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Aim: To have a better understanding of the expression and regulation of versican
isoforms in neural precursor cells (NPC) and oligodendrogliogenesis. Methods:
By immunocytochemistry, RT-PCR, and real-time PCR, we examined the tem-
poral expression of versican in NPC isolated from embryonic d 16 rats as well
as in oligodendrocyte (OL) lineage cells induced to differentiate from NPC,
which mimicked the oligodendrogliogenesis in vivo. Results: We found that
versican was constitutively expressed in NPC and their lineage cells, including
neurons, astrocytes, and OL. In addition, 2 versican isoforms, V1/V0 and V2,
were found to express at low levels in NPC, but at significantly higher levels in
OL lineage cells. The peak expression of versican V2 was found at the oligo-
dendrocyte precursor cell stage. Furthermore, the treatment of 2 pro-inflam-
matory cytokines, TNF-a and IFN-y, enhanced the transcription of versican V2
in NPC in a dose-dependent manner, but showed no effect on V1/VO0 expression.
Conclusion: Taken together, our results demonstrate that versican, particularly
the inhibitory V2 isoform, is increasingly expressed in OL lineage cells induced
to differentiate from NPC. An increase in versican V2 expression after cytokine
stimulation implies the interplay between the injury-induced upregulation of
inflammatory cytokines and chondroitin sulfate proteoglycan-mediated inhibi-
tion of axonal regeneration after central nervous system injury.
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core proteins, and during development, these proteoglycans

Introduction exhibit a complex pattern of expression. As the CNS deve-

In recent years, significant progress has been made to-
wards the understanding of molecular mechanisms that con-
trol the growth of neuronal processes during the develop-
ment and maturation of the central nervous system (CNS).
Special attention has been paid to the extracellular matrix
molecules (ECM), which not only form as a physical frame-
work in the CNS, but also exert profound effects on cell shape
and behavior, including cell adhesion, spreading, migration,
proliferation, and differentiation”l. In the brain, chondroitin
sulfate proteoglycans (CSPG) are prominent components of
the ECM and are assumed to play a particularly important role
in controlling neuronal differentiation and development!®?,
The mammalian brain contains many different types of CSPG
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lops from early gestation into late postnatal ages, the amount
of CSPG steadily increases and reaches adult levels several
weeks after birth!,

Versican is one of the major extracellular proteoglycans in
the developing and adult brains. It was originally isolated
from human fibroblasts and developing chicken limb buds®®!
and was also detected in normal human CNS and brain tu-
morst. In the rat CNS, it was highly expressed in white
matter tracts and closely linked to myelination®. The highly
interactive nature of versican provides a basis for its impor-
tance as a structural molecule to create loose and hydrated
matrices during the key events in development and disease.
By interacting either directly with cells or indirectly with
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molecules that associate with cells, it regulates cell survival,
proliferation, adhesion, migration, and differentiation, as well
as ECM assembly and cell phenotype!®* ™.

Structurally, versican is made up of an N-terminal G1
domain, a chondroitin sulfate (CS) attachment region, and a
C-terminal G3 domain. The latter contains 2 epidermal growth
factor (EGF)-like repeats, a lectin-like motif, and a comple-
ment binding protein-like motift*!l. The CS sequence can be
divided into 2 alternatively spliced domains, termed CSca.and
CSpB. The alternative splicing of the versican gene generates
4 isoforms that are expressed in distinct spatiotemporal pat-
terns®®! namely VO, V1, V2, and V3*!, V0 contains both
CSa and CSB; V1 and V2 possess only CSB and CSa,
respectively; and V3 contains neither CSo. nor CSP. Versican
is known to associate with a number of other molecules in
the ECM, including hyaluronan, tenascin, fibulin-1, fibrillin,
fibronectin, CD44, selectins, and the link protein™-2, Stud-
ies of brain development and maturation have shown that
versican VV1/VV0 and V2 exhibit complementary expression
patterns in the CNS#. Although versican V1/V0 isoforms
are mainly expressed in the late stages of embryonic
development, they frequently associate with little adhesive,
fast-proliferating tissues that display a high ECM turnover
rate®, Versican V2, on the other hand, is mainly expressed
in adults and becomes a major CSPG in the mature brainf,
The different expression patterns of versican isoforms sug-
gest that they may play distinct roles in neuronal differentia-
tion and neurite outgrowth. \ersican V2 inhibits neural differ-
entiation and neurite growth®, whereas versican V1 induces
neural differentiation and promotes neurite outgrowthl,
These distinct functions of versican isoforms may be a re-
sult of the different CS domains they possess.

Remodeling of the ECM occurs continuously as a part of
physiological processes, such as development, growth, and
aging. It also occurs in pathological processes, such as
traumatic and inflammatory lesions. The variation in the
relative composition of different proteoglycans thus influ-
ences the organization and thereby the properties of the
matrix. Factors involved in the regulation of ECM remodel-
ing include cytokines, such as transforming growth factor-f3
(TGF-B), which are known to be potent regulators in the in-
flammatory process. Other cytokines, such as pro-inflam-
matory cytokines interleukin-1p (IL-1B) and TNF-o may also
play important roles. They can alter the synthesis of ECM
molecules and have varying effects depending on the type
of cells involved. It has been well known that after injury to
the adult CNS, numerous cytokines and growth factors are
released that contribute to reactive gliosis and ECM produc-
tion and therefore limit the capacity for axon regeneration.
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Previous reports also revealed that versican was upregulated
in the injured CNS and presented in the environment in which
axon regeneration failed®”. However, little is known con-
cerning the effect of injury or pro-inflammatory cytokines on
the expression of versican isoforms.

In the present study, we examined in vitro the temporal
expressional profiles of versican in neural precursor cells
(NPC) and their linage cells, especially the oligodendrocyte
(OL) lineage cells. We compared the expressional patterns
of versican isoforms V1/V0 and V2 at different developmen-
tal stages from NPC to mature oligodendrocytes. We exam-
ined the effects of 2 pro-inflammatory cytokines, TNF-a and
IFN-v, on the expression of versican isoforms in NPC in vitro.
The objective of this study was to determine the expression
and regulation of versican isoforms in oligodendro-
gliogenesis and the pathological environment.

Materials and methods

Cell culture The isolation and cultivation of NPC de-
rived from embryonic rat neural precursor cells were pre-
pared according to the method described by Hu et al'®.
Briefly, NPC were isolated from the embryonic spinal cords
(SC) of E16 Wistar rats. After removing the amnion and dura,
the SC were dissected in sterile dishes containing ice-cold
Leibovitz’s L-15 medium (Invitrogen, Grand Island, NY,
USA), dissociated by gentle mechanical pipetting through
fire-polished Pasteur pipettes to achieve single-cell suspen-
sions, then filtered through a 70 um nylon mesh. The disso-
ciated viable cells were then seeded into a T25 Corning tissue
culture flask (Corning, Corning, NY, USA) containing growth
medium, at a density of 1x10° cells/mL, then incubated in a
humidified atmosphere containing 5% CO, at 37 °C. The cul-
ture medium for NPC was composed of 1xDulbecco’s modi-
fied Eagle’s medium/F12 (Invitrogen, USA), 1xN2
(Invitrogen, USA), 1% B27 (Invitrogen, USA), 0.06% glucose,
2 mmol/L glutamine (Invitrogen, USA), 1.34 mmol/L sodium
bicarbonate, 0.5 mmol/L HEPES (N-2-hydroxyethylpipera-
zine-N"-2-ethane sulfonic acid), 2 ug/mL heparin, freshly
added 20 ng/mL EGF (all from Sigma, St Louis, MO, USA),
and 20 ng/mL Basic fibroblast growth factor (bFGF,
Invitrogen, USA). After incubation for 3 or 4 d, the cells
developed into visible neurospheres of 50-200 cells/sphere
and then were mechanically pipetted into single cells for
passage. The NPC of passage 2 were collected for RNA
extraction or immunocytochemistry (ICC).

For cytokine stimulation, the dissociated NPC of pas-
sage 2 were incubated with different concentrations of
recombinant rat IFN-y or TNF-a or a combination (both from
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PeproTech EC, London, UK) in NPC culture medium, 8 h
after seeding. The control groups were grown under identi-
cal conditions except for the cytokines. Forty eight hours
later, the cells of both groups were harvested for RNA
extraction.

To induce the differentiation of NPC, the dissociated cells
in the single-cell suspension were seeded onto poly-L-
lysine (200 ug/mL, Sigma, USA) coated coverslips in 35
mm dishes at a density of 5x10* cells/coverslip. Then the
growth factors were removed and 1% fetal bovine serum
(FBS, Invitrogen, USA) was added. The cultures were
allowed to differentiate for 5-7 d in vitro before being fixed
for immunostaining.

All embryonic rats were obtained from female pregnant
Wistar rats bred in the Animal Care Facility at Shanghai
Jiaotong University School of Medicine (Shanghai, China).
All animal care was performed in accordance with the Na-
tional Institute of Health’s Guide for the Care and Use of
Laboratory Animals.

Inductionand passage of oligodendrocyte precursor cells
The induction of oligodendrocyte precursor cells (OPC) from
NPC was performed as previously described*! with
modifications. Briefly, freshly dissociated NPC from SC were
seeded at 1x10° cells/mL in NPC medium supplemented with
10 ng/mL bFGF and EGF for 1 or 2 d to develop small
neurospheres and then gradually replaced with fresh OPC
medium every other day 3 times. The OPC medium com-
prised of NPC medium (except bFGF/EGF) with the addition
of 0.1% bovine serum albumin (Amresco, Solon, OH, USA),
10 ng/mL biotin (Sigma, USA), 10 ng/mL recombinant rat
platelet-derived growth factor (PDGF-AA, R&D, Minnea-
polis, MN, USA), and 15 ng/mL bFGF (Invitrogen, USA).
During the induction process, the cells bearing the charac-
teristic morphology of OPC migrated from the neurospheres
and attached to the bottom of the flask. After removal of the
necrotic spheres and fragmented cells, the OPC were cul-
tured for an additional 57 d until visible oligospheres of 50—
200 cells/sphere were formed.

For OPC passage, cultures were incubated with 1.2 mL
accutase solution (Innovative Cell Technologies, San Diego,
CA, USA) for 12 min at 37 °C. After the OPC/oligospheres
detached entirely from the bottom of the flask, the cell sus-
pension was harvested, gently triturated using a fire-pol-
ished Pasteur pipette to dissociate spheres, and then centri-
fuged at 134xg for 8 min at 20 °C. The dissociated cells
were resuspended and reseeded into a T25 flask containing
fresh OPC medium at a density of 1x10° cells/mL. After
7-10 d, new oligospheres formed, which were passaged
again. The OPC of passage 2 were harvested for later experi-

ments, such as the identification of OPC purity, RNA extract,
ICC, or induction of OPC differentiation. To examine the
purity of OPC, the cells were plated onto poly-L-lysine (200
pug/mL, Sigma, USA) coated coverslips in 35 mm dishes and
cultured in fresh OPC medium for 3 d, then fixed for
immunostaining.

Differentiation of OPC To induce OPC differentia-
tion in vitro, the dissociated OPC of passage 2 were seeded
into a poly-L-lysine (100 pg/mL, Sigma, USA) coated T25
flask or coverslips at a density of 2x10° cells/mL or 5x10*
cells/coverslip, respectively. The growth medium consisted
of OPC medium without PDGF-AA/bFGF, but with 1% FBS
(Invitrogen, USA) and 30 umol/L thyroid hormone (tri-
iodothyronine [T3], Sigma, USA). The OPC were allowed to
differentiate for 4 d (4DIV) or 14 d (14DI1V) in vitro and then
collected for RNA extraction or ICC analyses. Antibodies
against A2B5, O4, 01, and myelin basic protein (MBP),
respectively, were used to identify OPC and oligodendro-
cyte lineage cells at different developmental stages.

ICC Immunofluorescence double-labeling was used for
the colocalization of versican and cell-specific markers. For
NPC, floating spheres were fixed in 4% paraformaldehyde
(PFA) overnight, washed in 0.01 mol/L phosphate-buffered
saline (PBS; pH 7.4), cryoprotected in PBS containing 30%
sucrose, embedded in Optimal Cutting Temperature (O.C.T)
Compound (Sakura FineTec, Torrance, CA, USA), and sec-
tioned with a cryostat. The cell cultures on poly-L-lysine
coated coverslips were fixed with 4% PFA for 10 min at room
temperature (RT), washed, and stored in 0.01 mol/L PBS (pH
7.4). The sections of neurospheres or cell cultures were
blocked in 10% goat serum in PBS (for cell surface staining)
or 0.3% Triton X-100-containing 10% goat serum in PBS (for
intracellular staining) for 1 h at RT and incubated with the
following primary antibodies overnight at 4 °C: rabbit
antiversican antibody (1:400, a kind gift from Prof Yi-ping
ZHANG, University of California, Irvine, CA, USA); the
monoclonal mouse antibodies against nestin (1:800, BD
Pharmingen, San Jose, CA, USA) for NPC, BllI-tubulin
(1:800, Sigma, USA) for the neurons, glial fibrillary acidic
protein (GFAP, 1:200, Sigma, USA) for the astrocytes, or Rip
(1:25, a gift from Dr Scott R WHITTEMORE, University of
Louisville, Louisville, KY, USA) for the oligodendrocytes;
the monoclonal mouse antibodies Immunoglobulin M (IgM)
against A2B5 (1:200), 04 (1:800), O1 (1:800, all from R&D,
USA), and the monoclonal mouse antibodies against MBP
(1:40, Oncogene Corp, Seattle, WS, USA) for identifying OPC
and/or OL. After washing with PBS, the sections and cell
cultures were incubated for 60 min at 37 °C with the appropri-
ate secondary antibodies: fluoresceinisothiocyanate (FITC)-
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conjugated goat antirabbit Immunoglobulin G (1gG, 1:80,
Sigma, USA) for versican, rhodamine-conjugated goat
antimouse IgM (1:200, Santa Cruz Biotechnology, Santa Cruz,
CA, USA) for A2B5, O4 and O1, and rhodamine-conjugated
goat antimouse IgG (1:100, Sigma, USA) for the others. The
slides or coverslips were rinsed and mounted with Gel/Mount
aqueous mounting media containing Hoechst 33342 (1
ug/mL, Sigma, USA), a fluorescent nuclear dye. The images
were acquired using an Olympus BX60 microscope (Olympus,
Tokyo, Japan) equipped with a digital camera and SPOT 4.0.1
(G) software (Diagnostic instruments, Sterling Heights, M,
USA). In all the experiments, primary antibody omission
controls were used to confirm the specificity of ICC. The
double-immunostaining of CD4 (the specific marker for Th
lymphocyte) and versican for the sections of lymphnodes
were also applied to confirm the specificity of the antiversican
antibody. For NPC and OPC counting, at least 5 randomly-
selected fields with more than 200 cells were counted, and
more than 300 cells for each individual was counted for the
others.

RNA extraction and single-stranded cDNA synthe-
sis Total cellular RNA was extracted using TRI reagent
(Molecular Research Center, Cincinnati, OH, USA) accord-
ing to the manufacturer’s instructions. Residual DNA con-
tamination was eliminated by DNase | (Promega, Madison,
WI, USA) treatment (5 U DNase | for 45 min at 37 °C). The
integrity of the RNA samples was checked by the density
ratio of 28S against 185 RNA in 1.0% agarose gel electro-
phoresis. The concentration and purity of RNA was deter-
mined by repeated spectrophotometric measurements at 260
and 280 nm. 1 ug RNA was subjected to synthesize single-
strand cDNA with the reverse transcription system from
Promega (USA). The 20 uL reaction mixture contained 15 U
AMV reverse transcriptase, 10 U recombinant RNasin® ribo-
nuclease inhibitor, 5 mmol/L MgCl,, 1xreverse transcription
buffer, 0.5 pug random primer, and 1.0 mmol/L dNTP mixture.
After denaturation at 70 °C for 10 min, the reaction mixture
was incubated at 42 °C for 50 min followed by heat inactiva-
tion of the enzyme at 95 °C for 5 min, then cooled on ice for 5
min and stored at -20°C.

Semiquantitative PCR Initial dilution and the cycle
series experiments were carried out to determine the linear
exponential amplification phase and select the appropriate
quantity of input cDNA and cycle numbers in PCR. The
housekeeping gene B-actin was used as the internal control.
The primer sequences were as follow: VV1/\O: forward 5'-GAT
GTAACAACCACT CCG TCAG-3', reverse 5-CGC AAC
ACT TTC ATA CAG GC-3'; V2: forward 5-TCAAAG CCT
CCT GTAATG C-3, reverse 5-CCG ACAAGG GTT AGA
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GTGA-3'; and B-actin: forward 5 -ATT GTAACCAACTGG
GAC G-3', reverse 5-TTG CCGATAGTGATG ACC T-3.

The 25 uL PCR reaction contained 1.5 U Taq DNA poly-
merase (Promega, USA), 1xPCR buffer, 1.0 uL cDNA,
1.5 mmol/L MgCl,, 0.2 mmol/L dNTP mix, 0.4 umol/L primers
for V1/VV0 and V2, and 0.06 umol/L primers for 3-actin. The
reactions were incubated for 5 min at 94 °C, followed by 25
cycles of denaturation (30 s at 94 °C), annealing (30 s at
57 °C), elongation (30 s at 72 °C), and final extension (10
min at 72 °C). Then 10 uL of PCR products was separated on
1.5% agarose gels with 0.1% ethidium bromide and photo-
graphed under UV illumination. The ratio value of the signal
intensity of the tested genes versus B-actin was quantified
with the National Institute of Health Image.

Real-time PCR Real-time PCR was carried out on an
ABI7900 PCR detection system (Applied Biosystems, Fos-
ter City, CA, USA) using the SYBR Green PCR Master Mix
(Applied Biosystems, USA). To normalize the gene expres-
sion, an endogenous reference HPRT (hypoxanthine gua-
nine phosphoribosyl transferase, housekeeping gene) was
performed for parallel amplification. The primer sequences
were: V1/V0: The same as those in semiquantitative RT-PCR
above; V2: forward 5-TCAAAG CCT CCT GTAATG C-3,
reverse 5-ATAGCA GGT GCC TCC AT-3'; and HPRT: forward
5-CTCATG GACTGATTATGGACAGGAC-3', reverse 5-
GCAGGTCAGCAAAGAACTTATAGCC-3.

Each PCR reaction (total volume of 10 uL) contained 1.0
pL cDNA, 5.0 pL of 2xSYBR Green PCR Master Mix, and 0.4
umol/L of each primer. The reaction solutions were incu-
bated at 50 °C for 2 min, then at 95 °C for 10 min, followed by
40 cycles of denaturation at 95 °C for 15 s, and annealing at
60 °C for 1 min. The PCR cycle number at which the fluores-
cent crosses a threshold (CT value) could be related to the
amount of initial templates. The relative expression level of
target mRNA was calculated by the normalized expression of
the target gene with respect to the HPRT gene. The differ-
ence of target gene expression between the treatment group
and the control group was computed with the equation:
Folds=2"*T, where AACT is the difference between the ACT
of the treatment group and the ACT of the control, ACT is
the difference between the CT of the target gene and the CT
of the HPRT within the same sample.

Statistical analysis Data were presented as mean+SEM
values. Statistical analysis was performed by SPSS 10.0
(SPSS, Chicago, IL, USA), and one-way ANOVA with post-
hoc Tukey LSD (Least Significant Difference) test was used
to determine statistical significance. A P-value of less than
0.05 was considered statistically significant.
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Results

Expression of versican in NPC and their lineages After
the dissociated NPC were plated in N2/B27 growth medium
supplemented with EGF and bFGF, most of them proliferated
rapidly to form floating neurospheres. Immunostaining of
the sectioned neurospheres indicated that nearly all the cells
within the spheres expressed the intermediate filament pro-

Nestin Merge

3 1-tubulin

M

Versican

Figure 1. Colocalization of versican (left column) and cell specific
markers (middle column) in NPC and their lineages isolated from the
embryonic rat spinal cord. (A-C) NPC at passage 2 show that versican
(A) was colocalized with nestin (B), a marker for NPC, which was
revealed in the merge (C). (D-L) when cultured in medium contain-
ing no growth factors, but 1% FBS for 5 d, NPC differentiated into 3
different neural lineage cells, including astrocytes (GFAP* [E]), neu-
rons (Bl11-tubulin® [H]), and oligodendrocytes (Rip* [K]). Note that
versican was expressed in type-1 (with flat shape and rich cytoplasm,
indicated by arrow) and type-11 (with stellate cell body and long
processes, indicated by arrow head) astrocytes (D-F), neurons (G-1),
and oligodendrocytes (J-L). In the merged images (right column),
arrows indicate colocalization of versican and each cell specific
marker. (A-L) all cell specific markers were labeled in red and
versican in green. (M-0) negative controls with primary antibody
omission; (P-R) CD4" lymphocyte (green) did not express versican
(red), which verified the specificity of the antiversican antibody.
Scale bars: (A-C) 200 um; (D-R) 50 um.

tein (nestin), a marker for NPC (FigurelB). After withdrawal
of EGF and bFGF and the addition of 1% FBS, the NPC be-
gan to differentiate into a mixture of GFAP" astrocytes
(FigurelE), BllI-tubulin® neurons (FigurelH), and Rip* oli-
godendrocytes (FigurelK).

The double-immunofluorescence staining showed that
versican was expressed in nestin® NPC (FigurelC), GFAP*
astrocytes (FigurelF), BlI1-tubulin® neurons (Figurell), and
Rip* oligodendrocytes (Figurell). As the cells tested were
fixed and permeabilized before the ICC assay, the staining
should be the result of intracellular immunoreactivity. In the
differentiated cells, the versican staining was observed in
both the cell bodies and their processes. However, we could
not observe the staining of versican in CD4" lymphocytes in
the lymph node, which had been reported to not express
versican, and this negative staining result verified the speci-
ficity of the antiversican antibody used (FigurelP-1R). To
exclude the possible influence on the expression of versican
in NPC and their lineages due to differentiation in vitro, the
neurons isolated from E18 rat embryonic cerebral cortex and
astrocytes, mainly type-1 astrocytes obtained from newborn
rats, were also tested for versican expression by ICC. The
results showed that both cell types differentiated in vivo
expressed versican (data not shown). We also observed the
location of versican in the spinal cord in vivo by double-
immunostaining (neural cell specific markers and versican)
of the spinal cord sections and obtained the same results as
that from the cell cultures in vitro (data not shown).

Expression of versican on oligodendrocyte lineage cells
A previous report revealed that versican was mainly a prod-
uct of oligodendrocyte lineage cells®®. To study the expres-
sional profile of versican at different developmental stages
of oligodendrocytes, an in vitro model was established,
which could mimic the environment of oligodendroglio-
genesis in vivo and generate A2B5" OPC, O4* pre-oligo-
dendrocytes, O1*immature oligodendrocytes, and MBP*
mature oligodendrocytes over time.

The OPC generated from NPC in this study displayed
bipolar and tripolar morphology (Figure 2A-2C) and most of
them (97.33%z3.06%, n=3) were positive for A2B5 (Figure
2B), a marker of OPC, indicating that the NPC-induced OPC
were highly purified. Immunofluorescent double-staining
showed that versican was expressed on the surface of soma
and processes of OPC (Figure 2A) colocalizated with A2B5
(Figure 2C).

When OPC were cultured in differentiation medium with
1% FBS and T3, they progressively extended more processes
and expressed more mature markers, such as O4, O1, and
MBP, while A2B5 decreased quickly. Double-immunofluo-
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rescence staining showed that versican was expressed in
O4" pre-oligodendrocytes (Figure 2D-2F), O1"immature oli-
godendrocytes (Figure 2G-21), and MBP* mature oligoden-
drocytes (Figure 2J-2L). Versican was expressed on both
soma and processes of these cells. As the staining was
carried out on the fixed and unpermeabilized cells, it indi-
cated that the epitopes of versican were localized on the
extracellular surface of the glial membrane.

Versican Merge

Versican

"

Figure 2. Expression of versican on oligodendrocyte lineage cells.
(A-C) OPC of passage 2 grown in OPC medium with PDGF-AA and
bFGF, showed bipolar or tripolar processes, a typical characteristic
of OPC, and most of them expressed A2B5 on their surfaces. (D-L)
representative images of OPC differentiation in vitro when the cul-
ture medium changed into differentiation medium with 1% FBS and
T3 and the absence of growth factors, (D-F) for OL 4DIV and (G-L)
for OL 14DIV. During differentiation, these cells extended more
processes and expressed more mature markers. Double immunolabeling
showed that versican could be detected on the bipolar or tripolar A2B5*
OPC (A-C), multipolar O4* pre-oligodendrocytes (D-F), highly branched
O1*-immature oligodendrocytes (G-I), and MBP*-mature oligodendrocytes
(J-L). In these cells, versican immunoreactivity was distributed on the cell
bodies and processes. All cell nuclei in the merged image were labeled
with Hoechst 33342 (blue). All cell-specific markers were labeled in red,
and versican in green. Scale bar: (A-L) 50 pm.

Expression patterns of versican isoforms on NPC and
oligodendrocyte lineage cells As we were unable to obtain
antibodies to distinguish V1 from V2, semiquanti-tative RT-
PCR was performed to examine the transcription levels of
versican V1/V0 and V2 in NPC and oligodendrocyte lineage
cells, that is, OPC, OL (4DIV), and OL (14DIV). The charac-
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teristics of OL at these selected differentiated stages were
identified by immunofluorescence based on their differen-
tiation markers (Figure 3). The results showed that O4" cells
increased from 11.95%z2.88% at OPC to 43.34%=5.48% at
OL (14DI1V). O1" and MBP" cells could hardly be detected at
OPC, but along the OPC maturation, O1* and MBP" cells
increased from 37.19%=+1.68% and 11.43%%2.70% at OL
(4DIV) 10 65.26%+3.25% and 25.76%+1.31%at OL (14DI1V),
respectively, while A2B5" cells dropped greatly from
97.33%:3.06% at OPC, t0 20.99%:+3.50% at OL (14 DIV).

120 e

Dams@os Om [ mep
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&0
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Positive cells (V)
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OPCs

OLs 4DTV OLs 14DTV

Figure 3. Bar graph shows the expression of 4 differentiation mark-
ers of oligodendrocytes at 3 selected time points. During
differentiation, the expression of A2B5 decreased, while more ma-
ture markers (04, O1, and MBP) increased gradually. Data repre-
sented mean+SEM obtained from 3 independent experiments (n=3).

Consistent with the results of immunostaining for versican
expression, the RT-PCR result revealed that the mRNA of V1/
VO and V2 were present in NPC as well as oligodendrocyte
lineage cells, but the expression patterns of 2 isoforms at
different development stages were different (Figure 4). The
statistical analysis showed that the expression of V1/VO0 in
NPC was the lowest (P<0.01) among all analyzed cells. It
increased dramatically in OPC (1.42-fold) and was maintained
at high levelsin OL at 4 and 14DIV (Figure 4C). However, the
expression pattern of V2 was somewhat different from that
of V1/VO. The mRNA level of V2 in NPC was very low, peaked
in OPC (2.13 fold vs NPC, P<0.01), slightly decreased in OL at
4DIV, and markedly decreased in OL at 14DIV. The expres-
sion of V2 in OL at 14DIV was significantly lower than that in
OPC (P<0.01) and OL at 4DIV (P<0.05), and showed no sig-
nificant difference with that in NPC (Figure 4D).

Regulation of versican expression in NPC by pro-
inflammatory cytokines A previous report demonstrated
that TNF receptor | and IFN-y receptor were expressed on
the NPCP making it possible to study the effect of TNF-a.
and IFN-y on NPC. To determine whether the expression
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Figure 4. Quantification of the expression of versican isoforms in NPC and oligodendrocyte lineage cells at different developmental stages
in vitro by RT-PCR. (A) agarose gel electrophoresis analysis showed the PCR products of V1/V0, V2, and B-actin, a housekeeping gene, served as an
internal reference. Lanes 1-4 represent NPC, OPC, OL 4DIV, and OL 14DIV, respectively; lane 5 was a negative control with no RNA in the reverse
transcription reaction. The resultant size of each amplicon was as follows: VV1/V0, 114 bp; V2, 300 bp; and B-actin, 533 bp. M, DNA size marker. (B) agarose
gel analysis showed the PCR products of V1/V0, V2, and B-actin in the samples without performing reverse transcription reaction, which were the negative
controls to avoid genomic DNA contamination. (C-D) bar graphs show the expression patterns of different versican isoforms in NPC and oligodendrocyte
lineage cells at 3 different developmental stages; (C) for V1/V0 (P<0.01 vs NPC group) and (D) for V2. The 2 versican isoforms were expressed at low levels
in NPC, but once NPC were differentiated into oligodendrocyte lineage cells, the expression of both isoforms increased significantly, and inhibitory
versican V2 was expressed at its highest at the OPC stage. Values represent mean+SEM obtained from 5 independent experiments. n=5. "P<0.05, *P<

0.01 between two groups.

patterns of versican isoforms could be regulated by these 2
pro-inflammatory cytokines, NPC were treated for 48 h with
different doses of TNF-a, IFN-y, or both, and collected for
relative quantitative real-time PCR. The melting curve analy-
sis (Figure 5A) and the agarose gel electrophoresis analysis
(Figure 5B) for V1, V2, and HPRT confirmed the specificity of
these amplified products.

The results revealed that the 2 pro-inflammatory cyto-
kines, used separately or in combination, did not affect the
expression of V1/V0, but obviously affected the V2 mRNA
expression in NPC in a dose-dependent manner (Figure 5C—
5E). The 80 U/mL TNF-a could significantly increased
the level of V2 mRNA by 3.2-fold over the untreated con-
trol (P<0.01), but low-dose TNF-a. had no obvious effects
(Figure 5C). Similarly, treatment with 30, 70, and 100 U/mL
IFN-y, could upregulate V2 mRNA levels by 1.8- (P>0.05),
4.1- (P<0.01), and 2.9-fold (P<0.01), respectively (Figure 5D).
A combination of the 2 cytokines exhibited an additive effect

and the level of V2 mMRNA was increased by 3.3-fold (P<0.01)
compared to 1.5-fold (P>0.05) with TNF-a. or 2.5-fold (P<0.01)
with IFN-yalone (Figure 5E).

Discussion

Versican expression in NPC and their lineages Versican
is a large chondroitin sulfate proteoglycan identified as one
of the major extracellular molecules in the brain and belongs
to the family of lecticans®*. Previous reports showed that
versican was selectively expressed in embryonic tissues that
act as barriers to neural crest cell migration and axon out-
growth?*1 In this study, we showed that versican was
expressed in NPC isolated from the embryonic rat spinal cord,
detected by both immunofluorescence double-staining and
RT-PCR. The expression of versican in NPC may be
related to the highly precise and coordinated migration of
neural crest cells during the early phase of embryonic
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Figure 5. Effects of pro-inflammatory cytokines on the expression patterns of versican isoforms in cultured NPC measured by real-time
PCR. Dissociated NPC of passage 2 were incubated with different concentrations of recombinant rat TNF-a, IFN-y, or both in NPC culture
medium with EGF and bFGF. The control groups were grown under identical conditions without cytokines. Forty eight hours later, the cells
were collected for detection. (A) melting curve analysis was used to verify that the SYBR green dye detected the versican V1/V0-specific PCR
product as a single peak at 82.5 °C, V2 as a single peak at 80.2 °C, and HPRT, a housekeeping gene, as an internal control, with a single peak
at 81 °C. (B) agarose gel electrophoresis analysis demonstrated that the peaks (A) corresponded to single band of the size predicted: 114, 204,
and 123 hp, respectively. Results were normalized using HPRT transcription levels. Change of the expression levels was estimated by real time PCR based
on 24T relative quantitative method. Statistic results (C-E) showed that TNF-a. and IFN-y could upregulate the transcription of inhibitory versican V2 in
NPC in a dose-dependent manner within a certain dose range, but had no effect on V1/V0 expression. Values represent the mean+SEM obtained from 3

independent experiments in duplex. n=6. °P<0.01 vs control.

development.

Our ICC results also showed that versican was widely
located in cells differentiated from NPC, including neurons,
astrocytes, and oligodendrocytes. To strengthen these
results, we employed RT-PCR to verify the expression of
versican in neurons isolated from the E18 rat embryonic
cerebral cortex and cultured in vitro for 7 d. The results of
the RT-PCR completely coincided with the immunostaining
results showing that both V1/V0 and V2 mRNA were
expressed in neurons.

It has long been believed that versican is a glial product
based on its distribution in the normal and injured CNS. High
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levels of versican were found in white matter tracts and it
was also readily detectable in the spinal cord gray matter,
but very little in the cerebral cortex®. Our finding that
versican was also expressed in neurons has added a new
dimension to previous findings and raised an intriguing
question as to what possible physiological role versican
may play in neurons during development or after injury.
Further, we also questioned whether the expression of
versican in neurons contributes to the formation of peri-
neuronal nets (PNN). PNN, a specialized form of extracellu-
lar matrix around the cell body and dendrites of many classes
of neurons in the adult CNS, are composed of several
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molecules including CSPG, hyaluronan, tenascin-R, and link
protein™®!., Some CSPG, such as aggrecan and versican, mem-
bers of the lectican family, are associated with PNN. These
molecules playa role in restricting the plastic capabilities of
adult neurons®™!and act as a protection for neurons against
oxidative stress. However, until now, the cellular sources of
PNN components remain unclear. In this work, we described
the expression of versican in neurons and glial cells by ICC
and/or RT-PCR, and the results suggested that both neurons
and glial cells might participate in synthesizing PNN
components. The neuronal expression of versican may indi-
cate that this molecule may play a role in maintaining synaptic
stability and preventing plasticity in the mature CNS. On the
other hand, the wide distribution of versican in neurons and
glial cells suggests that versican may be critical in the interac-
tion between matrices and these cells.

Versican expression in oligodendrocyte lineage
cells Previous in vitro studies revealed that versican was
mainly a product of oligodendrocyte lineage cells®. In
this study, based on high purity OPC generated from rat
embryonic NPC, an in vitro model which could mimic the
environment of oligodendrogliogenesis in vivo was
established. Therefore, we could conveniently obtain oli-
godendrocyte lineage cells at different developmental
stages in vitro to elucidate the expression pattern of versican
isoforms during oligodendrogliogenesis. The ICC results
showed that versican was not only expressed in bipolar or
tripolar A2B5" OPC, but also on the soma and processes
of multipolar 04" pre-oligodendrocytes, more branched
O1*-immature oligodendrocytes, and even more differen-
tiated MBP*-myelin-forming oligodendrocytes. These re-
sults were mostly in accordance with previous reports’
except the expression of versican on MBP* oligoden-
drocytes. However, other investigators had detected the
expression of versican in MBP* oligodendrocytes by in situ
hybridization in vivol®®l. We supposed that the difference
in the methods used for OPC induction might have brought
up the discrepancy with the reports.

Previous studies showed that different isoforms of
versican exhibited distinct and complementary expression
patterns in the developing CNS#. Versican V2 was present
at relatively low levels during the late embryonic stage and
further decreased by approximately 50% between 1 and 2
weeks’ postnatal, then increased steadily to reach a maxi-
mum at 100 d, 7-fold more that at 10 d postnatal®™, whereas
versican V1/V0 was mainly expressed in the late stages of
embryonic development™, and its level doubled between
E14 and birth, after which VV1/V0 decreased by 90% to reach
a low “mature” level that remained stable throughout adult-

hood™. These observations and clear-cut changes sug-
gest that versican V1/VV0 and V2 play different roles during
neurogenesis and homeostasis of the mature brain.

In this study, we examined the expression patterns of
different versican isoforms in the different developmental
stages of oligodendrocyte lineage cells. Our RT-PCR re-
sults showed that embryonic spinal cord-derived NPC ex-
pressed both versican V1/V0 and V2, but at relatively low
levels. Once they differentiated into oligodendrocyte lin-
eage cells, the expression of both isoforms increased
significantly. However, the expression patterns of V1/V0
and V2 were different during the course of OL differentiation.
From OPC to early (4DIV) and late OL (14D1V), the expres-
sion of versican VV1/V0 did not change significantly, whereas
that of versican V2 decreased markedly in OL at 14DIV com-
pared with OPC or OL at 4DIV. Notably, these expression
patterns of versican isoforms in oligodendrogliogenesis in
vitro are different from those in the developing brain as men-
tioned above®. As the in vivo study reflected, there was a
complete change of versican expressional profiles in the ex-
tracellular matrix and in all cell types, including neurons, OL
lineage cells, astrocytes, as well as non-neural cells, such as
meningeal cells®. This suggests that the expression pat-
terns of versican isoforms in different cells during CNS de-
velopment may be different. Further study of the expression
patterns of these isoforms in different cell types may be ben-
eficial for the understanding of the function of versican
isoforms in the developing CNS.

It has been recognized that different versican isoforms
may have distinct biological functions. For example, the
expression of versican V2 in the white matter and CNS my-
elin suggests a role of this molecule in restricting structural
plasticity and regeneration of CNS fiber tracts'®®. However,
coculture experiments showed that versican V1/V0 had no
inhibitory effect on axon extension® and instead induced
neuronal differentiation and promoted neurite outgrowth in
vitro®!, Thus, the complementary effects of V1/VO0 and V2
on neurite outgrowth imply that the dynamically balanced
expression patterns of these isoforms may provide a suit-
able extracellular environment for neurite development and
homeostasis of the mature brain.

In the development of CNS, the distribution of OPC is
consistent with their function in axonal guidance, perhaps
channeling axons and preventing them from straying into
inappropriate areas. Furthermore, OPC were present at
greater numbers during the last 2-3 d of gestation and the
first week of rat postnatal life®, which is in accordance
with their function in preventing errors and axonal straying.
Versican V2, as well as other CSPG produced by OPC, such
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as NG2, may also play a critical role during the development
of axonal pathways. From this point on, it was not surpris-
ing that putatively inhibitory isoform versican V2 was ex-
pressed at the highest level at the OPC stage. The results
presented here suggest that the surface of OPC might be
non-permissive for axon growth and repel growing axons.

However, in another observation made at our laboratory,
OPCloligodendrocytes cocultured with dorsal root ganglion
(DRG) explants showed that OPC were less inhibitory to neu-
rite outgrowth of DRG neurons than mature oligodendrocytes
(Zheng-wen MA, personal communication). Itimplied that
the high-level expression of versican V2 in OPC might not be
parallel to their inhibitory function, and the inhibition effect of
OL lineage cells may be determined by a combination of a series
of inhibitory molecules, including Nogo, OMgp, and Myelin-
associated glycoprotein (MAG), not only by versican V2.

Effect of pro-inflammatory cytokineson versican expres-
sion After injury to the adult CNS, one of the earliest re-
sponses to injury is the infiltration of macrophages and the
activation of microglia, which starts a cytokine/growth fac-
tor cascade®. Numerous growth factors and cytokines are
released that could potentially regulate the expression of
CSPG. Recently, it has been revealed that the presence of
TGF-B1 and EGF greatly increased the production of sev-
eral CSPG by astrocytes™. Moreover, it was reported that
TGF-B and IL-1p could bring about an increase in the amount
of versican in OPC and their differentiating cells, respec-
tively!?. It was also found that versican V2 expression was
upregulated in response to brain injury and was suggested
to be induced, directly or indirectly, by cytokines and growth
factors released after injury®®. In contrast, versican V1 and
VO were not detected in the damaged tissue or in the sur-
rounding region after CNS injury™®!. These results suggest
that the expression of versican isoforms, especially V2, could
be regulated by cytokines and other molecules presented in
injured CNS environments.

It was reported that NPC had a tendency to migrate to-
wards damaged regions after CNS injury in vivo*2*! which
was the first critical step in NPC engagement during
regeneration. In addition, evidence revealed that 2 other
cytokines, TNF-a and IFN-v, increased after traumatic brain
injury®4 and spinal cord injury®>#"1, Here we report that
both TNF-a and IFN-y can upregulate the transcription of
versican V2 in NPC in a dose-dependent manner within a
certain dose range, yet had no effect on V1/V0 expression.
This result was in agreement with the phenomenon that
versican was upregulated in the injured CNS and provided
some explanations that TNF-a. and IFN-y are partly respon-
sible for the different expression changes of versican
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isoforms after CNS injury. Combined with other reports®*,
it is reasonable to conclude that injury-induced changes in
cytokines might alter the expression pattern of CSPG and
several important inhibitory proteoglycans, such as versican
V2 and NG2"¥ being overexpressed, therefore, causing re-
generative failure around the lesion sites. In this case, for
NPC transplantation to repair the CNS injury, some mea-
sures need to be taken to modulate or reduce CSPG produc-
tion in the injured CNS prior to the transplantation. Treat-
ment with chondroitinase by degrading its glycosaminogly-
can components may abolish the inhibitory effect of versican
V2 and other inhibitory proteoglycans on neurite outgrowth
and promote axonal regeneration®=°,

In this study, we also found that after exposure to IFN-
v, the floating neurospheres tended to attach to the bottom
of the flask. Some cells migrated from the spheres and
showed a significant tendency of differentiation. As we
revealed in this study, once NPC differentiate into oligo-
dendrocyte lineages, versican V2 expression increases
significantly, therefore, it is possible that the increase in
versican V2 expression was an indirect consequence of the
differentiation of NPC induced by pro-inflammatory
cytokines, rather than a direct effect of cytokines on NPC.
Certainly, the cases in vivo may be more complex and the
expression changes of versican isoforms upon these
cytokines on other cell types in the CNS remain to be
determined.

It has been revealed that a high dose of pro-inflamma-
tory cytokines could inhibit NPC proliferation and increase
apoptosis®, and the change of cell vitality caused by
cytokines might have an effect on versican gene expression.
We also noted that the mRNA expression of versican V2
changed in a dose-dependent manner; within a certain dose
range, it raised steadily, but after it reached its peak, it quickly
declined. Therefore, to avoid the inhibitory effect of a high
dose of cytokines on the status or vitality of NPC, both
cytokines used in this study were restricted in medium con-
centrations and within a narrow range.

In conclusion, the present study demonstrated that
versican was constitutively expressed in neurons, astrocytes,
and oligodendrocyte lineage cells differentiated from NPC
in vitro. By means of simple and efficient methods of OPC
induction and differentiation in vitro, we compared the ex-
pression patterns of versican isoforms V1/V0 and V2 at dif-
ferent developmental stages of oligodendrocyte develop-
ment from NPC. The results showed that the 2 versican
isoforms expressed throughout the oligodendrocyte devel-
opment stages, but inhibitory versican V2 expression peaked
at the OPC stage. We also found that pro-inflammatory
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cytokines TNF-o and IFN-y could upregulate the transcrip-
tion of inhibitory versican V2 in NPC in a dose-dependent
manner within a certain dose range, but had no effect on V1/
V0 expression, which might be partly related to the forma-
tion of non-permissive surroundings for axonal regenera-
tion after CNS injuries in vivo.
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