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precursor cells residing in the bone marrow and periph-
eral blood for future clinical applications,
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with magnetic beads coated with anti-Thy-1 antibody to
remove mature NKT and T cells before the culture. When

Thy-1*-depleted bone marrow cells were cultured in the

2 Results

2.1 Development of NKT cells from cuttures of
bone marrow cells ’

We praviously demonstrated that NK1.1*, TCRafi* cells
can develop in suspension cultures of mouse fetal liver
supplemented with the appropriate cytokines [7]. Several
lines of evidence supported that Va14i NKT cells were
one of the main subsets among the NK1,1*, TCRafi*
cells in the culture. In the present study, we attempted to
use the fetal liver culture system to obtain Val14i NKT
cells from cultures of bone marrow and peripheral blocd
hermnatopoietic precurscrs.

same medium, preferential differentiation of NKT cells
from precursors was observed (Fig. 1A).

NKT cell differentiation from bone marrow precursors
was cytokine-dependent, Few NKT cells were generated
in cultures without cytoking supplements (Fig. 1A). Cul-
ture supernatants from WEH!-3 and EL-4 were used to
induce NKT cell differentiation from fetal liver in the previ-
ous study [7]. To determine the cytokines included in
these supernatants and required for the induction of NKT
cells in culture, the blocking effects of anti-cytokine anti-
bodies were examined. The presence of antibodies
against IL-2, IL-3, 1L-4, [L-7, IFN-y and GM-CSF but not
against SCF was found to inhibit NKT cell development

in the culture of Thy-1*-depleted bone marrow cells in

In bone marrow, NKT and conventional T cells account
for less than 1% of all mononuclear cells (MNC) (Fig. 1A).
When bone manow MNC were transferred to medium
supplemented with cytokines [a combination of culture
superatant from Con A-stimulated T cells {Con A sup),
IL-3, IL-4, IL-7 and GM-CSF, see below], both NKT and
conventional T cell numbers increased, in contrast to
fetal liver culture where preferential differentiation of NKT
cells occurred [7]. Considering the difference between
bone marrow and fetal liver cell compositions, we specu-
lated that the presence of certain subsets of mature NKT
or conventional T cells in the bone marrow culture pre-
vented the differentiation of hematopoietic precursors
into NKT cells. Thus, bone marrow cells were treated
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the presence of WEHI-3 and EL-4 culture supernatants
(data not shown}. When Thy-1*-depleted bone marrow
cells were cultured in the presence of Con A sup (instead
of recombinant IL-2, also available from cultures of
human peripheral blood T cells) and recombinant IL-3,
IL-4, IL-7 and GM-CSF, NKT cell development at an effi-
ciency comparable to that of the cultures supplemented
with WEHI-3 and EL-4 culture supernatants was
observed. Taking into account future human applica-
tions, a combination of these factors was used as sup-
plements in the present study.

The vield of NKT cells was dependent on the experiment
but usually reached ~1x10° (from culture of 1x107 bone
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Fig. 1. Development of NKT cells In bone marrow culture. C57BL/6 bone marrow cells before and after depletion of Thy-1* cells
were cultured for 7 days In the presence or absence of cytokines. (A} FACS analysis for expression of NK1.1 and TCRaf. The per-
centage of NK1.1*, TCRaB* cells Is Indicated in each panel. The panel boxed in the broken line indicates staining of Thy-1*-
depleted bone marrow cells with flucrescence-labeled Isotype-matched control antibodies after culture in the presence of cyto-
kines. (B) Thy-1*-depleted bone marrow cells were analyzed for the expression of CD4, CD8 and TCR VA8 after culture with cyto-

kines.
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marrow cells), corresponding to 5-fold increase from the
number of NKT cells in bone marrow before Thy-1* cell
depletion and culture.

2,2 CD1-dependent Va14i NKT cell development
in bone marrow culture

NKT cells generated in bone marrow cultures had the
phenotype CD4°8 and predominantly used Vj8
{Fig. 1B). These features correspond well to those of
Vai4i NKT cells [1-3]. To further characterize the NKT
cells in bone marrow culture, the CD1 dependency of
their development was examined. Generation of NKT
cells in the culture of CD1™ bone marrow cells was much
less extensive than that in the culture of wild-type bone
marrow cells (Fig. 2A). Most NKT cells generated in the
wild-type bone marrow culture were stained with tetra-
mer of the CD1-a-galactosylceramide (a-GalCer) com-
plex [(CO1-a-GalCer}y) but not with CD1 tetramers with-
out a-GalCer, In contrast, few cells in the culture of
CD1™ bone marrow cells were stained with the tetramer.
CD1-dependent generation of NKT cells in the culture of
wild-type bone marrow cells was also supported by the
inhibitory effect of anti-CD1 monoclonal antibodies (data
hot shown). The expression of Va14 mRNA was found in
Thy-1*-depleted bone marrow cells after, but not before
culture (Fig. 2B). Collectively, these results indicate that
the development of NKT cells in the culture of Thy-1*-
depleted bone marrow cells is CD1-dependent and that
a significant fraction of these NKT cells are Va14i NKT
cells.

2.3 Reconstitution of NKT cell development from
CD1™ bone marrow precursors in mixed
culture with recombination-deficient Rag-2~"-
bone marrow cells

NKT cell development from CD17 bone marrow cells is
suppressed {as shown in Fig. 2A) due to a lack of CD1*
cells responsible for the positive selection of NKT cells,
although putative precursor cells are present. We
attempted to reconstitute NKT cell development from
CD1™ precursors through interaction with CD1* select-
ing cells in order to elucidate the de nove differentiation
of NKT cells from precursors in the culture. Thy-1*-
depleted CD1™* bone marrow cells were mixed with
bone marrow cells from recombination-deficient Rag-2~*
mice (CD1* but lacking fymphoid development). Mixed
bone marrow cultures of CD1™ and Rag-2~" mice at an
appropriate ratio gave rise to NKT cells in numbers com-
parable to a C57BL/6 control bone marrow culture
(Fig. 3A), and about half of the cells were (CD1-a-
GalCer),* Va14i NKT cells (Fig. 3B). These results con-
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Flg. 2. Development of CD1-dependent Val4i NKT cells in
the culture of bone marrow cells. (A} Staining with (CD1-a-
GalCer),. Thy-1*-depleted bone matrow cells isolated from
C57BL/6 or CD17" mice were cultured for 7 days in the pres-
ence of the cytokine mixture. The cells were analyzed for
expression of NK1.1 and TCRaf {(upper panels) or Valdi
TCR using (CD1-a-GalCer), or empty CD1 tetramers (CD1),
and TCRap antibody (lower panels). (B) Expression of Va14-
Ca mRNA in Thy-1*-depleted bone marrow cells before and
after culture was examined by RT-PCR. A Va14i* hybridoma
(RT23) was analyzed as a positive control, The amount of
¢DNA used for template Is shown In pg on each lane. The
expression of HPRT mRNA was simultaneously analyzed to
compare the amount of total mRNA in analysis,

firm that bone marrow caontains the precursor cells and
that they differentiate into NKT cells in culture upon inter-
action with CD1* selecting cells.

2.4 Development of Va14i NKT cells from
peripheral blood hematopoietic precursors
sustained by bone marrow stromal cells

For human applications, peripheral blood is a much more
convenient source of hematopoietic precursors than
bone marrow. We therefore tried to induce NKT cell dif-
ferentiation in cultures of peripheral blood celfls. Neither
selective expansion of NKT cells from a culture of total
MNC nor induction of NKT cell ditferentiation from Thy-
1*-depleted peripheral blood MNC was observed
{Fig. 4A). Based on these results, it was assumed that in
hematopoietic organs (fetal liver, adult bone marrow),
certain microenvironments for NKT cell differentiation are
present; they contribute to the differentiation of NKT
cells from precursors when cells from hematopoletic
organs are subjected to suspension culture. We tried to
transfer such putative microenvironments for NKT cell
differentiation to cell culture. Bone marrow cells were
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Fig. 3. Reconstitution of the generation of NKT cells from CD17~ bone marrow hematopoletic precursors by co-culture with bone
marrow cells frem CD1** mice. CD1™ bone marrow cells were depleted of Thy-1* cells and were cultured with or without Rag-27
bone marrow cells at the indicated ratlo for 7 days. The proportion of NKT cells generated in each cutture was determined and
compared with that in the culture of Thy-1*-depleted C57BL/6 bone marrow cells. (A) Development of NK1.1%, TCRapB'* cells was
determined by FACS analysis. (B) The cells In the culture of CD1™ and Rag-2”" bone mamow cells (3:1) were stained with
(CD1-a-GalCer), or empty CD1 tetramers (CD1), and TCRa.p antibodly.

cultured in the presence of a mixture of cytokines as
described, and the cells that adhered to the culture plate
{bone marrow stromal cells) were prepared. The stromal
cells were co-cultured with Thy-1*-depleted peripheral
blood MNC. After culture for 7 days, NKT cell develop-
ment was observed in the culture (Fig. 44). In this experi-
ment, the bone marrow stromal cells were prepared from
recombination-deficient scid mice to ensure that the
NKT cells were derived from precursors in the peripheral
blood. However, both recombination-deficient and Thy-
*.depleted normal bone marrow stromal cells of any
strain were applicable to the induction of NKT cell differ-
entiation from peripheral blood precursors {data not
shown). The yield of NKT cells generated in the culture
was improved when peripheral blood was prepared from
mice pre-treated with G-CSF (4-fold increase in number)
{Fig. 4A). The number of NKT cells in a culture of 1 ml G-
CSF-injected peripheral blood (~1x107 MNC) was esti-
mated to be 5x10% corresponding to 50-fold increase
from the number of NKT cells in blood before culture.

The NKT cells in the culture had the phenotype CD4",
CD8 and VpB8*, similar to those generated from bone
marrow culture (data not shown). Nearly half of the cells
stained with (CD1-u-GalCer),; tetramer-staining cells
were absent when peripheral blood MNC were co-
cultured with CD17 bone marrow stromal cells (Fig. 4B).
Thus, these findings confirm that CD1-dependent Via14i
NKT cells represent one of the major subsets of NKT

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

cells generated in the culture of peripheral blood MNC
with CD1* bone marrow stromal cells.

2.5 Anti-tumor activity of NKT cells generated in
cutture

To characterize the NKT cells generated in the culture of
bone marrow or peripheral blood cells, their cytotoxicity
to tumor line cells was examined. NKT cells were
induced in culture from Thy-1*-depleted bone marrow or
peripheral blood cells of C57BL/6 or CD1™ mice as
described above and were used as effectors (Fig. 5). The
cells cultured from C57BL/6 bone marrow or peripheral
bloed cells were found to have significant cytotoxic
activity against various tumor lines [melanoma line B16
{H-2" ), lymphoma line YAC-1 (H-2% and mastocytoma
line #815 (H-2%]. In contrast, cells cultured from CD1~"
bone marrow or peripheral blood cells were less effec-
tive. The cells before culture had virtually no cytotoxicity.
These results suggest that NKT cells generated in a
CD1-dependent manner in the culture are chiefly respon-
sible for the cytotoxicity against tumor cells. These CD1-
dependent NKT cells were ready to exert cytotoxicity
without further activation, presumably due to the circum-
stances under which they were generated.
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Fig. 4. Development of NKT cells from peripheral blood
hematopoietic precursors sustained by bone marrow stro-
mal cells. (A} Thy-1*-depleted peripheral blood MNC were
isolated from (G-CSF pre-treated or untreated) CS7BL/8
mice. Cells were cultured for 7 days with or without the sup-
port of bone marrow stromal monolayers prepared from
CB17 scid mice., Development of NK1.1*, TCRap® cells was
determined by FACS analysis. (B) Generation of Va14i NKT
cells from peripheral biood precursors. Thy-1*-depleted
peripheral blood MNC were prepared from C57BL/6 or
CD17 mice pre-treated with G-CSF. MNGC were co-cultured
with stromal cells prepared from Rag-2 or Thy-1*-depleted
CD17 bone marrow cells. After 7 days, cells were analyzed
for staining with (CD1-a-GalCer),and anti-TCRap antibody.
(PB, peripheral blood)

3 Discussion

In the present study, we demonstrate that NKT cells are
generated from hematopoietic precursors in cytokine-
activated suspension cultures of hone marrow and
pertipheral blood cells and that one of the major subsets
is Val4i NKT cells, judging from their CD1-dependent
generation, expression of Va14-Ja18 invariant TCR and
staining with (CD1—g-GalCer),. Valdi NKT cells have
been shown to differentiate mainly in the thymus [3-6), In
addition, we proposed minor extrathymic differentiation
pathways in the hematopoietic organs, as the presence
of Va14i NKT cells with Va14-Ja18 junctional sequences
peculiar to these organs were observed in the lymphoid
organs of athymic mice [8]. Such minor differentiation
pathways, if they exist, are presumably controlled to min-
imum levels under physiclogical conditions. However, the
organized microenvironments for lymphogenesis in the
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Fig. 5. Cytotoxicity of NKT cells generated In culture, {A-C)
Thy-1*-depleted bone marrow cells prepared from C57BL/6
or CD1™ mice were cultured for 7days in cylokine-
supplemented medium. (D} Thy-1*-depleted peripheral
blood MNC prepared from C57BL/6 or CD1™ mice were co-
cultured with bone marrow stromal cells prepared from
CB17 scid mice for 7 days. Cells in culture were tested for
cytotoxicity agalnst the tumor line cells indicated in each
panel. Speclfic lysis after incubation for 5 h (A, B) or 18 h (C,
D) is shown. Uncultured celis were tested in (C) and (D) as a
control.

hematopeietic organs might be out of control in suspen-
sion cultures of the organs, so that NKT cell development
from precursor cells was allowed to proceed.

Taking future applications in humans into account, we
used bone marrow and peripheral blood cells as sources
of precursors. After the removal of Thy-1* cells, bone
marrow cells were found to be a good source of NKT cell
precursors. A possible interpretation of this finding is
that the presence of mature NKT cells in culture sup-
presses NKT cell differentiation from precursors. Ancther
possibility is that certain subsets of T or NKT cells func-
tion to inhibit NKT cell differentiation. The level of Thy-1
expression by the putative NKT cell precursors is not
clear, but the density of expression was evidently not
great enough to cause removal by magnetic beads.

The cuiture of Thy-1*-depleted peripheral blood cells did
not give rise to NKT cells, presumably due to the lack of
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putative microenvironments for NKT cell differentiation
that are present in the hematopoietic organs. We there-
fore tested co-cultures of Thy-1*-depleted peripheral
blood cells and bone marrow-derived stromal cells and
found NKT cell differentiation in the culture. Genetic
compatibility between bone marrow stromal cells and
petipheral blood precursors was not required, probably
because non-polymorphic CD1 expressed by the stro-
mal cells is responsible for the positive selection of NKT
cells. This finding indicates that for future clinical appli-
cations, self NKT cells can be induced from peripheral
blood with the aid of bone marrow stromal cells prepared
from healthy donors, Stromal cells from both bone mar-
row and fetal liver had the ability to induce NKT cell dif-
ferentiation from peripheral blood precursers {data not
shown). However, the stromal cells prepared from these
organs retained their inductivity only in the primary cul-
ture.,

The recanstitution of NKT cell development in vitro in co-
cultures of CD1* and Rag-2" bone marrow cells
strongly suggests that NKT cell differentiation from pre-
cursors, but not selective expansion of remaining NKT
cells after Thy-1* cell depletion, occurred in the culture of
bone marrow cells from wild-type mice. Moreover, these
findings indicate that the cells responsible for positive
selection of NKT cells in the culture are neither of B nor T
cell lineage. This is also the case in the induction of NKT
cell differentiation from peripheral blood precursors sus-
tained by bone marrow stromal cells; normal and
recombination-deficient bone marrow stromal cells
induced NKT cell differentiation with essentially the same
efficiency {data not shown}). Dendritic cells have been

suggested to be responsible for the process in fetal liver

culture [12].

NKT cells are believed to have important roles in the
immune system. Recent reports suggest that NKT cell
functions are disturbed in diseases [9-11]. Attempts
have been made to increase NKT cell numbers by cultur-
ing peripheral blood from patients or to activate NKT
cells in patients utilizing the specific activator a-GalCer
[13, 14]. The culture system developed in the present
study is valid for patients in which NKT cells are
decreased in number or functionally disordered but
hematopolesis is still functional. The NKT cells induced
in a CD1-dependent manner from precursers in vitro are
suggested to possess cytotoxicity against tumor cells
{Fig. 5). Thus, combination of the culture systems
described in this study with the reported metheds using
a-GalCer will provide new potential for the treatment of
patients, especially those suffering from cancer.

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Welnheim
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4 Materials and methods

4.1 Mice

C57BL/6, BALB/c and CB17 (scid/scid) mice were pur-
chased from Sankyo Service Co. (Tokyo, Japan). Rag-2~
mice were obtained from the Jackson Laboratory (Bar Har-
bor, ME, USA). CD17 mice were provided by Dr. M. J.
Grusby (Harvard University) [15] and were partially back-
crossed to C57BL/6; mice with the phenotype H-2% NK1.1*
and CD1”" were selacted.

4.2 Bone marrow cultures

Cell suspensions of bone marrow from normal or mutant
mouse femur and tibia were prepared. Bone marrow cells,
with or without treatment with magnetic beads ¢oated with
anti-Thy-1 antibody (Dynal Biotech, Oslo, Norway) to
remove T and NKT cells, were cultured for 5-10 days in
DMEM supplemented with 10% fetal bovine serum, 50 U/ml
penicillin, 50 pg/ml streptomycin and 5x10™* M 2-ME, Cul-
tures were further supplemented with Con A sup (5% VAv),
recombinant |L-3 (10 ng/ml, Pepro Tech EC, London, GB}),
1L-4 (0.5 ng/ml, PharMingen, San Diego, CA), IL-7 {5 ng/ml,
Pepro Tech EC) and GM-CSF (1 ng/ml, Pepro Tech EC).
Con A sup was prepared from rat spleen cells cultured for
2 days in the presence of ConA (5 pg/ml). Con A in the
superpatant was removed by Sephadex G-10 celumn chro-
matography {Amersham-Pharmacia Biotech, Uppsala, Swe-
den). Culture supernatants from WEHI-3 and EL-4 (obtained
from ATCC, Rockville, MD) were prepared as described [7].
In some experiments, the following anti-cytokine antibodies
were added at various concentrations at the Initiation of cul-
ture: anti-IL-2 (S4B6, PharMingen), anti-IL-3 (goat antise-
rum, Santa Cruz Blotechnology, CA), anti-IL4 (BVD4, Phar-
Mingen), anti-IL-7 (goat antiserum, Santa Cruz Biotechnol-
ogy}, anti-IFN-y (R4-6A2, PharMingen), anti-GM-CSF {goat
antiserum, Santa Cruz Biotechnology) and anti-SCF (goat
antiserum, Santa Cruz Biotechnology).

4.3 Peripheral blood cultures

Some mice were Injected with G-CSF (0.3 pg/animal, Pepro
Tech EC) 3 days before bleeding. MNC were separated from
the heparinized peripheral blood of G-CSF-treated and
untreated mice by density gradient centrifugation using
Lymphosepar il (@=1.090, IBL, Gunma, Japan). MNC were
then treated with magnetic beads coated with anti-Thy-1
antibody {Dynal), and the remalning cells were transferred to
culture on bone marrow stromal cell monolayers, Bone mar-
row stromal ¢cells were prepared from bone marmrow cells cul-
tured as described above. On the 7th day of the culture, the
suspended cells were completely removed by suction. The
remaining cells (attached to the culture plate) were washed
with cold PBS solution and used as bone marrow stromal
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monclayers. Thy-1*-depleted peripheral blood MNC were
co-cultured with bone marrow stromal monolayers for
7-10 days in DMEM supplemented with Con A sup (5%, v/
V). : :

4.4 Preparation of tetramer of CD1-a-GalCer complex

({CD1-a-GalCer), was prepared as described by Sidobre et
al, [16]. The baculovirus expression vector for CD1-f2-
micreglobulin synthesis was provided by Dr, Kronenberg {La
Jolla Institute). Biotinylated CD1-B2-microglobulin complex
was coupled with PE-labeled streptavidin (PharMingen) to
make a tetramer of the complex. a-GalCer [(28, 3R)-1-0-(a-
p-galactopyranosyl}-2-(N-octadecanoylamino}-1,3-octade-
canediol] was synthesized by glycosylation of azidosphingo-
sine, followed by conversion of azido group to acyl amide as
will be described elsewhere (Okamoto et al., manuscript In
preparation), The {CD1-a-GalCer), prepared In our labora-
tory was confirmed to specifically staln Va14i NKT cells by
FACS analyses of C57BL/6 liver lymphocytes and Valdi
TCR-expressing hybridomas [17] {data not shown).

4.5 Flow cytometry and antibodies

Cells were treated with rat IgG2b monoclonal antibody 2.4
G2 {anti-mouse FcyR I, 1) to saturate FeR binding and then
treated with non-labeled isotype-matched immunoglobuling
for immunostaining. For (CD1-a-GalCer), staining, cells
were pre-treated with nhon-labeled CD1 monomer protelns.
Specific staining was performed with a combination of the
following conjugated monoclonal antibodies and (CD1-a-
GalCer),: H57-597 (anti-mouse TCR CB, PharMingen),
PK136 {antl-mouse NK1.1, PharMingen}, GK1.5 (anti-mouse
CD4, PharMingen), 53-6.7 (anti-mouse CD8, PharMingen)
and F23.1 (anti-mouse TCR V8, PharMingen). The stained
cells were analyzed on a FACScan flow cytometer equipped
with Cell Quest software (Becton Dickinson, San Jose, CA),

4.6 RT-PCR

Total RNA was extracted from bone marrow cells before and
after culture and from cells of the Va14i TCR* hybrid line
RT23 [17]. cDNA was prepared from total RNA using RT-
PCR kits (Takara, Tokyo, Japan). RT-PCR were performed
using the following primers: (5'Va14) 5-TCCTGGTTGAC-
CAAAAAGAC-3' [18]; (3'Ca) 5-TGGCGTTGGTCTCTTTG-
AAG-3' [19]; [5-hypoxanthine phosphoribosyltransferase
(HPRT)] S-GTTGAATACAGGCCAGACTTTGTTG-3"; (3'-
HPRT) 5"-CAGGGTAGGCTGGCCTATAGGCT-3".
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4.7 Cytotoxicity assay

Cells recovered from the cultures of bone marrow and
peripheral blood were assayed for thelr activity to induce
lysis of tumor cells. Viable cells (including ~5% NKT cells)
were separated by Lymphosepar I density gradient centrifu-
gation and used as effectors. Target cells [a mastocytoma
line P815 {H-2%), a lymphoma line YAC-1 (H-2% and a mela-
noma line B16 (H-2%)] were labeled with ['Cr]-sodium chro-
mate (9.25 MBg/mi) for 1 h and cultured with the effector
cells at serial ratios for the Indicated period of time at 37°C.
The release of *'Cr from lysed target cells was quantified
with a y-counter. The percent specific *'Cr-release was cal-
culated using the following formula: percent specific lysis =
(sample cpm — spontanecus cpm) x 100/(maximum cpm -
spontaneous cpm), Spontanecus cpm was calculated using
the supernatant of the target cells alone, and the maxirmum
release was obtained by adding 1% NP40 to target cells.
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Objectives: To darify the dynamics of molecules composing the blood-nerve barrier [BNB) in
inflammatory neuropathies.

Methods: The expression of four tight junction {TJ} proteins —claudin-1, daudin-5, oocudin, and ZO-1—
was ondlysed immunchistochemically in sural nerve biopsy specimens obiained from patients with chronic
inflammetory demyelinating polyradiculsneurcpathy (CIDP).

Results: Claudin-1 wos detacted only in perineuriorce”s, whereas claudin-5 wos present in endothelil
cells, irrespective of vessel location or size. Oceludin and ZO-1 were found in perineurial cells, in addition
to some epineurial and endoneurial endothelial cells. In CIDP, percentages of endoneurial small vessels
immunoreaetive for claudin-5 were significantly decreased, as were ZO-1 immunoreactive endoneurial
small vessels, with staining localised to interfaces between cells. Clavdin-1 and ocdudin immunoreactivity
did not differ appreciably betwesn the neuropathies examined.

Condlusions: The downregulation of claudin-5 and altered localisation of ZO-1 seen in CIDP specimens

30 Septamber 2003 m

{CNS) and also in the peripheral nervous system {(PNS)

are coupled by tight junctions (TJ) that resemble those
of epithelial barviers' * and show extremely low permeability,
Breakdown of these TJs in the blood-nerve barrier {BNB)
may allow antimyelin antibodies and various inflammatory
cytokines to enter peripheral nerve tissues, exacerbating
peripheral nerve injury in inflammarery neuropathies,
including Guillain-Barré syndrome* and chronic inflamma-
tory demyelinating polyneuropathy (CIDP). The development
of new therapentic strategies to restore BNB function based
on the properties of TJs has long has been awaited.
Understanding of the molecular basis of TJs has been
increasing since 1993, when occludin, a protein with four
transmembrane domains, was discovered.* Occludin has also
been detected in endothelial cells forming the blood=brain
barrier (BBE).” Occludin deficient cells have been found to
form morphologically normal T)s.* However, a new family of
TJ proteins, claudins, has received atrention more recently,
Claudins also have four ransmembrane domains, but do not
show homalogy to occdudin®® Among claudin family
members, claudin-1, daudin-5, and claudin-11 have beent
demonsirated in the brain.” ® Because claudin-11 is expressed
only in oligodendrocytes,” and presumably is not related 10
endorhelial bartiers, we focused on claudin-1 and daudin-5
as molecules of interest concerning the barrier system in both
the CNS and PNS. In our present study, using immunohis-
tochemistry, we analysed the expression of four represenia-
tive T} proteins—claudin-1, claudin-5, occludin, and 20-1—
in the human PNS using sural nerve biopsy specimens. We
examined the expression of these molecules in PNS disorders
in which BNB breakdown is believed to have an important
pathogenetic role,

Endothelial cells in the adull central nervous system

MATERIALS AND METHODS

Patients

Sural nerve biopsy specimens obtained from 25 patients
including 10 from patients with CIDP (eight men and rwo

indicete that BNB derangement occurs in inflammatory neuropathies. Further investigation of TJ
molecules may suggest new treatments based on properfies of the BINB.

women; age range, 13-64 years; mean, 44.3) were studied.
Informed consent was obtained from each patient. The study
complied with the ethical guidelines of Tokyo Medical and
Dental University. Dlagnoses were based on detailed elinical
and electiophysiological investigations of the patients, in
addition 1 the pathological examination of sural nerve
specimens, including toluidine blue stained semithin sections
and teased fibre preparations. CIDP was diagnosed according
to standard criteria,” and all 10 patients were categorised as
“definite” CIDP. Table 1 lists the clinical features and
immunostaining results in the patients with CIDP. Other
nerve biopsy specimens studied as disease controls included
those obtained from six patients with vasculitic neuropathy
associated with the Churg-Strauss syndrome {three men and
three women; age range, 44-67 years; mean, 57.2); six with
hereditaty neuropathy {three men and three women; age
range, 17-61 years; mean, 45.5; five with 1ype I Charcol-
Marle woth disease and one¢ with hereditary sensory and
autonomic neuropathy type IIy; and four with nutritional
neuroparhy resulting from vitamin B, deficiency (three men
and one woman; age range, 23-62 years; mean, 45.8).
Specimens were snap frozen and stored at —80°C until use.

Immunohistochemical techniques

Rabbit polyclonal antibodies against human claudin-1,
caundin-5, occdudin, and ZO-1 were purchased from Zymed
(South San Francisco, Califormia, USA). Sertal transverse
sections {10 pm thick) were cur from specimens on a
cryostat, fixed in acetone at 4°C for {lve minutes, and then
exposed to 0.03% H,0./methanol for 10 minutes at room
temperanure. Sections were then preincubated in phosphate
buffered saline (PBS) supplemented with 10% normal goat
serum for three hours before incubating overnight with

Abbreviations: BBB, blood-brain barrier; BMEC, brain microvascular
endothaliol cell; BINB, blood-nerve barrier; CNS, cenfral nerveus system;
CIDP, chronic inflammatory demyelinating polyneurepathy; PBS,
phosphate bufferod saline; PNS, peripheral nervous system; TJ, tight
junction; VEGF, vascular endolheﬁg[ growth factor
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primary antibody diluted in PBS. Anti-claudin-5 and anti-
occludin antibodies were used ar a 1/4400 dilution, whereas
others were used ar a 1/800 dilution. Sections were then
rinsed with PBS three times before incubation for one hour
with peroxidase conjugated secondary antibody (Nichirei,
Tokyo. Japan). The reaction product indicating immurno-
reactivity in sections was developed with diaminobenzidine.

Analysis of cloudin-5 posifive micravasculature

we analysed endoneurial microvessels Jess than 30 pm In
diameter, which induded capillaries and some precapillary
arterioles and postcapillary venules. Vessels apparenty
summounded Dby perineurial cell layers were  excluded.
Because microvessels in the endoneurium were difficulr to
count accurately in cryostat sections, whether haematoxylin
and eosin stained or immunostained using endothelial
markers, such as anti-von Willcbrand antigen, we flrst
counted these vessels using toluidine blue stained, plastic
embedded semithin sections to evaluate the density of
endoneurial microvesselsimm?, The petcentage of clawdin-
S-positive endoneurial microvessels was calculated as the
density of anti-claudin-5 immunorcactive microvessels in
cryostat sections x100/overall density of microvessels in
toluidine blue stained sections. If the first density exceeded
the last, the percentage of claudin-5 immunercactive micro-
vessels was considered to be 100%. More than 0.5 mm’
surface arca of endoneurial space was evaluated in each
specimen.

Analysis of staining pottern by anti-ZO-1 antibody
The percentage of endoneurial microvessels showing Z0-1
immunoreactivity localised at interfaces between adjoining
endothelial cells was evaluated. Microvessels showing two or
more immunereactive lines across the endothelial cell layer,
or Two or more immunoreactive dots located at the huninal
side of endothelial cells (fig 1) were judged to have ZO-1
Iocalised at these endothelial eell borders. The percentage of
Z0-1 immunoreactive cells with this localisation pattern was
calcutated as the number of endoneurial microvessels
showing linear or punciate ZO-1 immunoreactivity at borders
between endothelial cells x100/verall number of 20-1
immunoreactive endoncurial microvessels.

RESULTS

Claudin-1 immunoreactivity was evenly present in the
perireurial cell layers, with no clear difference in immuno-
reactivity berween the inner and outer layers. No specimen
showed staining of endothelial cells (figs 2A and 3). No
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Figure 1 Immunestaining with anti-ZO-1 antibedy [B and D) and
corrasponding seria! sections [A and C; haemotoxylin and eosin
staining} in sural nerves fram a 67 year ald woman with Churg-Strauss
:rndroma [A ond B) and a 58 year old man with chronic inflummatory
smyalinaling polynauropathy {CIPD) {C and D). ZO-1 immunoreactivity

in andonsurial microvessels was localised to the interfaces between
endothalial cells farrows), especially at the luminal surface {note the
punctaia staining of the microvessel on the left in B]. In CIDP, endathelial
immuncreactivity was diffuse and waak [D); most strong staining
localised ta the intarcellular borders had disappeared. Bor, 10 pum.

difference in claudin-i immunoreactivity was noted between
CIDP and the other disease groups {fig 3).

The polyclonal anti-occludin antibody stained the peri-
neurial ¢¢ll layers. In addition, the luminal aspect of some
epineurial vessels and a small proportion of endoneurial
caplilarics adjacent o the perineurium was also imnuno-
reactive {fig 28). Endoneurial microvessels situated near the
centre of the endoneurial space that were not neighbouring
perineurial cell layers were not stained. No appreciable
difference In immunoreactivity was noted between GIDP
and the other disease groups.

ARti-ZO-1 immunoereactivity was Jocalised to the perineur-
ial cell layers, in addition to some endothelial cells lining
epineurial vessels and the endoneurium (fig 2C). Although
no detectable background staining was seen with the anti-
occludin, anti-dlaudin-1, and anti-dlaudin-5 antibodies, fainz
background immunoreactivity was occasionally seen in the
endoneurium with the anti-ZO-1 antibody. Therefore, the
exact percentage of stained endonenrial microvessels was
difficult to determine. Instead, we calonlated the percentage
of endoneurial microvessels showing immunoreactivity loca-
lised to the junclions between endothelial cells {fig 1). In
CIDP specimens, the percentage of endoneurial microvessels
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Figure 2 Immunastaining in seric!
sacfions obtained from @ 84 year ol
man with Churg-Strauss syndroma with
[A} anti-claudin-1, (B) anti-oecludin,
{C) anfi-ZO-1, and (D) anfi-cloudin-5
antibodies, showing a-nermal patiern
of staining in the human paripheral
nervous system. [A] Anfi-claudin- |
antibody stained perineurial celf kiyers
axclusively, with no immunoreactivity
against endothelial cells. (B) Anfi-
eccludin immuncreactivity was noted in
parineurial cell layers. In addition, faint
staining was saen in the endothelial cell

layers of epinaurial vassels {arrow).
C) The anti-ZO-1 antibady reacted
intly with epineurial cell KJ)’BI‘S and
some of the endothalial cells in tha
endoneurium {arrows), (B Unfike the
other thrae antibodies, anti-claudin-5
antibody stained endothelial cells
exclusively, irrespactive of their vessel
size or location. Endothelial cells in the
apineurium |arrowheads) and in the
endoneurium [arows) were
immunoreactiva, Bar, 100 um,

with such anii-ZO-1 immunoreactivity localisation was
significantly lower (fig 4).

Claudin-5 was detected exclusively in endothelial cells,
irrespective of the location or size of the vessel in the control
specimen {figs 2 and 5). Unlike anti-ZO-1 immunostaining,
immunoreactivity was not derected at endothelial celt
interfaces. In CIDP, the percentage of anti-claudin-$ immuno-
reactive microvessels in the endoneurium was significanly
decreased compared with non-inflammatory neuropathies
(figs 5 and 6). No apparent correlation was noted between
the loss of claudin-5 immunoreactivity and endoneurial/
stibperineuriat oedema

DISCUSSION

In inflammatory neuroparhies induding CIDP, increases in
cytokines such as interleukin IR ™ tumour necrosis factor
a,' " and vascular endothelial growih factor (VEGF)}® are

Figure 3 Claudin-1 immunostaining in o conrol specimen from {A) a
&7 year ald woman with Churg-Sirauss syndrome (€55} and I8) o
spacimen from a 55 year old woman with chronic inflammatory
J:en:yaiinoﬁn po}rneuropalhy [CIDP). Claudin-t immunareactivity wos
detecied exc usiv? in the perineurial cefl layers, and no endothalial

steining was noted in the endonsurium or epineurium (V). Sections from
CIDP and CSS wers stained equally. V designates a medium sized
epineurial vessel and S designates small sized nerva fascicles. Bar,
160 pm.

believed to contribute w pathogenesis through modudation of
the BNB. Among these, VEGT acts as a particularly potent
disrupter of the BNB in various inflammatory neuropathies.*
This increase in vascular permeability occurs through the
binding of VEGF 1o iis tyrosine kinase-type receptors, flt-1
and flt-k," resulting in a decrease in TJ proteins, including
occludin and vascular endothelial cadherin, and subsequent
disorganlsation of interendothelial cell junctions. Thus,
study of the molecular dynamics of TJ proeins in human
Inflammatory neuropathies may improve understanding of
BNB derangement and prompt the development of new
therapeutic approaches in these disorders, Recent experi-
ments have indicated thar the establishment of TJ strands
depends on claudin family proteins. For example, the
transfection of claudin-1 and daudin-2 into fibroblasts
induces the formation of TT strands.’” Claudin-11 knockout

oo E =
80
S
0 Ll [ ey I _
CloP Css Heredilary Mulritional
neuropothy nevropathy

Figure 4 Mean parcentage of oll 20-1 immuncreactiva endoneurial
microvessels showing locdlisation of ZO-1 immunarsadiivity 1o the
interfoces between endothelial ealls in specimens with chronie
inflummatory demyelinating polynsuropathy {CIDP) [mean, 46.1%;
SEM, 8.6%), Churg-Strouss syncf;oms {CSS) [mean, 93.8%; SEM, 3.7%),
hereditary neurapathy [mean, 84.3%; SEM, 3.1%), ond nutritional
neuropn:K [mean, 94.0%; SEM, 2.1%). CIDP specimens showed a
significantly lower percentage of endeneurial micravessels with this
localisation of ZO-) immuncreactivity. *p < 0.005 v CIDP;

“*p <t 0.002 v CIDP. Bars indicate SEM.
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Figure 5 Cloudine5 immunestaining in [A] o conirol specimen from o
67 year old woman with Churg-Strauss syndrome ond [B] a 31 recr old

man with chroni¢ inflemmatory damyelinating polyneuropathy [CIDP).
The small arrows indicate the outer aspact o?rha andonevrium, In the
conirol [A), claudin-5 immurereaciivity was detecled exclusively in
andothelial cells, irespedtive of vassel size or location. Dotted arrows
indicata immunaraactive microvessels in the epinsurium and arrowheads
indicate those in the endaneurium, In CIDP (B}, although medium sized
vessals in the epineurium wera wall stained [dotted arraws,
immunerecctivity in the endoneurium was severely decreasad. En,
endonsurium; Epi, epinevrium. Bar, 50 pm.

mice show absence of TJ stands in the myelin sheets of
oligodendrocytes and Sertoli cells,”® whereas claudin-16
knockout mice demonstrate abnommal paracellular passage
of Mg™ ijons.” Accordingly, we first focused on the
expression of two claudin family members, claudin-l and
claudin-5, in sural nerve biopsy specimens. -

Claudin-$, which localises exclusively to borders betwen
adjacent endothelial cells,” is considered to be important in
the control of vascular permeability. Recentdy Nirta of af
reported the sclective leakage of small molecules (< 800 Da)
across the BBB in claudin-5 deficient mice.” This suggests
that claudin-5, atlhough ubiquitously present in all endothe-
lial cells, plays a special role in the barrier mechanism of the
nervous system by preveniing the entrance of such small
molecules. In their article, no information was given about
the BNB, but free entrance of small molecules through
claudin-5 deficient endothelial junctions may alse cceur in
the PNS. Hence, the loss of claudin-5 in the endoneurlal
microvessels in patients with CIDP may enhance the leakage
of smalt molecules into the endonetrial space, and may result
in changes to the endoneurial constiluents that are un-
[avourable to Schwann cells and axans, evenrually leading to
the worsening of neuropathy. However, we found no
correlation between the loss of claudin-5 immunoreactivity
and the presence of endoneurial/subperineurial cedema; in
addition, Clds™/" mice do not show vasogenic oedema. This
might be explained by the fact that even in claudin-5
deficiency most serum proteins {molecular mass > 800 Da)
cannot exiravasate.” Endoneurial/subperineurial ocdema, a
relatively commion finding In sural nerve specimens {rom
patients with CIDP,” may be elicited by factors other than a
decrease in claudin-5 expression.

The disagreement between our BNB findings and previous
observations concerning the BEB™ Is somewhat difficulr to
account for; one explanation is that downregulation of
claudin-5 in endoneurial microvessels in CIDP might be a
BNB specific pheromenon, reflecting differences in anatomic
structire and cell populations (for example, the absence of
astrocytes). Of 10 CIDP specimens, two (from patients 6 and
8) showed nommal anti-claudin-5  mmunoreactivity in
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Figure 6 Mean percentage of andoneuriul microvassels
immunoreactive with qnﬁ-guudin-S anlibody in spacimans with chronic
inflammatory demyelinating polyneurcpathy {CIDP) [maan, 60.6%;
SEM, 7.8%}, Churg-Strauss syndrome (CSS] [mean, 89.5%; SEM, 4.5%),
hareditary neurcpathy {mean, 85.6%; SEM, 4.0%), and nufrilional
nauropamy (meon, 86.2%; SEM, 8.4%). Staining with the anti-cloudin-5
artibady in the endothalial cells of the endoneurium was significantly
decreased in CIDP spacimens compared with €SS and hereditary
neurapathy. *p < 0,05 v CIDP. Bars indicate SEM.

endoneurial microvessels; this could reflect a non-uniform or
multifocal, rather than diffuse, distribution of demyelinative
foci in this disorder.®® However, these two specimens showed
exiremnely faint ZO-1 immunoreactivity {patient 6) or a very
low percentage of endoneurial vessels showing Z0-1 immuno-
reactivity at intercellular interfaces (patient 8). Thus,
changes of expression of claudin-3 and Z0-1 are not always
in parallel with CIDP, suggesting functional differences
between these two TJ proteins.

Although daudin-1 is the only member of the claudin
family {except for claudin-5}) that might be expecred © be
present in endothelial eells, we found no statning for claudin-1
in the endothelial cells of the PNS. Inswead, the anti-
daudin-1 antibody exclusively stained the perineurial cell
layers. Because the BNB inchudes the endonceurial micro-
vasculature and the innermost layer of the perineurium,™ *
anti-claudin-1 immunoreactivity might be taken to represent
tlie latter. However, the uniform staining of all perineurial
cell layers that was seen doees not correspond well 10 the site
of the BNB. In addition, claudin-1 mmunoreactivity was
almost as abundant in CIDP as in control specimens.
Therefore, claudin-1 is not a marker of BNB lutegrity.

In our present study, we detected oceludin immunoreac-
tivity in endothelial cells of some epineurial vessels, a small
percentage of endoneurial capillaties adjoining perineurial
cell layers, and perineurial cells. However, we saw no
appreciable differences in occludin immunoreactivity in the
perineurial cell layer and in the endothelial cells between the
varjous disorders. Occludin may not be essential for TJ
formation® but it has heen reported to be abundant in
relation to the endothelial cells of the brain, although it is
underectable tn non-ncural tissues. * VEGF mreatment of
brain microvascular endothelial cell (BMEC) monolayer
cultures decreased detectable occludin and disrupted its
continuous pericettular distribuiion.” Although these reports
suggest that ocdudin may play some part in the maintenance
of BNB integrity, our results indicated that occludin does not
change appreciably in inflammatory neuropathies.

Z0-1, a 220 kDa TJ phosphoprotein, is a member of the
membrane assoclated guanylate kinases Jocalised to inter-
cellular contacts.™ ZO-1 binds various proteins, including
clauding and eccludin, and may act as a molecular scaffeld
bringing these TI constituents together.” Therefore, ZO-1 is
expected o be a key molecule in the control of BNB inzegrity,
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despite some previous conclusions that the expression and
localisation of ZO-1 do not correlate with the physiological
efficiency of paracellular barrier function.® In CIDP spedi-
mens, we found no significant decrease in zO-1 inumumno-
reactive endoneurial microvessels, although we noted a
change in the staining partern. This corresponds well with
a recent observation that VEGF, known to cpent the BBB and
BN3B," caused a loss of ZO-1 from endothelial cell junctions
and changed the staining pattern at the cell boundary
without decreasing ZO-1 content in cultured bovine
BMEC.™ We suspect that the change in the localisation of
Z0-1 in CIDP specimens was an effect of various cytokines,
including VEGF, that are upregulated in inflammarory
neuropathies such as CIDP. The comuribution of other
inflammatory cytokines in addition to VEGF requires future
investigarion,
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Glycosphingolipid (GSL) antigens have been considered
te be invalved in the pathogenesis of autoimmune neu-
rologic disorders including multiple sclerosis. To estab-
lish the GSL pattern specific for endothelial cells forming
blood-brain barrier (BBB), we established a method to
yield sufficient quantities of highly purified human brain
microvascular endothelial cells (HBMECs) and compared
their GSL composition to that of human umbilical cord
vein endothelial cells (HUVECs), as the representative of
endothelial cells not forming BBB. The major ganglio-
sides were GM3 and sialyl paragloboside (LM1), and the
major neutral GSLs were lactosylceramide {LacCer), glo-
botriaosylceramide (Gb3), and globoside (Gb4). Trace
amounts of GM1, GD1a, GD1b, GT1b, and sulfoglucu-
ronosyl paragloboside (SGPG) could be detected by the
high performance thin layer chromatography-overlay
method. SGPG was detected only at a nonconfluent
state in an amount almost 1/30 that of in nonconfluent
HUVECs. Conversely, GM3 and LM1 increased signifi-
cantly after confluency. The amount of Gb3 in HEMECs
was almost as twice that in HUVECSs. The significance of
these differences in GSL content between HBMECs and
HUVECs and between confluent and nonconfluent states
is chscure, It might be related, however, to the defense
mechanism at the BBB and to the susceptibility of the
central nervous system in some disorders that target cell
surface GSL, such as hemolytic uremic syndrome.

© 2004 Wiley-Liss, Inc,

Key words: glycosphingolipid; sulfoglucuronosyl para-
globoside; blood-brain barrier; human brain microvas-
cular endothelial csll

Vascular endothelial cells (ECs) are highly versatile
cells and are involved structurally as well as metabolically
in various barrier functions. The characteristic features of
ECs include the presence of nonthrombogenic luminal
surface, expression of von Willebrand factor, prostacy-
cline, and endothelin, and formation of a highly selective

© 2004 Wiley-Liss, Inc.

barrier to the passage of plasma constituents into the tissue
parenchyma. ECs possess many structural and functional
characteristics, exhibiting a wide diversity depending on
the nature of the vascular bed; this property is very im-
portant for their specialized function in individual tissue
and organ function (Jaffe, 1987; Kanda et al., 1994}. ECs
of brain microvascular origin (BMECs) are highly special-
ized cells believed to make up the structural basis of the
blood—brain barrier (BBB). Because BMECs are the only
cell groups in the nervous system that are exposed con-
tinuously to blood constituents, the information via sur-
face receptors on BMECs are considered very important
for regulation of BBB function and subsequently for ho-
meastasis of various cations, nutrients, and growth factors
in the central nervous system (CINS).

Glycosphingolipids (GSLs) are located primarily, if
not exclusively, on the outer leaflet of the plasma mem-
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brane. GSLs, including gangliosides, have been implicated
in various cellular functions such as cellular recognition
and adhesion, communication, and modulation of im-
mune responses (Kanda et al.,, 1995; Karlsson, 1995; Ri-
boni et al, 1997). Knowledge about GSLs as surface
antigens and receptors in BMECs is therefore crucial to
understanding the pathogenesis of CNS disorders affecting
the BBB. Because of the difficulty in primary culture and
the maintenance of human BMECs (HBMECs), however,
no data conceming the GSL composition in these cells has
ever been published. Duvar et al. (2000) recently investi-
gated the GSL composition of immortalized human cere-
bromicrovascular endothelial cells; however, because this
endothelial cell line cannot exclude the influence of im-
mortalization with SV40 T-antigen, GSL analysis of gen-
uine primary cultured HBMECs has been awaited eagerly.

We recently developed a method to vield sufficient
quantities of highly purified HBMECs for biochemical
analysis, and we have determined the GSL composition of
cultured HBMECs. The aim of this article is to establish
the GSL pattern specific for the ECs forming BBB, com-
pared to that of human umbilical cord vein endothelial
cells (HUVECS) as the representative of ECs without BBB

property.
MATERIALS AND METHODS

Culture Media for HBMECs

Dissecting medium (DM) contained Medium 199
(GIBCO BRL, Grand Island, NY) supplemented with 5% fetal
bovine serum (FBS; BioWhittaker, Walkersville, MD), 20 mM
sodium bicarbonate, 50 1g/m) heparin (Sigma, St. Louis, MO),
100 U/ml penicillin, 100 pg/ml streptomycin, 25 ng/ml am-
photericin B (GIBCO BRL), and 20mM N-(2-hydroxy-
methyl)-piperazine-N'-(2-ethanesulfonic acid) (HEPES; pH
7.2). HBMEC growth medium contained EBM-2 media (Sanko
Jun-yaku, Tokyo, Japan) supplemented with 100 U/m] peni-
cillin, 100 pg/ml streptomycin, and 25 ng/ml amphotericin B.

Isolation of HBMECs

HBMEC isolation was achieved using a modified method
of Gordon et al. (1991}, which was designed originally for rat
capillary endothelial cells. Brain tissue was removed approxi-
mately 6 hr postmortem from a 65-year-old male who had
suffered from lung cancer. The tissue was rinsed thrice with
DM, and the pia mater and surface vessels were removed care-
fully using fine forceps. The cerebral cortex was then minced to
2-3-mm cubes, rinsed several times in DM, and homogenized
using 2 Wheaton-Dounce Teflon homogenizer. The homoge-
nate was dissociated further with 0.005% (wt/vol) dispase (grade
1; Roche Diagnostics, Mannheim, Germany) in DM at 37°C for
2 hr in a shaking water bath. After centrifugation {800 X g,
5 min) the pellet was suspended with a dextran solution (mol.
wt. 70,000 Daltons; 15% wt/vol in DM; Sigma), and the whole
suspension was centrifuged (4°C, 4,500 X g for 10 min, using a
Beckman }S 13.1 swinging bucket rotor). The pellet was resus-
pended with the dextran solution, and centrifuged again. After
two centrifugations, microvessels and some single cells including
red blood cells were obtained in the pellet. Other contaminating

fractions including myelin and brain parenchyma were floated,
The pellet was recovered with DM and filtered through
130-pm nylon mesh (Nitex; Tetko Inc., Elmsford, NY) to
remove large vessels. The filtrate was digested further using
collagenase/dispase (0.035% wt/vol in 10 ml DM; Roche Di-
agnostics) at 37°C for 12 hr in a shaking water bath. The
collagenase/dispase-treated microvessels were centrifuged
(800 X g, 5 min), rinsed and suspended in 3.0 ml DM, and then
filtered through double layers of 15-pum mesh to remove single
cells, which were the largest sources of non-ECs, including
astrocytes and pericytes. The unfiltered cell clusters were placed
into dishes coated with type I collagen (Collaborative Biomed-
ical Products, Bedford, MA). Cells were maintained at 37°C in
an atmosphere of 5% CO, in a humidified incubator. The
medium was changed three times a week.

After 24 hr, the first migrated ECs were observed from the
edge of seeded cell clusters. When the EC colonies grew suffi-
ciently large for cloning (usually more than 100 ECs), the
mediwm was replaced by 0.25% pancreatin solution (GIBCO
BRI). The colonies for cloning (free of contamination of non-
ECs, including pericytes) were marked before pancreatin treat-
ment. The colonies were detached as clumps of ECs, and the
marked colonies were picked up using a Pasteur pipette and
were dissociated briefly in 0.1% trypsin in Ca®*, Mg®"-free
Hanks' solution for 3—4 min. Cells were seeded again on
35-mm Petri dishes coated with type I rat tail collagen. After
1021 days, confluent HBMECs, almost free of contaminating
non-ECs, were subcultured at a split ratio of 1:3-5,

Identification of HBMECs

HBMECs were identified by the following four criteria:
an elongated cobblestone-like appearance; immunoreactivity to
anti-von Willebrand factor antigen antibody; uptake of 1, 1'-
dioctacecyl-3,3,3",3, tetramethyl indocarbocyanine perchlorate
acetylated low-density lipoprotein (Dil-Ac-LDL; Biomedical
Technologies Inc., Stoughton, MA) (Voyta etal., 1984); and the
expression of the multidrug resistance-1 (mdr1) gene. To label
with Dil-Ac-LDL, cells were incubated with 10 pg/ml of
Dil-Ac-LDL at 37°C in HBMEC growth media for 4 hr. Cells
were then washed once with probe-free media for 10 min, fixed
with 4% paraformaldehyde for 30 min, and viewed under a
fluorescent microscope. HBMECs incorporated the bright Dil-
Ac-LDL particles into their cytoplasm. Only the lots of HB-
MECs with more than 98% of Dil-Ac-LDL-positive cells were
used for further analysis. Contaminated cells other than endo-
thelial cells were also evaluated using mouse anti-human anti-
bodies against glial fibrillary acidic protein (GFAP; Sigma), «
smooth muscle actin {BioGenex Laboratories, San Ramon,
CA), and galactocerebroside (Sigma). Less than 1% of cells were
immunoreactive with these antibodies. Expression of mdrl
mRNA, one of the most reliable pieces of evidence of their
BBB-forming endothelial cell origin, was confirmed using
Takara Human 3K Chip v.3.0 (Takara, Tokyo, Japan). Absence
of mdr1 mRINA in HUVEC was also confirmed.

Isolation of Glycosphingolipids
Cultured HBMECs and HUVEC: (purchased from Sanko

Jun-Yaku), grown confluently or semiconfluently on 100-mm
Petn dishes, were harvested by scraping from the Petri dishes,
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TABLE 1. Glycosphingolipid Composition of Cultured HBMECs and HUVECs?

Glycosphingolipid HBMEC-C HBMEC-NC HUVEC-C HUVEC-NC
Acidic
GM3 1,226 + 321 254 = 110* 2,321 * 166 1,226 * 194
LM1 583 *+ 103 178 = 36wx 879 * 314 464 * 81
GM1 7.1 +09 62*16 85x17 6005
GD1a 43 06 3710 3009 26 0.7
GD1b Trace Trce Trace Trace
GT1b 2510 2709 25+05 1809
Neutral
LacCer 295 = 102 182 = 88 368 * 139 33954
Gb3 548 = 131 612 = 185 259 * 66 269 * 62
Gb4 1,852 + 483 1,359 = 383 1,195 *+ 530 1,205 = 304

THBMEC-C, human brain microvascular endothelial cell, confluent state; HBMEC-NC, human brain microvas-
cular endothelial cell, nonconfluent state; HUVEC-C, human umbilical cord vein endothelial cell, confluent state;
HUVEC-NC, human umbilical cord vein endothelial cell, nonconfluent state, Values were expressed as ng = SEM

per mg protein; # = 3.

*P < (.05 vs. HBMEC-C and P < 0.01 vs. HUVEC-C.
**p < 0,01 vs. HBMEC-C and P < 0.05 vs, HUVEC-C.

washed two times with PBS, pH 7.3, and homogenized in
0.5 ml of distilled water. Nonconfluent or semiconfluent culture
denotes the condition where endothelial cell-free vacant space,
more than 20% of total culture dish surface, is visible under
inverted microscopy. These cells are expected to be still prolif-
erating. Confluent culture denotes that the endothelial cells are
tightly packed and no cell-free vacant space is recognizable
under inverted microscopy. Cells within the fourth passage were
used for GSL analysis. Protein concentrations were determined
according to the method of Bradford {1976) using a Bio-Rad
{Richmond, CA) protein assay kit and bovine serum albumin
(BSA) as standard. Lipids were ecxtracted with 5 ml of
chloreform/methanc! (1:1 by volume), and 5 ml of chloroform/
methanol {1:2 by volume), successively. After evaporating the
organic solvents under a nitrogen stream, lipids were dissolved in
0.5 ml chloroform/methancl/water (30:60:8 by volume; solvent
A), and applied to a Sephadex LH-20 column (0.5 X 30 am,
10-ml bed volume; Pharmacia Fine Chemicals), pre-
equilibrated with solvent A. After the first 3 ml of etfluent was
discarded, the next 3 mi was collected as a GSL fraction (Yu et
al,, 1994). The GSL fraction was then applied to a DEAE-
Sephadex A-25 column {2.0-ml bed volume; Pharmacia Fine
Chemicals). The neutral GSL fraction was eluted with 20 ml of
solvent A, and the acidic GSL fraction was eluted with 20 ml of
chloroform/methanol/0.8 M sodium acetate (30:60:8 by vol-
ume; solvent B} (Yu et al., 1994). The acidic lipid fraction was
evaporated to dryness and the residue was dissolved in 0.5 ml of
solvent A, and then desalted by Sephadex LH-20 column as
deseribed above. The recovered gangliosides and sulfoghicu-
ronosyl paragloboside (SGPG) were developed on a high-
performance thin-layer chromatographic plate (HPTLC:
Merck, Darmstadt, Germany) with the solvent system of
chloretform/methanol/water containing 0.22% CaCl, - 2H,0O
(53:45:10 by volume; solvent system I} and the bands were
visualized by spraying the plate with resorcinol-HCI (Ando et
al., 1978; Sekine et al,, 1984). .
The neutral GSL fraction was evaporated to dryness and
the residue was subjected to mild alkaline treatment (0.5 ml

of 0.4 N NaOH in methanel) at 40°C for 2 hr or room
temperature overnight to remove phospholipids according to
the method of Handa (1963). The reaction mixtures were
applied to a Sephadex LH-20 column to remove salts as
described above. Neutral GSL composition was examined by
HPTLC. Before chromatography, the upper half of the plate
was sprayed with 1% borate and the entire plate was activated
for 30 min at 120°C to detect glucosyl ceramide and galac-
tosyl ceramide. After application of the sample, the plate was
developed with a solvent system of chloroform/methanol/
water (65:35:5 by volume, solvent system II). Neutral GSLs
were visualized by spraying with the orcinol-sulfuric acid
reagent. The nomenclature of gangliosides follows the system
of Svennerholm (1964).

Quantitation of GM3 (NeuAc), Sialyl
Paragloboside (NeuAc-nLcOse,), and Other
Ganglio-N-Tetraosyl Gangliosides

The content of GM3 (NeuAc) and sialyl paragloboside
(LM1) was deterrnined by densitometric scanning of the chromato-
graphic plate with comigration of authentic GM3 (NeuAd) and
LM1, followed by visualizing with the resorcinol-HCI reagent
{Ando et al., 1978). The structure of LM1 was confumed immu-
nochemically with the HPTLC-overay method using anti-
paragloboside (nL.cOse,} menoclenal antibody (kindly provided by
Dr. Tai) after treatment with Artiirebadter wreqfadiens neuraminidase
(40 mU/ml) for 2 hr at room temperature. The amounts of
ganglio-N-tetraosyl gangliosides other than GM3 were below the
detection limit of the resorcinol-HCl reagent. The HPTLC plate
was therefore developed with solvent system I and bands were
incubated with A. sreafaciens neuraminidase (40 mU/ml) for 2 hr at
room temperature and then ovetlaid with anti-rabbit asialo GM1
antibody (diluted 1:25) for 2 hr to detect these minor ganglio-N-
tetraosyl species (Saito et al., 1985).

Quantitation of Neutral GSLs

The presence of Gb3 and Gb4 was confinned using
anti-Gb3 and anti-Gb4 monoclonal antibodies (kindly provided
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Fig. 2. a: Sundard LM1 (1 pg). b: HPTLC-overlay method of acidic
GSL fracdon in HBMECs with the anti- nLeOse, monoclonal anti-

body after treatment with A, urafadens ncuraminidase.

by Dr. Tai). The content of LacCer, Gb3, and Gb4 was deter-
mined by densitometric scanning of the chromatographic plate
with comigration of authentic LacCer, Gb3, and Gb4, followed
by visualizing with orcinel-sulfuric acid reagent.

Quantitation of SGPG (HPTLC-Overlay Method With
Anti-SGPG Antibedy)

Quantitative analysis of SGPG was achieved by the
method described previously (Kanda et al., 1994). After the GSL
fraction (collected from approximately 8—20-mg protein sam-
ple} and authentic SGPG (from 2-120 ng in quantity) were
chromatographed in solvent system I, the plate was dipped in
0.4% polyisobutylmethacrylare solution in hexane for 1 min and
air-dried. The plate was then incubated with LT serum (anti-
S5GPG antibody; immunoglobulin [Ig]M) for 2 hr, the serum
from a patient with demyelinative neuropathy and IgM para-
proteinemia that recognizes HNK-1 epitope, at a dilution of

1:1,000 in dilution butffer, followed by peroxidase conjugated
rabbit anti-human IgM (u-chain specific, 1:1,000; Cappel) for
2 hr. The LT serum {(anti-SGPG antibody) was a generous gift
from Dr. R K. Yu (Department of Biochemistry and Molecular
Biology, Institute of Molecular Medicine and Genetics, Medical
College of Georgia, Augusta, GA). After washing with PBS, the
plate was visualized with a Konica Immunostaining HRP 1000
{Konica, Seikagaku-kogyo, Japan). Although LT serum can
react with SGPG, sulfoglucuronosyl lactesaminyl paragloboside
(SGLPG} and band X (Ariga et al., 1987), only SGPG could be
detected in HBMECs and HUVECs. SGPG was quantitated
based on standard curves generated by densitometric scanning of
known amounts of SGPG developed on the same plate.

Immunostaining of HBMECs and HUVECs With
Anti-SGPG Antibody

Confluently or nonconfluently cultured HBMECs and
HUVEG:s on collagen type I-coated glass slides were fixed with
4% paraformaldehyde for 15 min and washed with PBS at least
three times. After incubation in PBS with 3% nonimmunized
rabbit serum, LT serun (anti-SGPG antibody; diluted 1:100 in
PBS) was applied at 4°C for 72 hr. The slides were washed three
times and fluorescein isothiocyanate (FITC)-conjugated rabbit
anti-human IgM (p.-chain specific, 1:1,000; Cappel) was applied
for 1 hr at room temperature.

HPTLC/Matrix-Assisted Secondary Ion
Mass Spectrometry

Negative secondary ion mass spectrometry (SIMS) spectra
of GSLs were recorded on 2 Finnigan TSQ 70 quadrupole mass
spectrometer in the negative ion mode equipped with a cesium
ion {Cs} gun as follows. After developing GSLs on an HPTLC
plate, a primuline reagent was sprayed over the plate untl it is
visibly wet GSLs on the plate were viewed under UV light at
380 nm. Each GSL band was marked with a colored drawing
pencil while still under illumination. The plate was then im-
mersed for 20 sec in a solvent composed of 2-propanol:metha-
nol:0.2% aqueous CaCl, (40:20:7, vol/vol). It was then placed
on another glass plate, after which a polyvinylidene diflucride
(PVDF) membrane sheet and a glass microfilter sheet were
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Fig. 3. Mass spectrometry of LM1 (a), NeuAc-nLeOse,, (b), and NeuAc-nLeOse, (c) from HBMEC:.

placed over the plate. The “sandwich” was then pressed with a
household iron (about 180°C) for 30 sec. The PVDF membrane
was separated from the HPTLC plate, washed with water to
remove the primuline reagent, and then dried. The GSL band
on the PVDF membrane was excised (2 mm in diamneter) and
placed on a mass spectrometer prove tip, and few microliters of
triethanolamine was added as the matrix. Samples on the mem-
brane were bombarded with a Cs* beam at 20 kV. The ion
multiplier was kept at 1.5 kV and the convension dynode at
20 kV {Ishikawa et al,, 1995; Taki et al., 1995).

RESULTS

Glycosphingolipid composition of cultured HB-
MECs and HUVECs are shown in Table L.

Ganglioside Composition in HBMECs

Figure 1 shows the ganglioside pattern of the HB-
MECs. The two major gangliosides were identified as
GM3 (NeuAc) and sialyl paragloboside (LM1; NeuAc-
nLcOse,) using authentic samples of GM3 (NeuAc) and
IM1. LM1 was identified by HPTLC-overlay method
using anti-paragloboside monoclonal antibody after neur-
aminidase treatment (see Fig. 2). Most bands observed in
polysialoganglioside regions (Fig. 1a,b; lane 4) are

neolacto-N-tetracse series gangliosides; it was impossible
to detect ganglio-N-tetraose series gangliosides using
resorcinol-sulfuric acid reagent (Kanda et al,, 1994). In
addition, this method revealed that acidic GSL fraction
contained several gangliosides containing paragloboside
core structures (lacto-N-tetraose series gangliosides;
Fig. 2). The structures of these gangliosides were con-
firmed by HPTLC/matrix-assisted SIMS (Ishikawa et al.,
1995; Taki et al., 1993) as shown in Figure 3. Negative
SIMS mass spectra of gangliosides can provide information
on their molecular weights and sugar sequences as well as
their fatty acid and long chain base compositions. The
mass spectra revealed prominent deprotonated molecules
[M - H]~, which corresponded to GSL molecular species
containing fatry acids with chain lengths ranging from
C18:0 to C24:0 and C18 sphingenine. The band comi-
grating to LM1 was ceramide (Cer) pentasaccharide that
was found to be Cer (m/e 536-m/z 648), Cer-Hex (m/z
698-m/z 810}, Cer-Hex-Hex {(m/z 860-m/z 972}, Cer-
Hex-Hex-HexNAc (m/z 1063-m/z 1175), Cer-Hex-
Hex-HexNAc-Hex (m/z 1225-m/z 1337) and Cer-Hex-
Hex-HexNAc-Hex-Neuhc {((M - H]; m/z 1517-m/z
1629) (Fig. 3a). The lower band of LMI that reacted with
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%
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Fig. 4. HPTLC-overlay method of SGPG at a nonconfluent state in HUVECs (a) and HBMEC: (¢)
and after confluency in HUVECs (b) and HBMEC: (d). Lanes 1-3: 1.6, 0.8, and 0.4 ng of standard
SGPG, respecdvely. Lane 4 in (a), acidic GSL fraction from 0.05 mg protein of HUVEGCs at
nonconfluent state; in {(b), acidic GSL fraction from 0.5 mg protein of HUVEC: after confluency; in
(¢}, addic GSL fraction from 1 mg protein of HBMECs at a nonconfluent state; and in (d), aadic GSL
fraction from 1 mg protein in HBMEC:s after confluency.
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Fig. 5. SGPG content in HUVECs (a) and HBMECs (b} at noncon-
fluent state and after confluency. n = 3. Bars denote SEM. *P <
0.0001; **P < 0.001 vs. HUVEC: at a nonconfluent state (black bar).

anti-paragloboside monoclonal antibody showed the depro-
tonated molecules (m/z 1516-m/z 1628), suggesting the
presence of positional isomer of LM1 containing NeuAc
(2—6) (data not shown), which the structure of NeuAc

(2—6)-nLcOse, was reported by several investigators
(Fukuda et al., 1985; Nojiri et al,, 1988). The band that
migrated to the middle position was Cer-heptasaccharide,
which was found to be Cer-Hex-Hex-HexNAc-Hex (m/z
1225-m/z 1337), Cer-Hex-Hex-HexNAc-Hex-HexNAc
(m/z 1428-m/z 1540), Cer-Hex-Hex-HexNAc-Hex-
HexNAc-Hex (mv/z 1590-m/z 1702), and Cer-Hex-Hex-
HexNAc-Hex-HexNAc-Hex-NeuAc (M - H]7; m/z
1881-m/z 1993) (Fig. 3b). The second band migrated from
the bottom was supposed to be Cer-nonasaccharide, but was
found to be Cer-Hex-Hex-HexNAc-Hex (m/z 1225-
m/z 1337), Cer-Hex-Hex-HexNAx-Hex-HexNAc (m/z
1428), Cer-Hex-Hex-HexINAc-Hex-HexINAc-Hex (m/z
1702), and Cer-Hex-Hex-HexNAc-Hex-HexNAc-Hex-
HexNAc-Hex-NevAc (M - H]7; m/z 2246) containing
C18:0 farty acid and sphingenine. Unfortunately, the depro-
tonated molecule at m/z 2359 containing C24:0 fatry acid
and sphingenine was not detected because it was out of scales.
The lower band reacted with anti-paragloboside monoclonal
antibody may be ceramide containing 11 saccharides because
several ions containing background ions were detected in
neat the deprotonated molecules (m/z 2612 - m/z 2724; daa
not shown), In HBMEGs, GM3 and LM1 increased signit-
icantly after confluency (P < 0.05 and P < 0.01, respec-
tively). Four ganglio-N-tetraosyl gangliosides, including
GM1, GD1a, GD1b, and GT1b, were also detected in
HUVECs and HBMECs as minor species using A. nreafadens
neurarninidase and anti-asialo GM1 antibody (Saito et al,,
1985). No appreciable difference was noted, however, in
their compositions before and after contluency.

SGPG in HBMECs and HUVECs

SGPG was found in the GSL fraction of HBMECs
and HUVECs by the HPTLC-immunostaining method
(Fig. 4}. Neither SGLPG nor band X, found previously in
human peripheral nerve (Kohriyama et al., 1987), could be
detected by this method. The latter was identified as
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Fig. 6. Immunostaining of HUVECs
before (a) and after (b) confluency using
LT serum (and-SGPG antibody). In
HBMEC:s, no appreciable immunofiuo-
rescence was detected (data not shown).
Scale bar = 100 pum.
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Fig. 7. Thin-layer chromatogram of neutral GSLs in HUVEC (a) and
HBMEC (b). Lanes 1 and 3: 1 pg cach of authentic GleCer from
human brain, LacCer, Gb3, Gb4 from porcine erythrocyte membranes
{from top to bortom). Lane 2: neutral GSL fraction from HUVECs.
Lane 4: neutral GSL fraction from HBMECs.

147

Glycolipids in Human BMECs

lysophosphatidylinositol (Suzuki et al, 2001). Figure 5
shows the quantitative difference of SGPG in HBMECs
and HUVECs, at confluent as well as at nonconfluent
culture phases. Under the nonconfluent condition, espe-
cially, when endothelial cells are in the proliferation phase
and cell-to-cell contact is not conspicuous, the SGPG
content in HUVECs was more than forty times as abun-
dant as that in HBMEGCs. After confluency, the SGPG
content in HUVECs was decreased (1/30) and no SGPG
was detected in confluent HBMECGs (Fig. 6).

Neutral GSL Composition of HBMECs

GSL structures were verified by immunostaining
with specific anti-neutral GSL antibodies on thin-layer
chromatograms. Figure 7 shows the orcinol-stained
HPTLC pattern of the neutral GSL fraction in HBMECs
and HUVEC:, indicating these endothelial cells comprise
three major neutral GSLs including LacCer, Gb3, and
Gb4. The structures of these neutral GSLs were confirmed
by HPTLC/SIMS (data not shown) and the HPTLC-GSL
overlay method using specific antibodies (Fig. 8). Negative
SIMS mass spectra of neutral GLSs showed prominent
dehydrogenated molecular ions {M - H| ™ that corre-
sponded to GSL molecular species containing fatty acids
with chain lengths ranging from C18:0 to C24:0 and C18
sphingenine. The band comigrating to LacCer showed the
fragmented tons corresponding to ceramide {Cer) (m/z
536-m/z 648), Cer-monosaccharide (m/z 698-m/z 810),
and Cer-disaccharide {{M - H] ; m/z 860-m/z 972),
resulting in Cer-Hex-Hex. The lower two bands showed
the same fragment ions corresponding to Cer, Cer-
monosaccharide, and Cer-disaccharide. In the band corni-
grating to Gb3, the terminal sugar was found to be hexose
(Hex) (m/z 162), resulting in Cer-Hex-Hex-Hex ([M -
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Fig. 8. HPTLC-overlay method with
anti-Gb3 antdbody (a) and anti-Gb4 an-
tibody (b). Lanes 1-4: 1, .5, 0.1,
0.05 pg of authentic Gb3 (a} and Gb4

H]}7; m/z 1134). The band comigrating to Gb4 was
Cer-tetrasaccharide and terminal sugar found to be
N-acetylhexosamine (HexNAc) (m/z 203), resulting in
Cer-Hex-Hex-Hex-HexNAc ((M - H]7; m/z 1225-m/z
1337). Neither HBMECs nor HUVECs contained glu-
cosyl ceramide or galactosyl ceramide, so far as HPTLC
pattern. The amount of Gb3 in HBMECs was almost as
twice that in HUVECs. No appreciable differences in
neutral GSL quantity were observed before and after con-

fluency.

DISCUSSION

It is difficult to guarantee that the cultured bmin-
derived ECs are really originated from ECs forming BBB.
Such an asumption is made usually from elongated,
fibroblast-like shape or increased resistance and limited
passage of small molecules through monolayer of these
cells, but conventional methods to isolate BMECs cannot
escape contamination of ECs other than BMECs, namely,
ECs from larger vessels lacking BBB properties. To solve
this problem, we first carried out DNA microarray analysis
to confirm expression of one of the most important
barrier-specific genes, mdr! (Cordon-Cardo et al., 1989),
in ECs used in the present study. Because we confirmed
mdrl gene expression in HBMECs and its absence in
HUVECs, the GSL content differences in HBMECs and
HUVECs may partially reflect possible differences in cel-
lular properties related to BBB function.

The most striking difference between GSL con-
tent of HBMECs and HUVECs is the amount of SGPG.
This HNK-1 epitope-bearing GSL belongs to a novel
class of acidic lipids present primarily in peripheral
nerve tissues {Chou et al., 1986; Ariga et al., 1987). In
mammalian CNS, sulfoglucuronosyl GSLs (SGGLs) in-
cluding SGPG are known to be developmentally regu-
lated, being expressed in embryonic forebrain and dis-
appearing during the postnatal period (Schwarting etal.,
1987), except in murine cerebellum (Chou and Jungal-
wala, 1988) and human optic nerve (Yoshino et al,
1993). Other than CNS parenchyma, we provided ev-
idence that SGPG is an integral compeonent of cultured
bovine BMECs and demonstrated that SGPG is the
only GSL whose concentration shows a wide fluctua-
tion depending upon culture conditions and age (Kanda
et al,, 1994). Treatment of these cells with interleukin
1B (IL-1B) induced accumulation of SGPG (Kanda et
al.,, 1995). In the present study, we found SGPG in
HBMECs was much lower than that in HUVECs, and

(b}, respectively. Lane 5: neutral GSL
ction  obtaine om confluent
5 fracti btained  fr fl
HUVEC:.

the SGPG content in both cells decreased markedly
after confluency. Such marked fluctuations in SGPG
expression, influenced by culture age, inflammatery
cytokines, and the presence or absence of contact inhi-
bition, may suggest a functional importance of this GSL
as the surface receptor of ECs forming the BBB.

These changes in expression of SGPG may be due
primarily to rapid upregulation and downregulation of
glucuronyltransferase activity, probably triggered by endo-
thelial cell-endothelial cell contact. COS-1 cells trans-
fected with glucuronyltransferase-P ¢cDNA (an enzyme
involved in the biosynthesis of the HNK-1 epitope) (Seiki
et al., 1999) and transformed into HNK-1-positive cells
lost the tendency to aggregate and remained single cells
(Kawasaki and Oka, 2001). The previous data aud our
findings indicate that the HNK-1 epitope, also known as
an adhesion molecule, inhibits homophilic contact be-
tween HNK-1 epitope-bearing cells and is expressed
mainly in single, proliferating cells. Because SGPG local-
ized on BMECs acts as ligand for L-selectin expressed on
the surface of circulating lymphocytes (Kanda et al., 1995)
and anti-SGPG antibody (LT serumn) possibly reacts with
ECs forming the blood-nerve bamer and impairs their
barrer function {Kanda et al., 1994, 1998), SGPG-rich
proliferating ECs that repair injured barrier system may
have more chance to be attacked by lymphocytes and
antibodies; thus forming a vicious circle of inflammation.

The amounts of two major acidic GSLs, GM3
(NeuAc) and LM1, was also smaller in HBMECs than in
HUVECs. Different from that of SGPG, the amount of
GM3 (NeuAc) and LM1 was increased significantly after
confluency in HBMECs. Neutral GSLs did not show any
significant changes after confluency. The physiologic
meaning of this difference is unknown; however, these
dynamic changes in amounts of acidic GSLs including
SGPG may be based on signaling systems triggered by
endothelial cell-endothelial cell contact and might influ-
ence BBB integrity. The presence of neclacto-series gan-
gliosides including NeuAc-nLcOse;, NeuAc-nLcOse,
and NeuAc-nLcOse,q in HBMECs and HUVECs (Muth-
ing et al., 1999) was confirmed using the HPTLC-overlay
method and Far-Eastern blot/mass spectrometry. These
minor species, however, did not show any difference
between HUVECs and HBMECs.

Finally, the differences in GSL content observed in
the present study and reported in previous studies are
briefly discussed. HBMECs express a composition of
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