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CD82 Blocks cMet Activation and Overcomes Hepatocyte
Growth Factor Effects on Oligodendrocyte Precursor
Differentiation
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Mechanisms that regulate oligodendrocyte (OL) precursor migration and differentiation are important in normal development and in
demyelinating/remyelinating conditions. We previously found that the tetraspanin CD82 is far more highly expressed in O4� OL precur-
sors of the adult rat brain than those of the neonatal brain. CD82 has been physically linked to cMet, the hepatocyte growth factor (HGF)
receptor, in tumor cells, and this interaction decreases downstream signaling. We show here that CD82 inhibits the HGF activation of
cMet in neonatal and adult rat OL precursors. CD82 expression is sufficient to allow precursor differentiation into mature OLs even in the
presence of HGF. In contrast, CD82 downregulation in adult O4�/CD82� cells inhibits their differentiation, decreases their accumulation
of myelin proteins, and causes a reversion to less mature stages. CD82 expression in neonatal O4�/CD82� cells also blocks Rac1 activation,
suggesting a possible regulatory effect on cytoskeletal organization and mobility. Thus, CD82 is a negative regulator of HGF/cMet during
OL development and overcomes HGF inhibitory regulation of OL precursor maturation.

Introduction
One remarkable feature of oligodendrocyte (OL) development is
that a significant number of OL precursors do not differentiate
into myelinating OLs but rather remain in an immature and
cycling state into and during adulthood. Many of them express
NG2 and PDGF receptor � (PDGFR�), whereas others are less
mature and others appear to have progressed farther along in the
lineage. This overall population is thought to provide new OLs in
later stages of myelination, during normal myelin turnover and
during remyelination subsequent to demyelinating pathologies.
What keeps these cells immature in the normal adult brain and
how they begin a differentiation program that leads to myelina-
tion are not fully understood.

Growth factor levels regulate the numbers of immature OLs in
the adult CNS. The best-known factor is PDGF, a powerful mi-
togen that is known to promote precursor proliferation both in
vitro and in vivo (Noble et al., 1988; van Heyningen et al., 2001;
Assanah et al., 2006, 2009). PDGF signaling is turned off by the
loss of PDGFR� as precursors mature and by the limiting con-
centrations of PDGF in the adult CNS. However, several obser-
vations indicate that the hepatocyte growth factor (HGF)– cMet
signaling pathway is active during OL development, keeps pre-
cursors immature, and inhibits myelination in vivo (Ohya et al.,

2007). HGF is also found in OL precursors, promotes prolifera-
tion, and keeps them immature in vitro (Yan and Rivkees, 2002).
Because HGF continues to be expressed in the adult CNS (Jung et
al., 1994; Achim et al., 1997) and cMet is expressed by both im-
mature and mature OLs (Yan and Rivkees, 2002), the mecha-
nism(s) for inhibiting this pathway must be different from those
that inhibit PDGF-driven proliferation.

In this study, we show that CD82 inhibits cMet activation
in OL precursors. We initially found CD82, which encodes a
transmembrane tetraspanin glycoprotein, to be more highly
expressed in O4� cells isolated from the adult rat white matter
than in those from neonatal forebrain (Lin et al., 2009). CD82
had not been identified previously in OLs, although it is well
known for its roles in T-cell activation (Lagaudriere-Gesbert
et al., 1998; Shibagaki et al., 1998, 1999) and metastasis (Dong
et al., 1995; Ono et al., 1999; Yang et al., 2001; Jackson et al.,
2005; Liu and Zhang, 2006; Miranti, 2009). We found that
CD82 is expressed in OL lineage cells and that its constitutive
expression in vivo promotes precursor differentiation and my-
elination, whereas its downregulation keeps precursors imma-
ture (Mela and Goldman, 2009).

Here we report that CD82 expression in neonatal O4�/CD82�

precursors inhibits cMet activation by HGF and promotes their
differentiation into later-stage OLs, even in the continued pres-
ence of HGF. In contrast, downregulation of CD82 in adult O4�/
CD82� cells inhibits their differentiation, reverts them to a less
mature stage, and decreases myelin protein levels. This reversion
appears to be more complete in the presence of HGF. CD82 also
acts as a regulator of HGF– cMet effects on Rac1 activation: CD82
overexpression in neonatal O4�/CD82� cells blocks Rac1 activa-
tion, suggesting a possible regulatory effect on cytoskeletal orga-
nization and mobility.
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Materials and Methods
Isolation of O4� cells. Sprague Dawley adult female (3 months old) and
neonatal rats (P0 –P1) were used. Neonatal forebrains (with striata, hip-
pocampi, and meninges removed) and adult subcortical white matter
were mechanically and enzymatically dissected as described previously
(Mela and Goldman, 2009). All animal experiments were performed
under the guidelines of the Columbia University Institutional Animal
Care and Use Committee. After isolation, O4� cells were cultured in
modified N2B3 (promotes differentiation) or O2A medium (promotes
growth) as described previously (Mela and Goldman, 2009).

Antibodies. The following primary antibodies were used: rabbit anti-
CD82 C-16 (1:100; Santa Cruz Biotechnology), mouse anti-cMet (1:50;
Santa Cruz Biotechnology), mouse anti-cMet (1:200; Cell Signaling
Technology), rabbit anti-phospho-cMet (1:50; Invitrogen), mouse IgMs
O4 and O1 (1:50, hybridoma supernatants; American Type Culture Col-
lection), mouse anti-GFP (1:200; Invitrogen), rabbit anti-GFAP (1:500;
Dako), mouse anti-CC1 (1:50; Calbiochem), mouse anti-MBP (1:500;
Covance), rabbit anti-PDGFR� (1:200; Cell Signaling Technology), rab-
bit anti-olig2 (1:100; Millipore), mouse anti-NG2 (1:500; kind gift from
Dr. W. Stallcup, Burnham Institute, La Jolla, CA), and mouse anti-MAG
(1:500; kind gift from Dr. M. Filbin, Hunter College, New York, NY).

Cell culture and immunofluorescence. O4� progenitors were resus-
pended in N2B3 medium and plated on poly-L-lysine-coated eight-well
glass chamber slides (Nunc) at 2000 cells per well. N2B3 medium was
changed every 2–3 d. Immunofluorescence was performed as described
previously (Mela and Goldman, 2009) after fixation in 4% paraformal-
dehyde (PFA).

Immunofluorescence on rat and human brain sections. Neonatal and
adult rat brains were obtained after transcardial perfusion with 4% PFA.
Brains were cryoprotected in 30% sucrose and stored in OCT at �80°C.
Cryosections (10 �m) were fixed in 4% PFA for 10 min at room temper-
ature, washed in PBS, blocked with 5% horse serum (Sigma) for 30 min,
and then labeled with primary antibodies overnight at 4°C. Sections were
then washed three times with PBS and incubated in Alexa Fluor-
conjugated secondary antibodies (1:1000; Invitrogen) for 1 h at room
temperature and counterstained.

Postmortem normal adult human white matter paraffin sections were
obtained by the Neuropathology Department at Columbia University
Medical Center. Sections were processed for paraffin removal through
xylene and ethanol washes, followed by antigen retrieval (boiling sections
for 15 min in 10 mM sodium citrate, pH 6.0). Sections were washed in
PBS, blocked with 5% horse serum (Sigma) for 30 min, and then labeled
with primary antibodies at 4°C for 48 h. Sections were then washed three
times with PBS, incubated in Alexa Fluor-conjugated secondary antibod-
ies (1:1000; Invitrogen) for 1 h at room temperature, and counterstained.

Microscopy and cell counting. Stained fixed cells and tissue sections
were examined and photographed using a Carl Zeiss Axiophot 200 fluo-
rescent microscope equipped with an Axiocam (Carl Zeiss) and OpenLab
imaging software (Improvision). Micrographs were merged using Adobe
Photoshop (Adobe Systems) or NIH ImageJ. Five representative 40�
(objective) fields were photographed, and cells staining positive for each
marker were manually counted.

Western blot. O4� cells were lysed using the CelLyticM Cell Lysis Re-
agent with Protease Inhibitor Cocktail (both from Sigma) or MLB buffer
(for Rho GTPase activation assay; Mg2� Lysis Wash Buffer, Millipore),
and Western blot analysis of proteins was performed as described previ-
ously (Mela and Goldman, 2009).

Retroviral production. The retroviruses that we used were described previ-
ously (Mela and Goldman, 2009). The CD82–IRES–EGFP retrovirus ex-
presses the rat CD82 cDNA inserted into a modified pQCXIX–IRES–EGFP
vector (Clontech). The modified vector pQCXIX–IRES–EGFP was used for
the production of control retrovirus. The shRNA–ZsGreen retrovirus ex-
presses the s1 (GAGCAGCTTCATTTCCGTC) CD82-specific shRNA
cloned into the pSIREN–RetroQ–ZsGreen vector (Clontech). Retroviral ali-
quots (10 �l with titer 106 colony forming units) were stored at �80°C. To
infect neonatal and adult O4� cells in vitro, we added 10 �l of retrovirus in 5
ml of N2B3 medium immediately after isolation. After 2 d, we changed the

medium and we were able to observe infected GFP� cells (70–80% of neo-
natal cells or 40–50% of adult cells).

Immunoprecipitation. Total protein extracts (prey proteins) from
acutely isolated adult white matter O4� cells were incubated with
antibody-coupled gel according to the guidelines of the Mammalian Im-
munoprecipitation Kit (Pierce). The following antibodies were used as
bait: rabbit anti-CD82 (70 �g; Santa Cruz Biotechnology), rabbit anti-c-
Met (70 �g; Santa Cruz Biotechnology), and mouse anti-GAPDH (70 �g;
EnCor) as control. The resulting eluted coimmunoprecipitation com-
plex was analyzed by Western blot with the other antibody.

Rho GTPase activation assay. The activation of Rac1, cdc42, and RhoA
was measured using pull-down assay kits (Rac1/Cdc42 and Rho Activa-
tion Assay Kits; Millipore). Acutely isolated O4� cells from the neonatal
rat forebrain were infected with retrovirus and were left in culture for 2 d.
On the day of the assay, fresh medium was added and the cells were left to
settle for 3 h. New medium with HGF (50 �g/ml; Invitrogen) was added,
and cells were lysed at 0, 5, 15, 30, and 60 min after HGF addition. Protein
extracts were prepared and analyzed according to the kit guidelines, and
samples containing active GTPases were analyzed by Western blot.

Statistical analyses. Cell culture results (process number and marker
expression) were analyzed using � 2 test analyses. cMet activation and
Rho activation assay results were analyzed using paired, two-tailed Stu-
dent’s t test. Differences were considered significant when p � 0.05.

Figure 1. cMet expression in the normal rat and human brain. Immunofluorescence in white
matter from neonatal (P0 –P1) (A), young (P7) (B), and adult (3 months old) (C) rat brain. cMet
is present in CD82� and CC1� cells in the white matter. D, Immunofluorescence in normal adult
human white matter. cMet is not present in GFAP� astrocytes. Representative 40� fields are
shown. Arrows show double-positive cells, and arrowheads show cMet� cells. Final magnifi-
cation, 250�.
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Results
cMet is expressed in O4� cells and in
adult rat and human white matter OLs
cMet mRNA and protein are present
throughout the mouse brain (Judson et
al., 2009), particularly in axons, but they
have not been localized to specific glial cell
types. We performed immunofluores-
cence in the neonatal (P1–P2), young
(P7), and adult (P90) rat brain for cMet
and CD82 as well as for markers of OL
development (CC1). cMet is found
throughout the neonatal brain in individ-
ual cells in the white matter that are CC1�

(Fig. 1A). As we showed previously (Mela
and Goldman, 2009), CD82 is not present
in the neonatal brain. In the P7 brain,
cMet colocalizes to some extent with
CD82 and CC1 (Fig. 1B). However, not all
cMet� cells were also CD82� or CC1�

(Fig. 1B). At this time, many of the cMet�/
CD82� and CC1� cells are too immature
to have either CD82 or CC1. Note that
Ohya et al. (2007) found that NG2� cells
were also cMet�. In the adult brain, cMet
is localized to cells in the white matter that
also express CC1 or CD82 (Fig. 1C), but
we also found CC1�/cMet� and CD82�/
cMet� cells, suggesting that cMet may eventually be turned off in
more mature OLs the adult brain. We also performed immuno-
fluorescence in white matter sections taken from normal adult
human brain, in which cMet appears to be present in cells that
have the morphology and distribution of OLs. There is no colo-
calization with GFAP (Fig. 1D).

To determine whether cMet is present in O4� cells, we per-
formed Western blot analysis on acutely isolated O4� cells from
neonatal rat forebrain and adult rat white matter. We found cMet
in both adult and neonatal O4� cells, whereas CD82 is present
only in the adult cells (Fig. 2A). Immunofluorescence on acutely
isolated adult O4� cells revealed that all of the O4�/CD82� cells
also express cMet (Fig. 2C). There is a small percentage (11.96%)
of adult O4�/cMet�/CD82� cells (in a total of 92 cells, 81 were
cMet�/CD82� and 11 were cMet�/CD82�). These adult O4�/
cMet�/CD82� cells may represent an earlier stage in the OL lin-
eage, before the expression of CD82.

In several cancer cell types, cMet and CD82 can associate with
each other, providing evidence for a physical link between these
two membrane proteins and a possible interaction (Takahashi et
al., 2007; Todeschini et al., 2007). Therefore, we wanted to deter-
mine whether these two molecules interact, because they are both
present in adult O4� cells. Immunoprecipitation for cMet and
subsequent Western blot analysis for CD82 revealed that cMet
and CD82 coimmunoprecipitate in acutely isolated adult O4�

cells (Fig. 2B). We used nonreducing conditions that permit iso-
lation with the least possible interference in protein structure. As
a result, we were able to isolate CD82 in both native (29 kDa) and
glycosylated (46 – 60 kDa) forms after three sequential elution
steps (Fig. 2B, E1–E3). Specificity was assayed by omitting the
cMet antibody (Fig. 2B, C1) or by using an antibody against
GAPDH (irrelevant to the cMet/CD82 interaction but present in
adult O4� cells; Fig. 2B, C2). Both controls confirmed specificity
of the assay.

Effects of HGF and CD82 on neonatal OL precursors
To define the effects of HGF and CD82 on neonatal OLs, we isolated
O4� cells from the neonatal brain and grew them in culture in the
presence or absence of HGF. To visualize cell morphology, we per-
formed immunofluorescence for �-tubulin IV, a protein of the cy-
toskeleton that is expressed in cells of the OL lineage (Terada et al.,
2005), and to assess maturity, we immunostained cultures with an-
tibodies to NG2, PDGFR�, and MBP and with the O1 monoclonal
antibody. We infected cells directly after isolation with a CD82–
IRES–EGFP or an shRNA–ZsGreen retrovirus, which constitutively
express CD82 or downregulate CD82, respectively (Mela and
Goldman, 2009). We also used a control EGFP-expressing retrovirus
(pQCXIX–IRES–EGFP). Cells were cultured in the continued pres-
ence of HGF (50 ng/ml) or without HGF for 7 d.

Control virus-infected cells showed some degree of matura-
tion in the absence of HGF: most were O1�, 10% were MBP�,
and small proportions were PDGFR�� and NG2�. In the pres-
ence of HGF, greater percentages were PDGFR�� and NG2�,
fewer were O1�, and none was MBP�. Note that, although none
of the neonatal O4� cells initially was CD82�, all of the O1� cells
in control cultures became CD82�, showing the acquisition of
the tetraspanin over the culture period.

When we infected neonatal cells with the CD82-expressing virus,
the cells became more mature. In the presence of HGF, most became
positive for O1 and MBP (100 and 53.33% of CD82–EGFP� cells,
respectively), none remained either PDGFR�� or NG2�, and the
vast majority of them had grown more than five processes (88.64%)
(Fig. 3, Table 1). In the absence of HGF, we observed the same
maturation O1� (96.67%) or MBP� (71.43%), and no cells were
either PDGFR�� or NG2�. In the presence of CD82, these cells no
longer activated cMet (Fig. 4A,B).

In contrast, shRNA virus-infected neonatal O4� cells did not
acquire O1 or MBP in the continued presence of HGF but rather
remained immature, NG2� (34.48%), or PDGFR�� (82.35%)
round cells with few (21.62%) or no (78.38%) processes. In the

Figure 2. CD82 and cMet expression in acutely isolated O4� cells. A, Western blot analysis and normalization diagram of total
protein extracts from O4� cells isolated from neonatal rat forebrain and adult rat white matter. GAPDH is used as control (N,
neonatal; A, adult). Analysis was performed three times, and a representative blot is shown. B, Total protein extracts from acutely
isolated adult O4� cells were used for immunoprecipitation (IP) for cMet and subsequent Western blot analysis (WB) for CD82
under nonreducing conditions. Glycosylated (�50 and �60 kDa) and nonglycosylated (�30 kDa) forms of CD82 are present in
the precipitate (M, protein marker bands at 75, 50, 37, and 25 kDa; E1–E3, sequential elutions of the precipitate; C1, control
quenched gel slurry–activated gel with no bait antibody; C2, control activated gel with GAPDH antibody). Analysis was performed
three times, and a representative blot is shown. The glycosylated and nonglycosylated forms are also shown in a representative blot
of total protein extract from adult O4� cells analyzed under native conditions (A). C, Immunofluorescence for CD82 and cMet on
acutely isolated O4� cells from the adult rat white matter. Arrows show CD82�/cMet� cells, and arrowheads show cMet�/
CD82� cells. A representative 40� field is shown. Final magnification, 250�.
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absence of HGF, cells also remained immature NG2� (62.5%) or
PDGFR�� (82%).

Thus, the cells matured with CD82 and failed to mature with-
out CD82 regardless of the presence of HGF. Control virus-
infected cells matured to some extent but significantly less so in
the presence of HGF.

Effects of HGF and CD82 on adult OL precursors
Adult O4�/CD82� cells infected with the control virus remained
O1� (100%) or MBP� (48%), although a smaller percentage of
precursors were MBP� in the presence of HGF than in its absence
(Fig. 5, Table 1).

Adult O4� cells infected with the CD82–IRES–EGFP retrovi-
rus and grown in the presence of HGF became mature: O1�

(100%) or MBP� (48.28%) with complex morphology (71.43%
with more than five processes) and in the absence of HGF O1�

(100%) or MBP� (78.13%) with lacy, extended processes
(70.83% with more five processes). This maturation is not sur-
prising because these cells already express CD82.

In contrast, CD82 downregulation in adult cells grown in the
presence of HGF caused many to become PDGFR�� (59.09%) or

NG2� (35%) and to appear as round cells with few (43.9%) or no
(56.1%) processes (Fig. 5). None was O1� or MBP�. Further-
more, these cells now activated cMet in response to HGF (Fig. 4).
When we downregulated CD82 in adult precursors grown
without HGF, we observed a different phenotype. Most cells
became PDGFR�� (81.48%), some were O1� (37.5%), but
surprisingly none became NG2�. Most of these cells displayed
few (68.29%) or no (12.2%) processes, but a small proportion
displayed more than five processes (19.51%). After CD82 was
downregulated, the cells then activated cMet in response to
HGF (Fig. 4A).

Thus, when CD82 was downregulated, precursors reverted to
a less mature stage. In the presence of HGF, there were no O1�

cells and a significant number of NG2� cells, but in the absence of
HGF, 40% of the cells continued to be O1� and none of the cells
became NG2�.

Effects of CD82 on myelin protein levels
The O4� cells isolated from adult rat white matter contain
transcripts for a number of myelin and mature OL genes, such

Figure 3. CD82 and HGF effects on neonatal O4� cells in vitro. A, Immunofluorescence for �-tubulin IV on neonatal O4� cells infected with CD82–IRES–EGFP, shRNA–ZsGreen, or control–IRES–
EGFP retrovirus after 7 d in vitro in the absence or presence of HGF. Representative 40� fields are shown. Final magnification, 250�. B, Diagram of percentages (as presented in Table 1) of GFP�

cells (neonatal O4� cells infected with CD82–IRES–EGFP, shRNA–ZsGreen, or control–IRES–EGFP retrovirus) in relation to number of processes: round cells with no processes (0) and cells with less
than four (�4) or more than five (�5) processes, after 7 d in culture with (�) or without (�) HGF. C, Diagram of percentages of GFP� cells (as described in B) in relation to NG2, PDGFR�, O1, and
MBP expression after 7 d in culture with (�) or without (�) HGF (N, neonatal; control, control–IRES–EGFP; CD82, CD82–IRES–EGFP; shRNA, shRNA–ZsGreen).
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as MAG, MOG, PLP, and MBP (Lin et
al., 2009). The encoded myelin proteins
are also present in acutely isolated adult
cells, with the exception of MBP (Lin et
al., 2009). However, the adult cells will
accumulate MBP in culture (Fig. 5). We
asked whether CD82 expression or
downregulation altered the levels of
proteins.

Adult O4� cells were infected with
CD82–IRES–EGFP, shRNA–ZsGreen, or
control retroviruses, and, after 7 d in cul-
ture, total proteins were analyzed by
Western blot. Acutely isolated adult O4�

cells contained MAG—the migration on
the gel suggests the nonglycosylated form
(Pedraza et al., 1990)— but not MBP, as
reported previously (Lin et al., 2009), but
over 7 d in culture, they accumulated MAG
(both nonglycosylated and glycosylated
forms) and MBP. Infecting these cells with
the CD82–IRES–EGFP virus appeared to
have no effect on protein levels, as might be
anticipated. However, downregulating
CD82 with the shRNA–ZsGreen virus de-
creased substantially protein levels of both
MAG and MBP (Fig. 6). These observations
imply that CD82 affects myelin protein lev-
els. However, we do not know whether this
represents a transcriptional or posttran-
scriptional regulation. Additionally, this ef-
fect may be separate from the function of CD82 in inhibiting cMet
activation.

Rac1 RhoGTPase activation is delayed by CD82 expression
As another measure of the effect of CD82 on HGF– cMet activa-
tion, we examined the ability of HGF to activate small RhoGT-
Pases in the presence and absence of CD82. The activation of

Figure 4. CD82 effects on cMet activation in vitro. A, Western blot analysis and normalization diagram for total and active cMet
on total protein extracts isolated from neonatal and adult O4� cells, uninfected or infected with CD82–IRES–EGFP or shRNA–
ZsGreen retrovirus, after 2 d in vitro in the presence of HGF. Neonatal cells expressing CD82 showed significantly less cMet activation
than control cells ( p�0.0398). Adult cells after downregulating CD82 showed significantly higher activation of cMet than controls
( p � 0.0414). The experiment was repeated three times, and a representative Western blot is shown (N, neonatal; A, adult;
control, uninfected cells; CD82, CD82–IRES–EGFP; shRNA, shRNA–ZsGreen). B, Immunofluorescence for active cMet in neonatal
O4� cells infected with CD82–IRES–EGFP or shRNA–ZsGreen retrovirus after 7 d in vitro in the presence of HGF (representative 40�
fields). *p � 0.05. Final magnification, 250�.

Table 1. CD82 expression effects in neonatal and adult O4� cells after 7 d in vitro in the presence or absence of HGF

Control–EGFP CD82–IRES–EGFP shRNA–ZsGreen

�HGF �HGF �HGF �HGF �HGF �HGF

Neonatal
Process number

0 23 (26.7%) 37 (61.7%) 0 (0%) 0 (0%) 42 (84%) 58 (78.4%)
�4 47 (54.7%) 23 (38.3%) 6 (11.1%) 5 (11.4%) 8 (16%) 16 (21.6%)
�5 16 (18.6%) 0 (0%) 48 (88.9%) 39 (88.6%) 0 (0%) 0 (0%)

Marker expression
NG2 3 of 56 (5.4%) 11 of 47 (23.4%) 0 (0%) 0 (0%) 25 of 40 (62.5%) 20 of 58 (34.5%)
PDGFR� 7 of 49 (14.3%) 13 of 42 (30.9%) 0 (0%) 0 (0%) 41 of 50 (82%) 42 of 51 (82.4%)
O1 31 of 43 (72.1%) 26 of 55 (47.3%) 29 of 30 (96.7%) 35 of 35 (100%) 0 (0%) 0 (0%)
MBP 5 of 47 (10.6%) 0 (0%) 40 of 56 (71.4%) 32 of 60 (53.3%) 0 (0%) 0 (0%)

Adult
Process number

0 16 (11.8%) 14 (18.4%) 0 (0%) 0 (0%) 5 (12.2%) 23 (56.1%)
�4 44 (32.3%) 23 (30.3%) 14 (29.2%) 12 (28.6%) 28 (68.3%) 18 (43.9%)
�5 76 (55.9%) 39 (51.3%) 34 (70.8%) 30 (71.4%) 8 (19.5%) 0 (0%)

Marker expression
NG2 0 (0%) 0 (0%) 0 (0%) 0 (0%) 0 (0%) 14 of 40 (35%)
PDGFR� 0 (0%) 0 (0%) 0 (0%) 0 (0%) 44 of 54 (81.5%) 26 of 44 (59.1%)
O1 52 of 52 (100%) 49 of 49 (100%) 44 of 44 (100%) 37 of 37 (100%) 24 of 64 (37.5%) 0 (0%)
MBP 20 of 42 (47.6%) 14 of 55 (25.5%) 25 of 32 (78.1%) 28 of 58 (48.3%) 0 (0%) 0 (0%)

Five representative 40� fields from two separate experiments were photographed per marker. Green and double-positive cells and their number of processes were manually counted. Statistical analysis was performed using �2 test. There
are statistically significant differences in process numbers between all populations in the presence and absence of HGF, with the exception of control–EGFP� adult cells. There are statistically significant differences in marker expression
between all populations in the presence and absence of HGF, with the exception of NG2, PDGFR� (0% expected and observed cells), and O1 expression between adult CD82–IRES–EGFP� and control–EGFP� cells. Number of processes:
neonatal cells, x 2

CD82–IRES–EGFP
�/control–EGFP�

(�HGF) � 9.098e �72, x 2
shRNA–ZsGreen

�
/control–EGFP� (�HGF) � 2.056e �37, x 2

CD82–IRES–EGFP
�/control–EGFP�

(�HGF) � 2.773e �19, x 2
shRNA–ZsGreen

�/control–EGFP�
(�HGF) �

0.000592, x 2
control–EGFP

�
(�HGF) � 8.523e �16; adult cells, x 2

CD82–IRES–EGFP
�/control–EGFP�

(�HGF) � 0.000324, x 2
shRNA–ZsGreen

�/control–EGFP�
(�HGF) � 1.372e �14, x 2

CD82–IRES–EGFP
�/control–EGFP�

(�HGF) �
1.878e �06, x 2

shRNA–ZsGreen
�/control–EGFP�

(�HGF)� 5.774e �30, x 2
control–EGFP

�
(�HGF) � 0.12283 (x 2

0.05 � 0.103, df � 2). Marker expression: neonatal cells, CD82–IRES–EGFP�/control–EGFP�, x 2
NG2

� � 8.025e �08,
x 2

PDGFR�
� � 1.779e �11, x 2

O1
� � 2.568e �16, x 2

MBP
� � 1.177e �24; shRNA–ZsGreen�/control–EGFP�, x 2

NG2
� � 1.805e �134, x 2

PDGFR�
� � 2.292e �90, x 2

O1
� � 8.56e �28, x 2

MBP
� � 0.00113, x 2

control–EGFP
�

(�HGF) �
3.431e �21; adult cells, CD82–IRES–EGFP�/control–EGFP�, x 2

O1
� � 1, x 2

MBP
� � 2.63371e �10; shRNA–ZsGreen�/control–EGFP�, x 2

NG2
� � 0, x 2

PDGFR�
� � 1.96793e �32, x 2

O1
� � 4.26804e �32, x 2

MBP
� � 1.23245e �17,

x 2
control–EGFP

�
(�HGF) � 0.00136 (x 2

0.05 � 0.00393, df � 1).
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Rac1, cdc42, and RhoA was measured using a time course assay,
because small RhoGTPases can become active in a few minutes.
We were not able to detect significant activation of RhoA or
cdc42, but we found significant differences in the activation of
Rac1.

Acutely isolated O4� cells from the neonatal rat forebrain
were infected with the CD82–IRES–EGFP retrovirus and were
allowed to grow in culture, without HGF, for 2 d. On the day of
the experiment, we changed the medium, added new medium
without HGF, and let the cells settle for 3 h. Then, we fixed some
cells (time 0), added fresh medium with HGF (50 ng/ml), and
lysed the cells at specific time points after the addition of HGF (0,
5, 15, 30, and 60 min). Half of each sample was analyzed for the
GTP-bound (active) form, whereas an equal amount from each
sample was saved to analyze for total GTPase. As controls, we
performed the same set of experiments using neonatal O4� cells
that were uninfected and also using neonatal cells infected with a
control retrovirus that derives from the same pQCXIX vector
with EGFP but without the CD82 cDNA (Mela and Goldman,
2009).

In the control virus-infected and uninfected cells, the addition
of HGF induced a rapid activation of Rac1 (5 min) that gradually
decreased (15– 60 min) (Fig. 7A,B). In contrast, we found that
the expression of CD82 significantly affected the kinetics of HGF-
induced Rac1 activation. In CD82-expressing cells, Rac1–GTP

Figure 5. CD82 and HGF effects on adult O4� cells in vitro. A, Immunofluorescence for �-tubulin IV on adult O4� cells infected with CD82–IRES–EGFP, shRNA–ZsGreen, or control–IRES–EGFP
retrovirus after 7 d in vitro in the absence or presence of HGF. Representative 40� fields are shown. Final magnification, 250�. B, Diagram of percentages (as presented in Table 1) of GFP� cells
(adult O4� cells infected with CD82–IRES–EGFP, shRNA–ZsGreen, or control–IRES–EGFP retrovirus) in relation to number of processes: round cells with no processes (0) and cells with less than four
(�4) or more than five (�5) processes, after 7 d in culture with (�) or without (�) HGF. C, Diagram of percentages of GFP� cells (as described in B) in relation to NG2, PDGFR�, O1, and MBP
expression after 7 d in culture with (�) or without (�) HGF (A, adult; control, control–IRES–EGFP; CD82, CD82–IRES–EGFP; shRNA, shRNA–ZsGreen).

Figure 6. CD82 downregulation prevents accumulation of MAG and MBP proteins. Western
blot analysis for MAG and MBP proteins on total protein samples from acutely isolated (d0) adult
O4� cells or after 7 d (d7) in vitro and infected with either CD82–IRES–EGFP (CD82) or shRNA–
ZsGreen (shRNA) retrovirus (GAPDH was used as control).
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levels remained approximately the same
(5 min) or decreased (15–30 min) after
the addition of HGF (Fig. 7C). Low Rac1
activation occurred at 60 min after the ad-
dition of HGF. This finding suggests that
CD82 significantly blocks HGF-induced
Rac1 activation in neonatal O4�/CD82�

cells.

Discussion
In this study, we describe the role of CD82
as a regulator of maturation and of HGF/
cMet signaling in O4� OL progenitors
from the rat brain. We show that CD82
associates with cMet, blocking its activa-
tion by HGF and blocking HGF-induced
Rac1 activation.

HGF and its receptor cMet, a tyrosine
kinase encoded by the proto-oncogene
cMet, are required for normal develop-
ment. Mice lacking either HGF or cMet
die during embryogenesis with defects in
liver, placenta, or muscle development
(Schmidt et al., 1995; Uehara et al., 1995).
Both molecules are expressed during
brain development and persist in the adult
(Honda et al., 1995; Achim et al., 1997).
cMet is expressed in neurons, OLs and
their precursors, and microglia (Yan and
Rivkees, 2002; Lalive et al., 2005; Kitamura et al., 2007; Ohya et
al., 2007; Judson et al., 2009). Our finding that CD82 is expressed
in NG2�/O4� OL precursors but not in less mature cells suggests
a potential role for this molecule during late OL development.
The finding that NG2� cells are cMet� (Ohya et al., 2007) and
CD82� (Mela and Goldman, 2009) further suggests that the
HGF/cMet interaction plays a role in keeping these cells in cycle
and/or preventing them from differentiating farther along the OL
lineage. The transition from an NG2�/CD82� to an NG2�/
CD82� OL precursor is an essential step in normal OL develop-
ment and in remyelination and indicates that the initial
expression of CD82 occurs at a critical stage of OL development.

We found that adult O4� (PDGFR��/NG2�) OL precursors
were able to revert to a PDGFR�� phenotype after CD82 had
been downregulated in the absence of HGF. Cells had also lost
MBP. Interestingly, none of the precursors became NG2� unless
HGF was also added to the medium. This observation suggests
that HGF– cMet signaling may play a role in positively regulating
NG2 expression or that the loss of HGF– cMet signaling by CD82
during OL development is an important factor in the loss of NG2
in developing OL precursors. Another effect of HGF was to de-
crease the proportion of MBP� cells in both control cells and in
cells expressing CD82, in both the adult and neonatal precursors
(Figs. 3, 5). In control cells from the neonates, HGF kept a greater
percentage immature (PDGFR��, NG2�). Thus, HGF inhibits
maturation, to some extent, in these O4� cells. This may repre-
sent less of an effect than HGF has on earlier OL precursors
A2B5�, which are kept proliferating and immature by HGF (Yan
and Rivkees, 2002). Different stages of OL development may be
affected differently by this growth factor, and we know that the
O4� population from neonates is different from that in adults
(Mason and Goldman, 2002; Lin et al., 2009).

CD82 downregulation in adult O4� cells decreased levels of
the myelin proteins MBP and MAG. This finding may suggest

that CD82 regulates myelin protein gene transcription or stabi-
lizes protein levels. How might CD82 regulate myelin protein
levels? A recent study (Laursen et al., 2011) showed that activa-
tion of �1 integrins in OLs positively regulates the translation of
MBP mRNA by binding an mRNA-binding protein that interacts
with the 5	 UTR of the MBP mRNA. Interactions between CD82
and �-1 integrins have been found in other cell types (Mannion et
al., 1996). Integrin activation is also required for the maturation
of OLs and myelination (Decker et al., 2004; Barros et al., 2009).
The possibility that CD82 activates �-1 integrin before or during
myelination should be explored in the future.

We found little MBP protein in acutely isolated adult O4�

cells, in keeping with our previous results (Lin et al., 2009), de-
spite the presence of MBP transcripts (Lin et al., 2009) and de-
spite the presence of CD82 (Fig. 2). However, after 7 d in culture,
MBP protein accumulated (Fig. 6). A possible explanation for the
lack of MBP despite the presence of CD82 is that MBP is trans-
lated in cell processes, which are sheared off during the isolation
process. After a few days in culture, these adult precursors recon-
stitute cell processes. However, when CD82 was downregulated,
MBP did not accumulate and cells did not grow multiple pro-
cesses (Fig. 5). Thus, CD82 could function in two ways to pro-
mote MBP accumulation: first, to activate �-1 integrins, and
second, to promote cell process growth.

We found that, in the adult OL progenitors, CD82 coimmu-
noprecipitates with cMet; we cannot conclude at this time
whether other molecules are part of the protein complex. In other
cell types, particularly cancer cells, the CD82/cMet binding can be
direct (Takahashi et al., 2007) or through complex formation
involving other transmembrane proteins and lipids (Todeschini
et al., 2007). Indeed, CD82 forms complexes with other tetraspa-
nins and a wide range of other transmembrane proteins, and it
can be a component of lipid rafts (Odintsova et al., 2003;
Delaguillaumie et al., 2004; Takahashi et al., 2007; Laursen et al.,

Figure 7. Rac1 activation assay. Western blot analysis and normalization diagrams of active and total Rac1 in uninfected cells (A),
infected cells with control–IRES–EGFP (B), or CD82–IRES–EGFP retrovirus, neonatal O4� cells (C) at 2 d in vitro (0) and at 5, 15, 30, and 60
min after the addition of HGF. Rac1 activation is significantly different between the A and C cell populations at 5 and 30 min ( pt test 5 min �
0.0015, pt test 15 min �0.0663, pt test 30 min �0.0294, pt test 60 min �0.0777). Rac1 activation is significantly different between the B and C
populations at 30 min ( pt test 5 min � 0.1053, pt test 15 min � 0.056, pt test 30 min � 0.0294, pt test 60 min � 0.455). There are no significant
differences between the two control (A, B) populations ( pt test 5 min�0.2657, pt test 15 min�0.3337, pt test 30 min�0.1904, pt test 60 min�
0.9418). Assay was performed three times, and representative results are shown.
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2011). OL precursor development is dependent in part on signal-
ing through growth factors and integrins regulated by their asso-
ciations with lipid rafts (Baron et al., 2003; Decker et al., 2004).
Thus, a change in cMet/CD82 binding or in raft composition by
the inclusion of CD82 could have important effects on signaling
pathways regulating OL development.

Several studies suggest that HGF/cMet signaling is important
for OL and neuronal survival in experimental autoimmune en-
cephalomyelitis (EAE) models. Increased HGF levels are detected
in the CSF of patients with inflammatory and demyelinating dis-
eases (Tsuboi et al., 2002), whereas a recent study suggests a
possible relationship between CSF HGF levels and disease activity
in multiple sclerosis (Muller et al., 2012). HGF/cMet interactions
are important through the proinflammatory phase in macro-
phages (Moransard et al., 2010), whereas HGF acts as a chemoat-
tractant for OL progenitors in vitro and is expressed by
macrophages in EAE models (Lalive et al., 2005). In addition, a
recent study has shown that mesenchymal stem cells secrete HGF,
and its interaction with cMet has therapeutic effects on EAE, such
as enhanced myelin repair and immunomodulation (Bai et al.,
2012). Together with these studies, our observations suggest that
HGF/cMet interactions increase the immature OL precursor
pool, including cells that express PDGFR� and NG2, and may
promote increased migration of these cells to a remyelinating
lesion. However, the expression of other molecules, notably
CD82, is required for these cells to mature and myelinate. Our
observations also imply that the adult O4�/CD82� OL precur-
sors are not influenced by HGF/cMet signaling and thus cannot
be expanded or induced to migrate by HGF. These precursors
may be already primed for rapid remyelination, because they
already express myelin genes and rapidly remyelinate demyeli-
nated zones (Mason et al., 2004).

Downstream molecules of HGF/cMet signaling also regulate
OL development. For example, RhoA GTPase plays a significant
role in OL development by promoting progenitor migration
when activated, whereas its inactivation is a critical factor to ini-
tiate myelination (Liang et al., 2004; Mi et al., 2005; Kippert et al.,
2007; Feltri et al., 2008). Conversely, the roles of Rac1 and cdc42
in the CNS have not been clarified. Rac1 has been studied exten-
sively in Schwann cell development and PNS myelination (Feltri
et al., 2008). Rac1 and cdc42 activation seems to be important for
proper OL differentiation in vitro (Liang et al., 2004), but tissue-
specific conditional ablation of cdc42 or Rac1 in OLs does not
affect proliferation, migration, or in vitro differentiation; instead
it causes enlargement of the inner tongue of OL processes and
formation of a different type of myelin sheath (Thurnherr et al.,
2006). Thus, Cdc42 and Rac1 appear to play different roles in
PNS and CNS myelination; this suggests that the signaling role of
a given small Rho GTPase in a specific cell type cannot predict its
function in another cell type (Symons and Settleman, 2000; Liang
et al., 2004; Wang and Zheng, 2007). Our finding that CD82
significantly blocks HGF-induced Rac1 activation supports the
view that Rho GTPase activation effects not only depend on cell
type but are also time and stage specific. Because CD82 expres-
sion correlates well with the ability of precursors to form long,
complex, cell processes, it is possible that the HGF-induced Rac1
activation inhibits process formation or a multiprocessed mor-
phology. Indeed, adult O4� cells lose their complex multipro-
cessed phenotype when CD82 is downregulated (Fig. 5) but still
maintain several short processes. In contrast, when HGF is
added, the cells assume a much simpler morphology with few or
no processes, with many of them appearing bipolar or unipolar
(Fig. 5).

In conclusion, we show that CD82 is a negative regulator of
HGF/cMet activation in rat O4�/CD82� OL precursors. The
timing of CD82 expression in OL development is significant be-
cause it promotes a transition from the NG2� precursor stage to
a more mature, premyelinating OL. Additional studies on CD82
and its interactions with other molecules, as well as on its effects
on more downstream HGF/cMet signaling pathways, may pro-
vide new key insights into late OL precursor development and
myelination.
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