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Peripheral nerve pericytes

Brain pericytes

Fig. I. A phase microscopic image of human peripheral nerve pericytes (A,D,G), brain pericytes (B,E,H), and PnMECs (C,F,}). Pericytes
appeared to have ruffled-border morphology (A,B). Anti-vWF antibody did not stain peripheral nerve (D) or brain pericytes (E). PAMECs
were used as a positive control (F). No uptake of Dil-Ac-LDL was observed in peripheral nerve (G) or brain pericytes (H). PnMECs were used as
a positive control (l). [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-1, TGF-81, VEGF, and bFGF in the
isolated pericytes are shown in Figure 3A.

In addition, the expression of Ang-I, TGF-B1, VEGF, and
bFGF proteins in these pericyte cell lines was determined by a
Western blot analysis (Fig. 3B). The Ang-1, TGF-B, VEGF, and
bFGF bands, corresponding to 60-, 25-, 38-, and 16-kDa single
bands, respectively, were detected in the brain and peripheral
nerve pericytes, and astrocytes. The Ang-1, TGF-B, and bFGF
bands, corresponding to this band, were not detected in
PnMECs. Interestingly, the levels of Ang-1 (Fig. 3C), TGF-
{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 PaMECs (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 15- and [4-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 PnMEC:s. 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. 41), and NGF (Fig. 4]) mRNA expression levels in
the peripheral nerve pericytes significantly increased after
treatment with TNF-a (P < 0.01).
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Fig. 2. A: The expression of pericyte markers, including PDGF-R, osteopontin, and desmin, and of YWF and PECAM as endothelial cellmarkers
by RT-PCR analysis. Human brain tissue was used as a positive control, and PnMECs were used as a negative control. Each mRNA expression level
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.
Immunocytochemistryusinganti-aSMAantibody against peripherainerve (D) andbrainpericytes (E,F) The expression ofalarge 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 wasused asa
negative control. G,H,I: The presence of nuclear and perinuclear hTERT was confirmed by immunocytochemistry using anti-h TERT 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 wasnormalized withrespect to the expressionof GAPDH mRNA. Human brain served asa positive control (P.C).
B: A Western blot analysis of Ang-1, VEGF, TGF-B, 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-B, 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-§,
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
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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
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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 GAPDHmRNA. 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 expression levels 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 levelsin 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 detectedinthe 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 BDNF protein levels in peripheral nerve pericytes were significantly higher than those in brain pericytes and astrocyte (mean &= SEM, n=3,
“P<0.01). The GDNF and BDNF proteins corresponding to this band were not detected in PnMECs. H-): The GDNF, BDNF, and NGF mRNA
expression levels in peripheral nerve pericytes were significantly increased after treatment with TNF-o (P<0.01).
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Fig. 5. A:Theeffect ofbrain pericytes and astrocytes-conditioned media on the TEER values across TY08 monolayer (mean + SD,n = 6in 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 = éin 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
TYO08 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~ 4C}-inulin clearance of the PAMEC monolayer treated with brain or peripheral nerve pericyte-conditioned
media at 30 min (mean * 6 in each expenment) 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.

significantly increase the tightness of endothelial monolayers Induction of claudin-5 and occludin in PnMECs

(P < 0.01;Fig. 5C). High TEER was observedin the co-cultureof ~ following treatment with the pericyte-conditioned
PnMECs with peripheral nerve pericytes in comparison to medium

endothelial cell monolayer (P < 0.01; Fig. 5D). The TEER values

of TY08 and PnMECs were unchanged by co-culture with Changes in the expression of claudin-5 and occludin mRNA
fibroblasts in comparison to the single culture (Fig. 5C,D). in PnMECs following treatment with NCM, BPCT-CM, and
Furthermore, PnMECs treated with BPCT-CM or PPCT-CM PPCT-CM were examined to determine whether soluble
demonstrated significantly lower inulin clearance than those factors secreted from pericytes up-regulate the expression of
treated with NCM (P < 0.01; Fig. 5E). 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
RT-PCR expressed as the ratio of target gene/GAPDH. The expression of claudin-5 and occludin in PnMECs was significantly increased when
cultured with brain or peripheral nerve pericyte-conditioned medium. The change of claudin-5 (C) and occludin (D) expressionin TY08 or PnMECs
treated with BPCT-CM, PPCT-CM, AST-CM, or FB-CM, E-H: The bar graph reflects the combined densitometry data from three independent
experiments (mean * SEM, n = 3,"P <0.01). E: Claudin-5 of TY08 was not changedfollowing treatment with FB-CM, but those of TY08 wasinduced
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
occludin in TY08 or PnNMECs was unchanged following treatment with BPCT-CM, PPCT-CM, or AST-CM. 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.

mRNA expression levels in PnMECs were increased
significantly after treatment with BPCT-CM or PPCT-CM
(P < 0.01; Fig. 6A,B). In addition, the change in claudin-5 and
occludin proteins in TY08 and PnMECs treated with NCM,
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BPCT-CM, PPCT-CM, AST-CM, and FB-CM was determined
by a Western blot analysis (Fig. 6C,D). Claudin-5 of TY08 was
not changed following treatment with FB-CM but was induced
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 PnMECs 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-$, 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-1, VEGF, TGF-8, and
bFGF on the expression of claudin-5 mRNA in PnMECs 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-|, VEGF, and TGF-B in a dose-dependent
manner (Fig. 7A-C). Conversely, claudin-5 mRNA was
increased following treatment with bFGF (Fig. 7D).
Furthermore, claudin-5 protein in PnNMECs following treatment
with Ang-1 (I ng/ml), VEGF (I ng/ml), TGF-B (| ng/ml), and
bFGF (| 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 using a Western blot
analysis (Fig. 71,)). Claudin-5 protein expression was inhibited
after pretreatment with anti-bFGF neutralizing antibody

(Fig. 71)). The TEER value of PAMECs 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-B, 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-1, VEGF, or TGF-§ in a dose-
dependent manner. However, the claudin-5 mRNA level was
increased following bFGF treatment. E: The effect of VEGF (I ng/ml),
Ang-1 (I ng/ml), TGF-$ (| 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-$, and bFGF on the
TEER values across the PnMEC monolayer (mean & SD, n = 6 in each
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-bF GF 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. K: 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
cell lines, 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 BMEC:s via the secretion of
soluble factors in the in vitro BBB model (Hori etal., 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-B, 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-1, 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
PnMECs 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 a2 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 etal., 2007), or reduced by VEGF
(Argaw et al., 2009). The current results demonstrated that

JOURNAL OF CELLULAR PHYSIOLOGY

claudin-5 expression of PAMECs 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 in a 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 PAMECs
in the BNB were augmented by bFGF, and then decreased by
VEGF, Ang-1, or TGF-§ 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 etal,, 1993; Kanda etal,,
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 etal., 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 TNFa 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-a 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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To evaluate the role of infections in the development of neuromyelitis optica (NMO), 19 patients positive for
anti-aquaporin-4 antibody were screened for 24 viral and bacterial infections. Serological evidence of recent
viral infection was found in 7 of 15 patients screened during the acute phase of the neurologic illness, which
was a significantly more frequent rate of infection than seen in the control group of 33 patients with
neurodegenerative, metabolic, or vertebral diseases (47% versus 15%). Mumps virus and human herpes viruses
were the frequent causal agents, although there was no statistical difference in frequency between the two
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Neuromyelitis optica groups. Most patients with identified recent infection had monophasic or recurrent myelitis without evidence
Mumps virus of optic nerve involvement and small number of total clinical relapses. Disease history tended to be shorter in

patients with identified recent infection than those without, and an expanded long spinal cord lesion in
magnetic resonance imaging was rarely found in patients with identified recent infection, although statistical
significance could not be shown. These findings indicate that, not single, but various viral infections, can be
associated with the development of NMO during the early stages of the illness, although the exact
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Human T lymphotropic virus type 1

Myelitis

pathogenesis of NMO has yet to be clarified.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Neuromyelitis optica (NMO) is a disease entity that has recently
been distinguished from multiple sclerosis (MS) based on clinical and
immunological characteristics, especially the presence of serum anti-
aquaporin-4 (AQP4) IgG antibody |1]. Although anti-AQP4 antibody
appears to play the pathogenic role in the development of NMO, the
exact pathogenesis of NMO remains unknown. Case analyses have
demonstrated that in the Mayo Clinic, 25% of patients with
monophasic or relapsing NMO had antecedent viral illness and that
15% of patients in Italy with relapsing NMO had a history of fever or
infectious disease within four weeks before their clinical attack [2,3].
These findings strongly suggest that acute infections are related to the
onset and the relapse of NMO, at least in a part of the patients.

Single case reports have suggested that human cytomegalovirus
(CMV), varicella-zoster virus (VZV), Epstein-Barr virus (EBV),
hepatitis A virus, human immunodeficiency virus (HIV), dengue
virus, Mycoplasma pneumoniae, and Mycobacterium tuberculosis
infections are related to the development of NMO and anti-AQP4
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Yamaguchi 755-8505, Japan. Tel.: + 81 836 22 2719; fax: + 81 836 22 2364.

E-mail address: kogamrk@yamaguchi-u.ac.jp (M. Koga).

0022-510X/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/}.jn5.2010.10.013

antibody-related myelitis [4-11). However, there has been no
comprehensive analysis of infections in NMO. We previously reported
acase of NMO, in which chronic infection with human T lymphotropic
virus type 1 (HTLV-1) was also evident in serum and cerebrospinal
fluid analyses [12]. T cells infected by retroviruses, including HTLV-1,
can induce polyclonal B cell activation [13), indicating the possibility
that chronic HTLV-1 infection is a risk factor for the development of
NMO. In this study, we serologically screened for various viral and
bacterial infections in patients with NMO and related conditions to
identify antecedent infectious agents, as well as chronic persistent
infections, associated with risk for NMO development.

2. Patients and methods
2.1. Patients

Nineteen patients with various neurological deficits ( median age, 53
|range, 16-71]; male/female, 2/17), all of whom were seen at the
Yamaguchi University Hospital and judged positive for anti-AQP4 1gG
antibody in a cell based assay [14], were included as patients with
“NMO-related conditions.” Their clinical diagnoses were as follows:
NMO fulfilling proposed diagnostic criteria [15] (N = 10), monophasic
or recurrent myelitis (N=7), monophasic optic neuritis (N=1), and
medial longitudinal fasciculus syndrome followed by acute myelitis
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(N=1).Five (26%) of the 19 patients with NMO-related conditions had
been treated with interferon 3-1b (N = 3) or oral low dose prednisolone
(N=2) to prevent the recurrence of neurological deficit at the time of
sampling, whereas the other 14 received neither immunosuppression
nor immunomodulation therapies. Serum samples were taken within
one month after the onset or recurrence of the disease in 15 of the 19
patients, all of the 15 patients did not receive the treatments for the
acute attack (high dose steroid or plasmapheresis) before blood
sampling. A control group of patients (median age, 59 [range, 17-77];
male/femnale, 20/13), who were receiving neither immunosuppression
nor immunomodulation drugs, were those with neurodegenerative,
metabolic, or vertebral diseases (N=33). Informed consent was
provided by all participants for serological analyses.

2.2. Infectious serology

Serum antibodies or antigen for 24 viral and bacterial infections
were screened using the following methods: virus-specific IgM
antibodies (for herpes simplex virus [HSV], VZV, CMV, EBV [against
viral capsid antigen], parvovirus B19, rubella virus, measles virus, and
mumps virus) by commercial enzyme-linked immunosorbent assay
(ELISA) kits (Denka Seiken, Tokyo, Japan); IgG/IgM/IgA antibodies
specific for Campylobacter jejuni and Haemophilus influenzae by the
ELISA systems established for determination of antecedent infection
in Guillain-Barré syndrome and its clinical variants [16]; M.
pneumoniae (Serodia-Mycon II test kit, Fujirebio, Tokyo, Japan) and
HTLV-1 (SRL, Inc, Tokyo, Japan) by particle agglutination assays;
adenovirus, influenzae viruses A and B, respiratory syncytial virus, and
rotavirus by complement fixation assays (SRL, Inc, Tokyo, Japan);
human parainfluenza viruses A/B/C by hemagglutination inhibition
assays (SRL, Inc, Tokyo, Japan); Treponema pallidam by hemaggluti-
nation assay; and hepatitis B virus (surface antigen), hepatitis C virus,
and HIV by chemi-luminescent immunoassays.

2.3. Data analysis

Differences in frequency of infections between the groups were
analyzed using the Fisher exact test. Differences in medians were

Table 1
Infectious serology in the patients with neuromyelitis optica (NMO)-related conditions.

examined by the Mann-Whitney U test. All statistical analyses were
performed using SPSS 12.0] software (SPSS Inc, Chicago, IL).
Differences were considered significant for 2-sided P values less
than 0.05.

3. Results

Statistical analysis did not identify any agent which was
significantly more common in the group of patients with NMO-related
conditions compared to the control group (Table 1). However, virus-
specific IgM antibodies, which indicate recent infection, were seen in
7 (47%) of 15 patients with NMO-related conditions in whom serum
samples were taken within 1 month after the onset or recurrence of
the disease, which was significantly more common than in the control
group (5 [15%] of 33; P=0.03; odds ratio=4.9; 95% confidence
interval = 1.2-19.7). None of the 4 patients in whom sera were taken
during the remission phase of the illness had virus-specific IgM
antibodies (P=0.54; compared to the control group). The most
frequent infectious agent in patients with anti-AQP4 antibody was
mumps virus (N=3; 20%). In 1 of the 3 patients with serological
evidence of mumps virus, mumps-specific IgM antibody was
confirmed to have disappeared within 3 months after the neurological
attack. Viruses identified in the 4 other patients positive for IgM
antibodies were human herpes viruses (HSV, VZV, EBV, and CMV),
although 2 of these patients were each concomitantly positive for two
viruses (HSV and VZV, or HSV and EBV) and the other 2 each for VZV
and CMV. No patients were positive for anti-HTLV-1 antibody, except
for the case we have previously reported [12]. Antibody titer against
influenza B virus was elevated (16 or more) in 2 (13%) of the 15
patients with acute NMO-related conditions, which was more
frequent than in the control group (1 of 32 subjects; 3.1%), although
the difference did not reach significance (P=0.24).

The clinical diagnoses of all 3 patients with mumps-specific IgM
antibody (26-year-old female, 53-year-old female, and 59-year-old
male) were recurrent myelitis without other neurological deficits,
including optic neuritis, and these patients had low Expanded Disability
Status Scores (0.0, 2.0, and 3.0, respectively). Similarly, 2 of the 4
patients with IgM antibodies against human herpes viruses (median

NMO-related conditions

b

Total Acute phase® Controls

Agents Methods (N=19) (N=15) (N=33) P value®
Acute infections

Herpes simplex virus ELISA (IgM) 2 (11%) 2 (13%) 1(3.0%) 023

Varicella-zoster virus ELISA (IgM) 2 (11%) 2 (13%) 0 0.09

Cytomegalovirus ELISA (IgM) 1 (5.3%) 1(6.7%) 1(3.0%) 053

Epstein-Barr virus ELISA (VCA-IgM) 1(5.3%) 1(6.7%) 1(3.0%) 053

Parvovirus B19 ELISA (IgM) 0 0 NE

Rubella virus ELISA (IgM) 0 0 NE

Measles virus ELISA (IgM) 0 0 NE

Mumps virus ELISA (IgM) 3 (16%) 3 (20%) 2 (6.1%) 031

Campylobacter jejuni ELISA (1gG/IgM/IgA) 0 0 NE

Haemophilus influenzae ELISA (1gG/1gM/IgA) 0 0 NE

Mycoplasma pneumoniae PA 1 (5.3%) 1/14 (7.1%) 2 (6.1%) 10
Chronic infections

HTLV-1 PA 1(5.3%)4 1(6.7%)¢ NE

Hepatitis B CLIA (HBsAg) 0/12 0/10 NE

Hepatitis C CLIA (Ab) 1/12 (8.3%) 1/10 (10%) NE

Human immunodeficiency virus CLIA 0/12 0/10 NE

Treponema pallidum HA (TPHA) 1/12 (8.3%) 1/10 (10%) NE

HTLV-1 =human T lymphotropic virus type 1; NE = not examined; Ag = antigen; Ab = antibody;

ELISA = enzyme-linked immunosorbent assay; PA = particle agglutination;

CLIA = chemi-luminescent immunoassay; HA = hemagglutination
¢ Serum samples available within 1 month after the onset or the recurrence of the neurological disease.
® Patients with neurodegenerative, metabolic, or vertebral diseases.
¢ Two-tailed P value (acute NMO-related conditions vs controls).

4 Previously reported case'?.
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age, 52 years; all females) were diagnosed with myelitis (monophasic or
recurrent) without optic neuritis, and only 1 received a clinical diagnosis
of NMO. In contrast, 6 (75%) of 8 patients without virus-specific IgM
antibodies received a clinical diagnosis of NMO, significantly more
frequent than the 7 patients with virus-specific IgM antibodies
(P=0.04; odds ratio = 2.9; 95% confidence interval=1.3-255.7).

The number of total clinical attacks at time of blood sampling was
significantly smaller in the 7 patients with NMO-related conditions
who were positive for virus-specific IgM antibodies (median, 2; range,
1-4) than in those who were negative (median, 4; range, 1-8;
P=0.02). Similarly, the median time from the onset of disease to
serum sampling was 11 months (range, 16 days to 3 years) in the
patients with the IgM antibodies, which was shorter than the median
of 4 years (range, 14 days to 16 years) in those without the antibodies,
although the difference did not reach significance (P=0.07). An
expanded long spinal cord lesion (3 or more vertebral segments in
length) seen on spinal magnetic resonance imaging (MRI) was
somewhat less common in patients with virus-specific IgM antibodies
(50%, 3 of 6 patients in whom MRI was performed) than in those
without (75%, 6 of 8 patients) (P=0.33). Other neurological features,
cerebrospinal fluid data (cell counts and protein level), and brain
imaging did not differ between the groups of patients.

4. Discussion

This study is the first to comprehensively screen for infections in
patients with NMO and its related conditions. Results revealed
serological evidence of acute viral infections in about half of the
patients with anti-AQP4 antibody detected during an acute phase of a
neurological attack. The patients with acute infections were charac-
terized by short disease history and acute myelitis without evidence
of optic nerve involvement, which is an incomplete neurological
presentation that does not satisfy the criteria for the diagnosis of
NMO. By contrast, there were several patients in whom recent
infection was not identified, and they commonly met the neurological
and radiological criteria of NMO, and had long disease histories. These
findings indicate that acute viral infections could be associated with
the development of NMO during an early stage of the illness, whereas
this seems not to be true in the late stages of the illness.

Various infectious agents, including EBV, have been suggested as
triggers of the onset of MS, but there has not been enough evidence to
draw conclusions [17]. The difficulty in collecting sufficient evidence
may be due to infrequent antecedent infectious symptoms, complex
pathogenesis including both genetic and environmental etiologies,
and, in particular, the fact that MS is a heterogeneous disorder. In
contrast, the high prevalence of serum anti-AQP4 IgG antibody
indicates that NMO and its related conditions are relatively homog-
enous disorders, urging us to examine the possible contribution of
specific infectious agents to the development of the disease. In the
present study, immunosuppression/modulation therapies were given
onlyin 5 (26%) of the 19 patients with NMO-related conditions before
the serum sampling. Therefore, the close association of NMO-related
conditions with acute virus infections does not appear to be due to the
preceding therapies.

We identified the mumps virus, an enveloped RNA virus in the
paramyxovirus family, as the most frequent agent of infections related
to acute attacks of NMO-related illness. This study did not intend to
investigate whether there was a history of antecedent infectious
symptoms, and retrospective analysis of the patients’ records found
no patients who reported any antecedent symptoms, including
parotid gland swelling. However, one third of patients who are
infected by mumps virus are asymptomatic, and often in symptomatic
patients, the symptoms are not specific, resembling upper respiratory
tract infections [18]. In general, the elevation of virus-specific IgM
antibody titers indicates acute primary viral infection or acute
reactivation, and in this serological study we measured the IgM

antibodies for screening mumps and some other virus infections. It is
also known that several patients have persistent IgM antibodies
specific for viruses including mumps virus and human herpes viruses,
for a long time after infection, even after 3 years [19,20]. In this study,
however, IgM anti-mumps antibedy in 1 patient with NMO-related
condition was confirmed to have disappeared 3 months after the
neurological attack. Moreover, the commercially available ELISA
system we used in this study had very low seropositive rate (0.3%)
in 336 healthy persons, and was confirmed to show that anti-mumps
IgM antibody had disappeared within 5 months after the acute
infection in 14 patients with mumps-related parotitis [21]. We
therefore believe that close association of NMO-related conditions
with mumps virus was not due to limited methodology in this
serological study.

Mumps virus infection can be accompanied by various neurolog-
ical disorders, including encephalitis, sensorineural deafness, facial
palsy and Guillain-Barré syndrome [18]. Interestingly, a case report of
a 10-year-old boy developing mumps during acute myelitis also
described a very long spinal cord lesion (from C3 to T12) on MRI,
which is characteristic of NMO, although anti-AQP4 antibody was not
mentioned [22]. Moreover, the optic chiasma was primarily perturbed
in a case of acute optic neuritis following mumps virus infection [23].
Although this paper did not mention the presence of anti-AQP4
antibody, this clinical picture suggests that this patient also had an
anti-AQP4 antibody-related disorder [24]. A population-based case-
control study did not reveal the association of histories of mumps
infection and measles-mumps-rubella vaccination with risk for MS
|25], but these histories, as well as antecedent mumps infection,
should be clarified in patients with anti-AQP4 antibody-related
disorders.

A healthy patient positive for anti-AQP4 antibody for more than
10 years was reported to have suffered a clinical attack of acute
myelitis following skin eruption suggestive of viral infection |26]. This
case report raises the possibility that, in patients with NMO, viral
infections play a role in increased blood-brain barrier permeability,
which allows the autoantibody to cross the blood-brain barrier,
although we have no data regarding leakage from blood to
cerebrospinal fluid in the patients included in this study. In contrast,
it remains unclear whether viral infection can trigger NMO-associated
autoimmunity. In general, viruses can trigger autoimmunity through
molecular mimicry and its adjuvant effects during the initiation of
disease, and can promote autoimmune responses through bystander
activation with or without antigen spreading [17]. Several cases have
been reported in which mumps infection appeared to precede the
onset of diabetes mellitus type 1, and it has been hypothesized that
infection with mumps virus may induce autoimmunity via increased
release of IL-1 and IL-6 and upregulated expression of HLA molecule in
mumps virus-infected pancreatic beta cells [27]. Our study showed
that the patients identified with acute viral infection had a short
disease history of the illness, and therefore we might hypothesize that
acute viral infection activates the immune system, causing initiation
of autoimmunity, and thereby the development of NMO and its
related disorders.

Conflict of interest statement
The authors report no conflicts of interest.
Acknowledgments

We thank Ms. Fumiko Nakadozono (Yamaguchi University School
of Medicine, Faculty of Health Sciences) for her excellent support in
performing serological assays. This study was supported in part by
grants from the Kimi Imai Memorial Foundation for Neuromuscular
diseases to M.K.; Grant-in-Aid for Scientific Research (C) (KAKENHI
20590446 to M.K.) from the Ministry of Education, Culture, Sports,

._65_



22 M. Koga et al. / Journal of the Neurological Sciences 300 (2011) 19-22

Science and Technology of Japan; a Research Grant for Neuroimmu-
nological Diseases to TK. from the Ministry of Health, Labour and
Welfare of Japan.

References

[1] Jarius S, Paul F, Franciotta D, Waters P, Zipp F, Hohlfeld R, et al. Mechanisms of
disease: aquaporin-4 antibodies in neuromyelitis optica. Nat Clin Pract Neurol
2008;4:202-14.

[2] Wingerchuk DM, Hogancamp WF, O'Brien PC, Weinshenker BG. The clinical course
of neuromyelitis optica (Devic's syndrome). Neurology 1999;53:1107-14.

|3] Ghezzi A, Bergamaschi R, Martinelli V, Trojano M, Tola MR, Merelli E, et al. Clinical
characteristics, course and prognosis of relapsing Devic's Neuromyelitis Optica
[sic]. ] Neurol 2004;251:47-52.

[4] Tran C, Du Pasquier RA, Cavassini M, Guex-Crosier Y, Meuli R, Ciuffreda D, et al.
Neuromyelitis optica following CMV primo-infection. | Intern Med 2007;261:
500-3.

[5] Heerlein K, jarius S, Jacobi C, Rohde S, Storch-Hagenlocher B, Wildemann B.
Aquaporin-4 antibody positive longitudinally extensive transverse myelitis
following varicella zoster infection. ] Neurol Sci 2009;276:184-6.

[6] Ko FJ, Chiang CH, Jong Y], Chang CH. Neuromyelitis optica (Devic's disease) report
of one case. Zhonghua Min Guo Xiao Er Ke Yi Xue Hui Za Zhi 1989;30:428-31.

[7] Jouhadi Z, Ouazzani I, Abid A, EI Moutawakil B, Rafai MA, Slassi I. Devic's optic
neuromyelitis and viral hepatitis type A: a paediatric case report. Rev Neurol
(Paris) 2004;160:1198-202 [in French].

[8] Blanche P, Diaz E, Gombert B, Sicard D, Rivoal O, Brezin A. Devic's neuromyelitis
optica and HIV-1 infection. ] Neurol Neurosurg Psychiatry 2000;68:795-6.

[9] Miranda de Sousa A, Puccioni-Sohler M, Dias Borges A, Fernandes Adorno L, Papais
Alvarenga M, Papais Alvarenga RM. Post-dengue neuromyelitis optica: case report
of a Japanese-descendent Brazilian child. J Infect Chemother 2006;12:396-8.

[10] Gebhardt A, Buehler R, Wiest R, Tewald F, Sellner J, Humpert S, et al. Mycoplasma
pneumonia as a cause of neuromyelitis optica? | Neurol 2008;255:1268-9.

[11] El Otmani H, Rafai MA, Moutaouakil F, El Moutawalkkil B, Gam I, El Meziane A, et al.
Devic's optic neuromyelitis and pulmonary tuberculosis. Rev Mal Respir 2005;22:
143-6 [in French].

[12] Koga M, Takahashi T, Kawai M, Negoro K, Kanda T. Neuromyelitis optica with
HTLV-1 infection: different from acute progressive HAM? Intern Med 2009;48:
1157-9.

[13] Higuchi M, Nagasawa K, Horiuchi T, Oike M, Ito Y, Yasukawa M, et al. Membrane
tumor necrosis factor-o (TNF-a) expressed on HTLV-1-infected T cells mediates a
costimulatory signal for B cell activation: characterization of membrane TNF-cv.
Clin Immunol Immunopathol 1997;82:133-40.

[14] Takahashi T, Fujihara K, Nakashima I, Misu T, Miyazawa I, Nakamura M, et al. Anti-
aquaporin-4 antibody is involved in the pathogenesis of NMO: a study on antibody
titre. Brain 2007;130:1235-43.

[15] Wingerchuk DM, Lennon VA, Pittock SJ, Lucchinetti CF, Weinshenker BG. Revised
diagnostic criteria for neuromyelitis optica. Neurology 2006;66:1485-9.

[16] Koga M, Gilbert M, Li ], Koike S, Takahashi M, Furukawa K, et al. Antecedent
infections in Fisher syndrome. A common pathogenesis of molecular mimicry.
Neurology 2005;64:1605-11.

[17] Miinz C, Linemann |D, Getts MT, Miller SD. Antiviral immune responses: triggers
of or triggered by autoimmunity? Nat Rev Immunol 2009;9:246-58.

[18] Hviid A, Rubin S, Miihlemann K. Mumps. Lancet 2008;371:932-44.

[19] Millar JHD, Fraser KB, Haire M, Connolly JH, Shirodaria PV, Hadden DSM.
Immunoglobulin M specific for measles and mumps in multiple sclerosis. Br
Med ] 1971;2(5758):378-80.

[20] Hossain A, Bakir TMF. Rubella and cytomegalovirus (CMV) infections: laboratory
aspects of investigation of antenatal, congenital, persistent, and subclinical
infections. ] Trop Pediatr 1989;35:225-9.

[21] Uchida T, Terada K, Ouchi K. Evaluation of the new EIA kit for detection of anti-
mumps IgM antibody. Kawasakiigakkaishi 2009;35:139-45 [in Japanese].

[22] Bansal R, Kalita J, Misra UK, Kishore . Myelitis: a rare presentation of mumps.
Pediatr Neurosurg 1998;28:204-6.

|23] Irioka T, Akaza M, Nakao K, Kanouchi T, Yokota T, Mizusawa H. Chiasmal optic
neuritis following mumps parotitis. ] Neurol 2008;255:773-4.

[24] Nakao Y. New aspects of optic neuritis in multiple sclerosis and neuromyelitis
optica. Neuroimmunology 2009;17:177-84 [in Japanese].

[25] Ahlgren C, Torén K, Odén A, Andersen O. Population-based case-control study on
viral infections and vaccinations and subsequent multiple sclerosis risk. Eur |
Epidemiol 2009;24:541-52.

[26] Nishiyama S, Ito T, Misu T, Takahashi T, Kikuchi A, Suzuki N, et al. A case of NMO
seropositive for aquaporin-4 antibody more than ten years before onset.
Neurology 2009;72:1960-1.

[27] Jun H-S, Yoon J-W. A new look at viruses in type 1 diabetes. Diab Metab Res Rev
2003;19:8-31.

__66_



- EEHRRER—HCRERERICET T

LKhEYIZX>

MR RRIFT - MR AR

H B

wH E

offE, MRI OERICK Y MAMBEFIDOHEN BICAZBHTERSD
B3LHIChoklEE, MARBEPTOREMBESEZEZNICO b
O—ILY 3T H S natalizumab DHIRICL Y, BCREMEEER
BICH (T 2 MAERBEFIC DWW T OREDISRIBAICHE L -E WV > THLN.

o XFETI3, £ T MAMBIFT - MAMBREPINELNLBEE TORFF
EICDOVWTHEBICERL 6 & (2, mMRREIPT - Mk FRP DWHE &
HOREMERERDKBREIC OV, BB N MR ZhOICBRT

%

o M MRREIFT - MAZREPIIE L ZEETE V. HRERICXHT DE

ERERRTZIATLTHY, £, FELREEOENTLH 3.

i3 U & IO

EERBRROBRKENIZ, HETOWETHRTDH
5. MK D5 5 BN D LEYEDOBAT & BB
PO EILE FEF L FREICIT ) 729, %< OHRK
TOM/NIENEARIZERTDH Y, £ D pino-
cytotic vesicle Z4& L CTHifgM - Mlam oW A
kEHBEICLTWS. —F, FRRADORLEREL
WBWTIE, UMEBSREE RN M BT 5
HIHLPI T tight junction ZHERL L, Ml OWED
H H 7288 % HJ R L Tv» 5. pinocytotic vesicle 1
oA, MNEZEETIWEBRELTT
L Eo>Twh., Th% blood-tissue barrier &
VW, blood-testis barrier, blood-retinal barrier 7
RN EEDON) T =Y AT ADHET 5.

* T Kanda (#4%) | \WETRZ R BEEE 2 R0 e R e B2,

846 PF Vol. 105 No. 5(2010)

Ao ERETH A MM B M (blood-brain bar-
rier . BBB) & I i ##% B8 '] (blood - nerve barrier :
BNB) iZ, WinhbMERONIIRIEL MR S
HZTEDLOTEELBEN TH 5. PR
DN T =Y AT uiE, © WEENOB/NLEN
R, @ < HRE LM, @ MR LMo
3AFNCRBELTHY, #H% BBB &) &t H
WAHEIE O 2EWRT A, —F, KIHHERD/NY
T =Y AT A, @ KEMEEENORB/NNLEN
Al e G MBRERRORNBO 22 FTICRTEL,
BNB L W) £FiE @, @DELLICHHVLR
5.

‘BT F N T =" E W) BB, 7
PHRICWEDEREZHET HEE (T hbbEE) L
WHHIREZUIIDVHTHLE. L Leds, ot
ZIZPRMBERTELBELELTLINVI—A%

_67_



mEE#Re

IMARAEIFT - MR ERPIO

REDEER

&R R
Fig. 1. BBB & BNB QEXi#iE

& o THABHL, BBB I3 p-glucose DA% FFRAYIZ
MAEAND»OPRMERENEBEL, TOXRER
R T BHL-glucose IR T HEBMEIXIZEAL
0 ICF L. T THNIH T8 IRAY 22 p-glucose
DRiNFATIZ, BBB 2R3 5 NEAIEICRETS
% glucose transporter type 1(GLUT1) 237 » T3
D, TOX) ERMYEERIZSZ )V a— LS
CHEBOWETHSE SIS, L2255 T, BBB/
BNB |3 H. 7 5 BERETIE %2 <, fIRRICHT2HE
BEBEBIRTDBVATLALRZDDOPRY L EZ
bihab.
FAESZHICER L7 MRI &, £ 5%MEEALE
MS) D Bz LG E 0z s L,
“BBB O#ER" &\ ) ARz i A O W IZ b
DROFHZIRR LT NE X)o7z, MS I
PR EN LT AHCRERETD
D, EOREFEAEE T ML R EME % diic
MLONTEZDRHLIERTIEHKRL V) RE
b Lk, LA L, natalizumab 7% & BBB £
REAZEIE T Y PO — 3 EYAE —ROERK T
b Twa4, HH T HFEORMNE A - 8455
5 MS ORIERBIEIZW 2 5 #8521, BBB OFLF
R EICHERNSTE L\, T 72, Guillain-Barré
i 1B T R0 1 1 28 A 1k B B 2 % 2% (CIDP) 72
EOHOREMREMERE D, “BNB Of#" %
F—T—FLLTHLONABENHEZTETY

_68_

MmEM A

AV,

AMTIX, BBB/BNB OBEIZOWTHIERS
NTWBHREEMT AL LB, HOREEM
PR BORE - GHRE2EZEZ DLy MR BEED
WEZHNTHILET S, 2L, BATIX
BNB FADHRIZEDbDTH %L, %<3 BBB
¥ 72— RS OB/NE % b &1 LR TH
BNIRETHDZ EEZRMMIBITH LTHBL.

BBB/BNB O#:&0

BBB & BNB D A4## % Fig. 1 127”79, BBB
IO EMIME ICFEEL, BEEICH L -HE» 5
MR M5 YR (T 6) , A MR GR),
FEBAINE () o 3 FEIFOMMA SR 5. A
R IR BRI IS 4 3 2 M 1x % <, BNB
AN MR & E MO 2 F 2 SRER S
ha.

EBEON) T LTOREZI BN T—0
FEE LTH DL, NG TR & B
i3 % M4E MR AR Td 5 4%, BBB Tid, il
AN T — & UTHRET 5 -3t IB A 2
RLEZEVBTELRWI LA, HLILIERHEINT
Wieo BUE, mENBEMBD ) 7 —BEREMERRIC
(IS A & AR B A S U S B kR
THUETHHZENHLNIR-TEY, &L
R, MERMROMBERNN) T -V AF AT

AFE Vol. 105 No. 5(2010) 847



BE SREERRER—HICAREIRICAIT T

DOBREPIFEEFEFT - TWAE, MEFMARIZIMm
EHNEME L EEISEHE L EICHFEL, WH
ZItBORER (k) IcBbhTWw5b, BBB Tid
ZONNC D ) —HEERY S ) (FkkE), €2
WCHREB MO Rk (EE) 2T 5.

BBB/BNB %83 % &AM, © 44
Fox o vavEbb, MREGMHEEEEC
& o THIBL P #EBK (paracellular pathway) % & i3
%, ) pinocytotic vesicle 2% (2P 2720, M
Jio %% % (transcellular pathway) 2 HlfR x5, @
¥¥%% 7 transporter % 4 L 7= E AR, HEHIR A
BT S, © 3 HIZBWT KM MM
Job B oTw3,

D, @ DFFHERICOVTIEEHET LWL
HERVDE, ¥4V r s arEHRTAE
BHIZRAIZHOL 222> TEH, BBB Tl claud-
in-5 & occludin, & { ICHIEMY A P X v 7
YarvOREERETARTLELTH LD EE
LEZObhTw3. HEBMBRICHET
VEGF-A & claudin-5 ® % %K TF &, BBB
FIZH LY, @ DY) T —HERAY transporter (20
WTCIkBR T 5.

PIRZHIRE & BIMBRDEEE 7 Oz A —RIEMAIE
ED&SICLT BBB/BNB 2D EBA5H0

iR fRAE - SRR EE OB MEKORE I
ArEITOTakRALENEFNICESES T 59T
&, EARMICIE SN0 B MERZEEF & K
EhBEBNIRV, RELSGUITORR > LHEE
(rolling) , @ 5 & 7 #3% (attachment) , @ P T~
D3 7 (migration) D =D D #HKE L 72 882D 1,
@ 1213 selectin family 4%, @ iZix VLA-4/VCAM
& LFA-1, Mac-1/ICAM O -2 DO##E R, @ 12
I PECAM @37 IL-8, CD99, MCP-1, MMP-
9 R LDEROHFTHEEL Twb. IL-18,
TNF-a, IFN-y 2 EOREWH A4 AL V&, »
ThL IhHOEERFORBUCSE L TRIEM
MREICEEST Y.

Vo 7z AR A L7 RIEEMIIEH R AT T REENH:

848 A% Vol. 105 No. 5(2010)

¥4 b H A % paracrine (L, 5% AHEE
H¥REHOHEZF &R T. LarL, FEME
EHsrvidAMmMER LICRB S W EERTFIZVD
FTCHLREICHEZF AU TIIRL, BEAESHEE
FOVEH TUI#E (shedding) &, MAPICH AR
HEHRFLLTHRIMENS, ZOWEBESEY F >
FERKEL, KROEEFELHETIFANT 47
74— Ny 7 BEO—mEHE) .

7% W+ O $:/E T BBB/BNB O3 % il i 3
512, HERTFORRZLO S O 2MHEIS 55
&, MEHEERTFORMEZRET 2 HEDO_D
DM AIE 2 5N 5. rolling, attachment, migra-
tion DWW FhD 7ot A&7y 7 LT HIMmEK
DRBIZIHITEETH V5%, BAE MS (X LIA
{ A E T\ % natalizumab (H A Tl £F2W)
I VCAM-1 DY) ¥ FTH» A VLA-4 IZHT 5
FUERAITHY, MREEI AT — FOHRTH-
EHMNLEEBARLEZ LN TS VCAM-1/
VLA-4 DE#H#HET 5. AFE MS OKRKEZD
bOTHAHPRMERI Y VI T5HOKRE
HROMHETIE7% {, BBB TOMBBRAL ¥ —
o bedTHEITTMS OMERARH TESL L
W) ZEREH LB RERE N S,

LA L, WE T M2 T4 < immunosurvei-
lance IZM5- 55 TH59) THIlALL L ED, ¢
NTOHMKROHPEHBEANNDT 7 X270y
755 %, 2010 4 1 HOERBTEERT20 A
DL E AT % Bt BB AE (PML) B9 A356 4
LTW5sZ LIZFBTE %\, natalizumab 2°& b
DTHERALRERNTHALZ LIZRADI AT, 5H
& oML, 2L LT T MDA %L E
RGIZBABHIETEZ 2EYOREVRFL-NS.
BBB/BNB (28T 5 5 FMlEWFOREIZ X
D, BZLGEWRRICIZERTREZLLDL

B,

BERAFORBREARARZHLIT LS T MR
& % BBB/BNB Bi#ED —RMRK TIIHZWVO

A4 M A A ZIERETH 8-26kDa DI A X%

_69_



MAAEIFT - MRMREEFI®

brain parenchyma

MRP-1, MRP-2 P-glycoprotein (MDR-1)

MTX CyA
leukotrienes cannabinods
sphingosines

® | ® |

BCRP

mitoxantrone
MTX?

vascular lumen

ol (e e

brain parenchyma

Fig. 2. BBB TOXE/ ABC transporter & FNZNOEE

bORYRTF FTHY, #% 7% BBB/BNB 2%,
BB OBTH A b A4 V2 @BSEL LI
ZIZ v, ok, hoTRIA M4 YDk
Alx T MifEIC & - THE®E S 7z BBB/BNB D
ML RMISEER EZEX LN T, BfET
&, THROKIBSTIIARMEZ 30 HT HB3IC
Hi AL ) (paracellular) Tld 7 <, WML AD
B AW %2 -5 1) 5 (transcellular) TA - T\ {
ETHEZDVAENTY, LizdoT, THROR
&R FORELT L BT LRV, wl
ORDRIEMY 1 b 4 i3, BBB/BNB #EN
AL ICERN BT ZoEREEEL, BHD
DB EZRNHMA L DIRT L BEBRMIZMSN
5L hoTWVA,

BBB/BNB D& #itE & Mims €244 hh 4 >~
¥, TNF-a, IFN-y, IL-18 7% &ED%JEMY A b
A4 v & bl o i E AN B B 58 KR F (vascular endo-
thelial growth factor : VEGF) 2R EH 2 b D TH
b, MS ZiZ Lo L ¥ 5 REHMERBORIEL
RAEDLDLDIEHEDREMWEY A I AL TH
D, NF-«B Oiftkfb & 2] &% < NO fih
AEBETCEICHE L TwEbDEEZLRATY
5.

BBB ZRDBATcH EHHMRIEE/NIT—D5S
DAY bAO-ILERITZ0

INY T — %)M AEEAL T MR, MR
BN~ T 202 RET 2 PEE R thab
OB, QARRANHTHL, H5H0VIEO
TRF=VRZLoTHET S, Lvozilik
&, PR - SRR EEAILE L Tk
Wk, 22T TR MEREICOREIED
% %E %3 5 D)%, BBB #EREMIME 2B L T
WhrEHA Y CXCLI2 TH B &\ BEEEN
OCAROE R I NI,

COTENA VL, EFEER MS BERTHIE
KRAE TR TIX PR HIAL @ basolateral I 1253 L T
WA DI L, MS oGBS E#BAL T HE
MBS RB) T 5. FIERIERFIC basolateral ()7
FELTWS CXCL12 IX, ZDL €79 —TdH5
CXCR4 & b2V Y23k Z ME DT CHMUICEH
AAT, FRMENEENY) R L D%
Bk 5. —7, WEBTIZAEMEOEEL
& & BT CXCL12 W EBEM~BE), Hlshi:
CXCR4 BtV ¥ 73 ERIS PR AR A~NTL R L TR
FEIZEE L, — /T, BEL7 CXCLI2 12X »
TILHFH D CXCR4 Btk Y NERAE 512 7

%L Vol. 105 No. 5(2010) 849

_70._



BE SREERRE—ICaREER IR T

W—bFENDB L) BRERVPTEDHHS.

CCTHURRRREMEY) ¥ BRI £ 5
O % ARHET B PR AL, PHREMERTIEB
ZoH/NMERBO<R 707 7=V, HAHWIEI
zar7 ) THIETHA ) LvbhTwna, Wi
ED, MERIEIC UG L C#ER AN MHC LR =
upregulate & 59, AR H IR % AT
% T Mlifd Z CCRIS A 20 CHggl, FML TR
FEVES A b A e L, NEMREEEELL
TEOREISBDBEAETF2RISE, SHI
RO R ERHANEFEADREREL S,
230 7 — Bk L TR oW R T oA DS
1R XN, ZNA contrast-enhanced MRI TP A
FU = AHWEHMERE L THNNS.

MS DBRE%ZEX 55 AT BBB LO transporter
BEETH 30

BBB (ZIE I LB W HE % il A 68 & <
By A, Tz, PEYEERLHICIMP~TRET
HBMENDHH I LIITTICRRL. ZoBEOE
T dolx, MENEMRORBME, 7138k
Bl O ML\ B FE S 5 &M transporter T 510
A%, ¥, ABC transporter & FHEN 5, & HEMIHM
B 2 B AE T A HEH R O transporter 25 EH E
TWwh, PTHLHRENICEELEZZLRANDE
MRP 1~3/ABCC 1~3, p-glycoprotein/ABCB 1,
BCRP/ABCG 2 @ 3 &HT, €I £, methotre-
xate (MTX), mitoxantrone % & 72 W O MR
FEBEANDRAZ BT T 5 (Fig. 2).

AR, HEFTE MS B MMk AT B-
cell follicle ST EN B Z L HFHEEIC R > T 5
AW, R A#EITR MS (SPMS) R — K #ETE MS
(PPMS) %2 &, BBB 2SI L TLE o TWAEET
BBB ® ) = ) IS EEIE D HORERR AR &
Twb & §hiE, ABC transporter (2 & 5 5y
DR~ DRFIHEM X5, mRLRThER
LHRVWEELRETHA).

BNB T® b5 ¥ AR— & —@H I ITH 7
EHh Y THEH, L Ld MRP 1~3/ABCC

850 %} Vol. 105 No. 5(2010)

1~3, p-glycoprotein/ABCB 1, BCRP/ABCG 2 ®
3FIODVTREENERER TS, Guil-
lain- Barré JEERE R CIDP O iRFREICH 72 o RmE
#5852 5727 T% <, vincristine #1Z L& T 5
vinca alkaloids (p-glycoprotein D EHE L F'H D —
DTH D) DREHEFEEOM - WIRIZH KRS
LEGETAHLEDNS.

PO IO

WEDGFHEWFER - MlAEYFRFEORRE
12X 1, BBB (23 A ZEBEAY HAK IS ARBEAY (2B N
L7z. BBB O#ifE - BEOA DXL 2MbT L
X MS BROTFHICERALTE), WoltAl
CoTLESMSHEDS LR LWEZIC
72HIZd, HICERONRETREERLRET
H5b.

—7J7, BNB (2 55 % o 72 SEERTZE 1368 12w
721EA ) TH Y, BNB TOMBREE, ) 7—H
WA FOBRER D% iL, BBB 2132 &M%
RTOHE»L“BZL{BNBbIIHITHAH"
EVIHBEBODEIELNTWALEITICT &R
>, Guillain-Barré JEMERHR> CIDP @ X V) & DA
WIBREDO B D 7281213, BNB A DA D S
L% AERMPUHETH A . BNB RO [IZD
Wi, EZOREORHY 2SI,

BBB/BNB (3 8.7 2 fiff % & £ ETRR 2T
BHEERETIE R, BERMEMERBOBRERED
key L % BIEIBTHH. GHDOV>Z ) DFFED
BEL, Wl EBEFHRBEDOBARCEARTI.

X B’Oo

1) Kanda T et al:Sera from Guillain-Barré patients
enhance leakage in blood-nerve barrier model. Neurol-
ogy 60(2) : 301, 2003

2) Shimizu F et al . Peripheral nerve pericytes originating
from the blood-nerve barrier expresses tight junctional
molecules and transporters as barrier-forming cells. ]
Cell Physiol 217(2) : 388, 2008

3) Argaw AT et al . VEGF-mediated disruption of endo-
thelial CLN-5 promotes blood-brain barrier breakdown.
Proc Natl Acad Sci USA 106(6) : 1977, 2009

4) Engelhardt B . Immune cell entry into the central nerv-

_71_



5)

6)

7)

8)

ous system : involvement of adhesion molecules and
chemokines. J Neurol Sci 274(1-2) : 23, 2008

Kanda T et al: Interleukin 1 beta up-regulates the
expression of sulfoglucuronosyl paragloboside, a ligand
for L-selectin, in brain microvascular endothelial cells.
Proc Natl Acad Sci USA 92(17) © 7897, 1995

Linda H et al . Progressive multifocal leukoencephalopa-
thy after natalizumab monotherapy. N Engl J] Med 361
(11) : 1081, 2009

Wong D et al © In vitro adhesion and migration of T lym-
phocytes across monolayers of human brain microves-
sel endothelial cells : regulation by ICAM-1, VCAM-1,
E-selectin and PECAM-1. J Neuropathol Exp Neurol
58(2) : 138, 1999

McCandless EE et al @ Pathological expression of
CXCL12 at the blood-brain barrier correlates with
severity of multiple sclerosis. Am ] Pathol 172 (3) :

9)

10)

11)

12)

13)

_72_

MiRA4EAFT - MARAERIFI@

799, 2008

Hart MN, Fabry Z . CNS antigen presentation. Trends
Neurosci 18(11) : 475, 1995

Girardin F ! Membrane transporter proteins - a chal-
lenge for CNS drug development. Dialogues Clin Neuro-
sci 8(3) : 311, 2006

Magliozzi R et al : Meningeal B-cell follicles in secon-
dary progressive multiple sclerosis associate with early
onset of disease and severe cortical pathology. Brain
130(Pt 4) : 1089, 2007

Sano Y et al ! Endothelial cells constituting blood-
nerve barrier have highly specialized characteristics as
barrier-forming cells. Cell Struct Funct 32 (2) : 139,
2007

PRE B BB M OBk L BEDO A H = X AL
PR RIES 17(2) 1 269, 2009

M Vol. 105 No. 5(2010) 851



y b
RY HIX]

g

MARRAF D77 FHtE
—MIRZ i & Hilv [C—

#E &

KANDA Takashi
IIOAFAZIREFRIFABHIEAT 2

[#%ExA8FS (blood-brain barrier : BBB) DOF#&IFM/IMERNEMIZTHD,
FOBIEFHNERE, SREBLEZEUHETIECREHHREE, MHES
I ESEETRMIREBORIE - BREHNHDOTWVD. KBTIl BBB O9FH
B2l BBB BAEICH'DDD 2 DDODFAHZALICDE, B80HBZEHLIIHEE
9 5. BBB [FHRHRRELEBERIER CIELD "B TREL, HAEM
FEHRREBOIMIBLABERFED key D@ THD.
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P M3 R oy & B § 2 —D#lilaTH 5.
14 A & HREAN O BEMBEDOIT & EFEMO BN % R
F<HBICHZ B 720, KADIFL A EDRED N
THRERR AR MRIEERTH D, LD pinocytotic vesicle
A U THIRER - MilaomEIREEEICLTW5,
—77, RAOR S N 50T, BRSO NSRBI 4 Mk
T3ILEHMELT, NEMaz T LAZMEORPD L
DEHIEST X=X LDBFEET S, ZOBKEL blood-
tissue barrier & #8FR & 41, {KNIZIZ blood-testis barrier
(1M ARG HEBEFY) . blood-retinal barrier (Ifil¥HEN%EE)
BEEZRDON) T —Y AT LHBGHET S, A TS, H
WRERD/NY 7 — ¥ 27 LMD K A A 2 4 & R %

FE25ATEbO THEELMEN TH D, ORFEN
OfMIENE MR, @< &1 LM, GNffEE LK
MO 3 7 FHIZIAFEL T3, KRIO F BT H 5 Mk
B (blood-brain barrier : BBB) 1ZDIZHET 3.

BBB D {E{EIZIMDNIBIRBEMERF D 5 A THHETH B
ZriFmaEsn, LA L—T, BBB WMFET S H
WAL, =& SRS S T A huEAl L L, miRic e
B ARG R A s s EDORIERIEE < H 5 fi &
NTE, EFIIE-> T, SRR ERT, siRNA &
EMRAEME R AR L S % BAIRm 2 L TR T
W5 A, {@% % BBB #i# L B HNADZh &EYOD b
FYAT 7 —RBRRITNERELBEELTCUHLE
MNoTwa, 72, LRMFLEE (multiple sclerosis © MS)
I LW & T 5 HOREM MR ECIMAERE T3,
e HENE T U v SEROBMREPSHERFTH 0, £
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