). B: The effect of brain and peripheral nerve pericyte-conditioned media on the TEER values across PnMEC
monolayer {mean = SD, n == 6 in each condition). The TEER values of PnMECs were significantly increased when cultured with brain or peripheral
nerve pericyte-conditioned media. C: The effect of co-culture on induction of TEER in TY08 with brain pericytes or astrocytes. High TEER was
observed in the co-culture of TY08 with brain pericytes or astrocytes in comparison to endothelial cell monolayer (P <0.01). The TEER value of
TY08 was not changed by co-culture with fibroblasts. D: The effect of co-culture on induction of TEER in PnMECs with peripheral nerve pericytes.
The TEER value of PnMECs was not changed after co-culture with fibroblast, but significantly increased after co-culture with peripheral nerve
pericytes (P<0.01).E: The [carboxyl-'*CJ-inulin clearance of the PnMEC monolayer treated with brain or peripheral nerve pericyte-conditioned
media at 30 min {mean = 6 in each experiment). PnMECs demonstrated a significantly lower inulin clearance when cultured with brain or
peripheral nerve pericyte-conditioned media (*P<0.01). NCM, Non-conditioned medium was prepared by the same procedure using DMEM with
10%FBS; BPCT-CM, conditioned medium of brain pericytes; PPCT-CM, conditioned medium of peripheral nerve pericytes; AST-CM, conditioned
medium of astrocytes; FB-CM, conditioned medium of fibroblasts. TY08, Monoculture of TY08; TY08 + BPCT, co-culture of TY08 with brain
pericytes; TY08 + AST, co-culture of TY08 with astrocytes; TY08 + FB, co-culture of TY08 with fibroblasts; PnMECs, monoculture of PnMECs;
PnMECs + PPCT, co-culture of PnMECs with peripheral nerve pericytes; PnMECs -+ FB, co-culture of PnMECs with fibroblasts.

Induction of claudin-5 and occcludin in PnMECs
following treatment with the pericyte-conditioned
medium

significantly increase the tightness of endothelial monolayers
(P < 0.01; Fig. 5C). High TEER was observedin the co-culture of
PnMECs with peripheral nerve pericytes in comparison to
endothelial cell monolayer (P < 0.01; Fig. 5D). The TEER values

of TY08 and PnMECs were unchanged by co-culture with
fibroblasts in comparison to the single culture (Fig. 5C,D).
Furthermore, PAMECs treated with BPCT-CM or PPCT-CM
demonstrated significantly lower inulin clearance than those
treated with NCM (P < 0.01; Fig. 5E).
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Changes in the expression of claudin-5 and occludin mRNA

in PnMECs following treatment with NCM, BPCT-CM, and
PPCT-CM were examined to determine whether soluble
factors secreted from pericytes up-regulate the expression of
tight junctional molecules (Fig. 6A,B). The claudin-5 and occludin
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Fig. 6. Effect of brain and peripheral nerve pericyte-conditioned media on the mRNA expression of claudin-5 (A) and occludin (B) by real-time
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treated with BPCT-CM, PPCT-CM, AST-CM, or FB-CM. E-H: The bar graph reflects the combined densitometry data from three independent
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after incubation with AST-CM or BPCT-CM (P <0.01). F: The expression of claudin-5 of PnMECs was significantly increased when cultured
with BPCT-CM or PPCT-CM, although it was unchanged after application with FB-CM (mean = SEM, n =3, *P<0.01). G,H: The expression of
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was prepared by the same procedure using DMEM with 10% FBS; BPCT-CM, conditioned medium of brain pericytes; PPCT-CM, conditioned
medium of peripheral nerve pericytes; AST-CM, conditioned medium of astrocytes; FB-CM, conditioned medium of fibroblasts.

mRNA expression levels in PnMECs were increased BPCT-CM, PPCT-CM, AST-CM, and FB-CM was determined
significantly after treatment with BPCT-CM or PPCT-CM by a Western blot analysis (Fig. 6C,D). Claudin-5 of TY08 was
{P < 0.01; Fig. 6A,B). In addition, the change in claudin-5 and not changed following treatment with FB-CM but was induced
occludin proteins in TY08 and PnMECs treated with NCM, after incubation with AST-CM or BPCT-CM (P < 0.01)
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(Fig. 6E). There was no significant difference in the amount of
claudin-5 after treatment of TY08 with AST-CMand BPCT-CM.
When cultured with BPCT-CM or PPCT-CM, the expression
of claudin-5 of PANMECs was significantly increased (Fig. 6F).
In contrast, occludin was not affected following treatment
with BPCT-CM, PPCT-CM, or AST-CM (Fig. 6G,H).
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Regulation of claudin-5 by Ang-1, VEGF, TGF-B, and
bFGF and the effect of anti-bFGF antibody on the
induction of claudin-5 mRNA in PCT-CM-treated
PnMECs

The effects of 24 h treatment of Ang-i, VEGF, TGF-3, and
bFGF on the expression of claudin-5 mRNA in PAMECs were
investigated to determine which soluble factors secreted from
pericytes strengthened barrier function in the BBB and BNB.
The daudin-5 mRNA level was significantly reduced following
treatment with Ang-1, VEGF, and TGF-§ in a dose-dependent
manner (Fig. 7A-C). Conversely, daudin-5 mRNA was
increased following treatment with bFGF (Fig. 7D).
Furthermore, claudin-5 protein in PnMECs following treatment
with Ang-1 (1 ng/ml), VEGF (I ng/ml), TGF-B (I ng/ml), and
bFGF (1 ng/ml) was quantified using a Western blot analysis
(Fig. 7E). Claudin-5 protein was significantly increased after
treatment with bFGF (P < 0.01; Fig. 7E,F). In contrast, claudin-5
protein was significantly reduced following treatment with
VEGF, Ang-1, or TGF-$ (P <0.01; Fig. 7E,F). The TEER value
of PnMECs by treatment with bFGF was significantly higher
(P <0.01) in comparison to those treated with NCM (Fig. 7G).
Conversely, the TEER value of PnMECs was significantly
reduced following treatment with VEGF, Ang-1, or TGF-
(Fig. 7G). To clarify the contribution of bFGF to the induction
of claudin-5 in PnMECs by PPCT-CM, bFGF activities were
neutralized using anti-bFGF antibody. The claudin-5 mRNA
expression was inhibited by 42% after incubation with PPCT-
CM pretreated by anti-bFGF antibody (Fig. 7H). In addition,
claudin-5 protein in PnMECs following treatment with anti-
bFGF neutralizing antibody was quantified usinga Western blot
analysis (Fig. 71,)). Claudin-5 protein expression was inhibited
after pretreatment with anti-bFGF neutralizing antibody

(Fig. 71J). The TEER value of PnMECs was also significantly
reduced following treatment with PPCT-CM pretreated with
anti-bFGF neutralizing antibody (Fig. 7K).

Fig. 7. The claudin-5 mRNA level after a 24-h application of VEGF,
Ang-1, TGF-$, and bFGF in PnMECs. A-D: The claudin-5 mRNA levels
in PnMECs were quantified by real-time RT-PCR and expressed as the
ratio of target gene/GAPDH. Data are presented as the mean (£SEM)
of three independent PCR runs. P-values were calculated using
unpaired t-test. The claudin-5 mRNA level was significantly reduced
following treatment with Ang-i, VEGF, or TGF-§ in a dose-
dependent manner. However, the claudin-5 mRNA level was
increased following bFGF treatment. E: The effect of VEGF (1 ng/ml),
Ang-1 (I ng/ml), TGF-B (I ng/ml), and bFGF (I ng/ml) on the claudin-5
protein level in PnMECs after a 3-day treatment. F: The bar graph
reflects the combined densitometry data from three independent
experiments. G: The effect of VEGF, Ang-1, TGF-B, and bFGF on the
TEER values across the PnMEC monolayer (mean £ SD, n = 6 ineach
condition). The TEER values of PnMECs were significantly increased
when cultured with bFGF (1 ng/ml). In contrast, the TEER values of
PnMECs were significantly reduced after treatment with VEGF, Ang-
I, or TGF-B. H: The effect of anti-bFGF neutralizing antibody on the
claudin-5 induction following treatment with PPCT-CM. The PnMECs
were cultured with PPCT-CM or PPCT-CM pretreated with bFGF
antibody for 24 h, The level of claudin-5 mRNA in PnMECs was assayed
by real-time RT-PCR and expressed as the ratio of the target gene/
GAPDH. The claudin-5 mRNA was inhibited by 42% following PPCT-
CM pretreated with anti-bFGF antibody in comparison to that
treated with only PPCT-CM. I: The change in the level of claudin-5
protein in PnMECs following treatment with anti-bFGF neutralizing
antibody using a Western blot analysis. Claudin-5 protein was
inhibited after pretreatment with anti-bFGF neutralizing antibody.
J: The bar graph reflects the combined densitometry data from
three independent experiments. : The TEER value of PnMECs was
significantly reduced by the treatment of PPCT-CM pretreated with
anti-bFGF antibody in comparison to that treated with PPCT-CM.
NCM, Non-conditioned medium was prepared by the same
procedure using DMEM with 20% FBS; PPCT-CM, conditioned
medium of peripheral nerve pericytes; PPCT-CM + bFGF antibody,
conditioned medium of peripheral nerve pericytes pretreated with
bFGF neutralizing antibody.
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Discussion

This study successfully established brain and peripheral nerve
pericyte cell lines of human origin. Various human immortalized
brain endothelial cell lines have been successfully established
(Weksler et al., 2005) including ours, and one brain and
peripheral nerve endothelial cell line has recently been
developed (Sano et al., 2007, 2010). However, neighboring
pericytes have long been ignored as barrier-forming cells.
Pericytes are an important component of the BBB and BNB and
participate in the maintenance of vascular stability (Hellstrom et
al., 2001) and in the supply of some cytokines and growth
factors to endothelial cells in paracrine manner (Armulik et al.,
2005). Therefore, the human BBB- or BNB-derived pericyte
celllines, combined with BBB- or BNB-derived endothelial cells,
could shed a novel light on the future studies of BBB and BNB.

Pericyte are morphologically, biochemically, and
physiologically heterogeneous and they may have distinctive
characteristics in different organs (Armulik et al., 2005).
Pericytes are localized at the abluminal side of the
microvascular endothelium and are completely enveloped by a
basement membrane (Shepro and Morel, 1993). Pericytes
increase vascular stability (Hellstrom et al.,, 2001) and regulate
the BBB by secretion of paracrine growth factors (Armulik et
al., 2005). However, the molecular mechanisms by which
pericytes regulate the barrier function of the BBB are unknown.
The BBB comprised endothelial cells, astrocytes, and pericytes
of microvascular origin, whereas the BNB comprised
endothelial cells and pericytes of endoneurial microvascular
origin (Poduslo et al,, 1994; Sano et al., 2007). Astrocytes
strengthen the barrier function of BMECs via the secretion of
soluble factors in the in vitro BBB model (Hori et al., 2004; Kim
etal,, 2006). The current study also showed that brain pericytes
as well as astrocytes have property of increasing barrier
integrity of BMECs through claudin-5 up-regulation. Unlike the
BBB, the BNB lacks cells that correspond to astrocytes. We
therefore hypothesized that peripheral nerve pericytes, which
are the only cells composing in endoneurial microvessels other
than PnMECs, might strengthen the barrier function of the BNB
and play a similar role as that of astrocytes in the BBB.
Astrocytes have been reported to regulate the BBB by
secretion of paracrine growth factors such as TGF-8, VEGF,
and bFGF (Abbott et al., 2006; Kim JH et al., 2006). The current
study initially analyzed whether these factors are also secreted
by brain and peripheral nerve pericytes. These results
demonstrated that brain and peripheral nerve pericytes also
expressed several soluble factors such as Ang-1, VEGF, TGF-8,
and bFGF, which are secreted by astrocytes in the BBB (Abbott
et al., 2006; Fig. 3A,B). In particular, the level of Ang-I, TGF-8,
and bFGF in peripheral nerve pericytes was significantly higher
than those in brain pericytes and PnMECs and were equivalent
to those in astrocytes (Fig. 3C,D,F). Peripheral nerve pericytes
secrete these soluble factors and might exert a beneficial effect
on endothelial cells maintenance in BNB, thus playing a role
similar to that of astrocytes in the BBB.

Pericytes could possibly strengthen the barrier properties of
PnMEC:s by secreting several soluble factors because pericyte-
conditioned media significantly increase the TEER value and
decrease inulin clearance in PnMECs (Fig. 5B,D,E). It is well
known that claudin-5 is a major component of TJs, and the
expression level of claudin-5 is important for T} maintenance in
the mature BBB (Nitta et al., 2003). Ohtsuki et al. (2007)
reported that exogenous expression of claudin-5 induces
barrier properties in cultured rat brain capillary endothelial
cells line which do not express claudin-5. Several reports
previously demonstrated that the expression of claudin-5 was
increased by humoral factors such as adrenomedullin (Honda et
al.,2006) and bFGF (Bendfeldt et al.,, 2007), or reduced by VEGF
(Argaw et al., 2009). The current results demonstrated that
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claudin-5 expression of PnMECs was not changed after
incubation with fibroblasts-conditioned media but significantly
increased by treatment with pericyte-conditioned media

(Fig. 6A,D,F), thus suggesting that the soluble factors secreted
from pericytes affect the barrier property of the endothelial
cells ina paracrine manner through the up-regulation of claudin-
5 in vivo. Furthermore, this study investigated which soluble
factors secreted from pericytes increased claudin-5 expression.
These results indicated that the barrier properties of PnMECs
in the BNB were augmented by bFGF, and then decreased by
VEGF, Ang-1, or TGF-B released from pericytes through
change of claudin-5 (Fig. 7A,B,D,E,G-)). Recently, the
breakdown of the BNB has been considered to be a key initial
step in many autoimmune neuropathies such as Guillain—Barré
syndrome and chronic inflammatory demyelinating
polyradiculoneuropathy (CIDP) (Lach et al., 1993; Kanda et al.,
1994, 2000, 2004). Kanda et al. (2004) reported that the
number of claudin-5-positive microvessels in the BNB in cases
of CIDP was significantly decreased in comparison to that of
patients with non-inflammatory neuropathies. This finding
suggests that the modification of the integrity of tight junctions
in the BNB may provide novel therapeutic avenues for many
autoimmune peripheral neuropathies. The present findings
demonstrated that the regulation of these soluble factors
secreted from pericytes might have therapeutic potential in
repairing and modifying the barrier properties of the BNB in
autoimmune peripheral neuropathies.

Next, this study was the first to demonstrate that brain and
peripheral nerve pericytes expressed several neurotrophic
factors including NGF, GDNF, and BDNF (Fig. 4A,E). The
inflammatory mediator TNF-« plays a key role in the
pathological processes of Guillain-Barré syndrome and CIDP
(Radhakrishnan etal., 2004; Deng etal., 2008; Yang et al., 2008).
TNF-a also induces cell-specific damage to Schwann cells in
vitro (Boyle et al., 2005) and thus contributes to the
development of inflammatory neuropathy. The current study
demonstrated that the expression of GDNF (Fig. 4H), BDNF (Fig.
4l), and NGF (Fig. 4]) mRNA in peripheral nerve pericytes was
significantly increased after exposure of TNF-a. The
physiological role of TNFw in the BNB is unclear, but these
results suggested that neurotrophic factors secreted from the
peripheral nerve pericytes might have a neuroprotective effect
against axonal loss mediated by TNF-« in inflammatory
neuropathies such as Guillain—-Barré syndrome and CIDP.
Interestingly, the GDNF and BDNF protein in peripheral nerve
pericytes were significantly higher than those in brain pericytes
and astrocytes (Fig. 4F,G). Many studies have shown that
astrocytes produce neurotrophic factors such as GDNF and
BDNF, which protect against neuronal loss in the central
nervous system (Mizuta et al, 2001; Wang et al., 2002).
Neurotrophic factors secreted from peripheral nerve pericytes
might prevent axonal loss and promote axonal regeneration in
the peripheral nervous system (PNS). Although neurotrophic
factors such as GDNF, BDNF, and NGF cannot be used for
neuroprotection following intravenous administration because
these proteins do not cross the BNB, the neurotrophic factors
secreted from peripheral nerve pericytes in the endoneurial
space may be useful for neuroprotection in the PNS. The
modification of these neurotrophic factors released from
pericytes may have therapeutic potential for intractable
peripheral neuropathies.

In conclusion, BBB or BNB-derived pericytes modify BNB
functions through various soluble factors. The regulation of
soluble factors secreted from pericytes may thus provide novel
therapeutic strategies to modify the BNB functions and
promote peripheral nerve regeneration. Further research is
thus necessary to elucidate the characteristics of pericytes
because knowledge concerning the molecular mechanisms by
which pericytes regulate BBB and BNB function under both
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physiological and pathological conditions could lead to the
development of new therapies for various neurological
disorders including diabetic neuropathy and stroke.
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Abstract In autoimmune disorders of the peripheral
nervous system (PNS), including Guillain—Barré syndrome
and chronic inflammatory demyelinating polyradiculoneu-
ropathy, breakdown of the blood-nerve barrier (BNB) has
been considered to be a key step in the disease process.
Although glucocorticoids (GCs) have been shown to
effectively restore the blood—brain barrier (BBB) in some
inflammatory central nervous system diseases such as
multiple sclerosis, their action against the BNB has not yet
been examined. To elucidate the role of GCs on the BNB,
we established a novel human immortalized endothelial
cell lines derived from the BNB. The established cell line
termed “DH-BNBs” expresses two important tight junc-
tion proteins, claudin-5 and occludin. Using DH-BNBs, we
analyzed how GCs affect BNB function. We herein report
that GCs up-regulate the expression of claudin-5 and
increase the barrier properties of the BNB. This is the first
report which indicates how GCs affect the blood-nerve
barrier.
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Introduction

The blood-nerve barrier (BNB) is one of the functional
barriers sheltering the nervous system from circulating
blood [1]. The BNB comprises the endoneurial microvas-
culature and the innermost layers of the perineurium. Tight
junctions (TJs) between adjacent peripheral nerve micro-
vascular endothelial cells (PnMECs) are responsible for
BNB function [2, 3]. In the BNB, just like in the blood-
brain barrier (BBB), tight junction molecules including
occludin, claudin-5, ZO-1, and ZO-2 have an important
role in maintaining the BNB function [4]. The breakdown
of the BNB has been considered to be an initial key step in
many autoimmune disorders of the peripheral nervous
system, including Guillain-Barré syndrome, chronic
inflammatory  demyelinating  polyradiculoneuropathy
(CIDP), and paraprotemic neuropathy [5-7]. Restoration of
the BNB function in these diseases might lead to the
development of new therapeutic strategies. Established
treatments for CIDP include glucocorticoid (GC) therapy
[8, 9], but the detailed mechanisms of its therapeutic action
remain unclear. On the other hand, GCs have been shown
to effectively restore the BBB in multiple sclerosis (MS)
[10] and experimental allergic encephalomyelitis (EAE), a
rat model of MS [11]. In addition, some reports indicate
that GCs up-regulate TJ proteins and increase the barrier
properties of human and mouse brain microvascular
endothelial cell lines [12, 13]. However, it remains unclear
how GCs modulate the BNB function. In this study, we
examined the effects of hydrocortisone (HC) on an endo-
thelial cell line derived from the human BNB. We herein
report that HC up-regulates the expression of claudin-5 and
increases the barrier properties of the BNB. This is the first
study indicating how GCs affect the human blood-nerve
barrier.
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