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Neuregulins have been implicated in a number of events in cells
in the oligodendrocyte lineage, including enhanced survival, mi-
tosis, migration, and differentiation. At least two signaling path-
ways have been shown to be involved in neuregulin signaling: the
phosphatidylinositol (Pl)-3 kinase and the mitogen-activated pro-
tein kinase pathways. In the present studies, we examined the
signaling pathway involved in the survival function of heregulin,
focusing on heregulin-induced changes in Akt activity in cultured
glial cells, and the consequences of Akt activation in cells in the
oligodendrocyte lineage. Heregulin binds erbB receptors, and in
our studies, primary cultures of both oligodendrocyte progenitor
cells and differentiating oligodendrocytes expressed erbB2,
erbB3, and erbB4 receptors. In C6 glioma cells and primary
cultures of oligodendrocytes, heregulin induced time- and dose-
dependent Akt phosphorylation at Ser“”® in a wortmannin-
sensitive manner. To investigate further the signaling pathway for

heregulin in glial cells, BAD was overexpressed in C6 glioma
cells. In these cells, heregulin induced phosphorylation of BAD at
Ser '3, Apoptosis of oligodendrocyte progenitor cells induced by
growth factor deprivation was effectively blocked by heregulin in
a wortmannin-sensitive manner. Overexpression of dominant
negative Akt but not of wild-type Akt by adenoviral gene transfer
in primary cultures of both oligodendrocytes and their progeni-
tors induced significant apoptosis through activation of the
caspase cascade. The present data suggest that the survival
function of heregulin is mediated through the PI-3 kinase/Akt
pathway in cells in the oligodendrocyte lineage and that the Akt
pathway may be quite important for survival of cells in this
lineage.
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Oligodendrocyte loss and demyelination in the CNS have been
proposed to result from apoptotic cell death during normal devel-
opment (Barres et al., 1992), after growth factor withdrawal in vitro
(Yasuda et al., 1995), and in pathological conditions such as mul-
tiple sclerosis (MS), Theiler’s murine encephalomyelitis virus
(TMEV) infection, and experimental allergic encephalitis (EAE;
Raine and Scheinberg, 1988; Ozawa et al., 1994; Tsunoda and
Fujinami, 1996; Hisahara et al., 2000). Growth factors and recep-
tors can protect cells from apoptosis by blocking cell death signals
(Raff et al., 1993). The neuregulin/erbB receptor system seems an
ideal candidate to provide survival signals for oligodendrocytes in
vivo. In the CNS, neurons, oligodendrocytes, and astrocytes both
produce neuregulins and express neuregulin receptors (Chen et al.,
1994; Meyer and Birchmeier, 1994; Raabe et al., 1997a; Francis et
al., 1999). Furthermore, neuregulins present on the surface of
axons play a role in the maintenance of oligodendrocytes and their
progenitors (Canoll et al., 1996; Vartanian et al., 1997).

The neuregulins (NRGs) are a class of epidermal growth factor-
like molecules that arise by alternative splicing from a single gene
(NRG-1). Recently, three other neuregulin-like genes have been
described: NRG-2 (Carraway et al., 1997; Chang et al.,, 1997),
NRG-3 (Zhang et al., 1997), and NRG-4 (Harari et al., 1999).
Targeted disruptions of the NRG-1 gene as well as the neuregulin
receptors demonstrate that neuregulins are essential for the forma-
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tion of the heart and nervous system (Meyer and Birchmeier, 1995;
Kramer et al., 1996; Erickson et al., 1997; Riethmacher et al., 1997,
Vartanian et al.,, 1999; Golding et al., 2000; Lin et al., 2000;
Wolpowitz et al., 2000).

The NRG-1/neuregulin family includes heregulin, acetylcholine
receptor inducing activity, neu differentiation factor, glial growth
factor (GGF), and sensorimotor-derived factor (Burden and
Yarden, 1997; Meyer et al., 1997). The heregulin (HRG) members
contain two isoforms differing in their EGF-like domain (isoforms:
«, B). The a- and B-variants bind differentially to receptors and
elicit different biological responses (Marikovsky et al., 1995; Baek
and Kim, 1998; Crovello et al., 1998). NRG-1 proteins mediate
their action through erbB receptor tyrosine kinases, including
erbB2, erbB3 and erbB4.

Although they are clearly involved in cell survival, neuregulins
have other effects in the oligodendrocyte lineage, including prolif-
eration or blockage of differentiation (Lemke, 1996; Burden and
Yarden, 1997). Also, they have been demonstrated to signal
through both the phosphatidylinositol (PI)-3 kinase and the MAP
kinase pathways (Canoll et al., 1999). The precise signaling path-
ways through which neuregulins induce survival in oligodendrocyte
lineage cells remain to be established. Thus, understanding which
pathway is primarily involved in their survival function for oligo-
dendrocytes and their progenitors is an important question. Be-
cause activation of PI-3 kinase/Akt pathway plays a major role in
survival signals for multiple growth factors (Dudek et al., 1997;
Franke et al.,, 1995, 1997; Kennedy et al., 1997), we have focused
this study on whether neuregulin induces cell survival in different
stages of the oligodendrocyte lineage through the PI-3 kinase/Akt
pathway.

MATERIALS AND METHODS

Reagents. Recombinant heregulin (HRG 1) was obtained from NeoMar-
kers (Fremont, CA). ErbB3 and erbB4 receptor polyclonal antibodies were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA), and erbB2
polyclonal antibody was obtained from NeoMarkers. Anti-total Akt, anti-
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phospho Akt (Ser*7®), anti-phospho BAD (Ser''?), anti-phospho BAD
(Ser *®) and anti-total BAD were obtained from New England Biolabs
(Beverly, MA). Monoclonal anti-A2B5 antibody was obtained from Roche
Molecular Biochemicals (Indianapolis, IN). Polyclonal anti-NG2 antibody
was provided by W. B. Stallcup (The Burnham Institute, La Jolla Cancer
Research Center, La Jolla, CA). Wortmannin, PD98059, Rapamycin, and
SB203580 were obtained from Calbiochem. L-NAME and D-NAME were
purchased from Sigma (St. Louis, MO). C6 glioma cells were obtained
from American Type Culture Collection (Manassas, VA).

Cell culture, transfections, and stimulation protocols. The C6 glioma cells
were grown in DM EM containing 10% fetal bovine serum (Life Technol-
ogies, Gaithersburg, MD), plus penicillin and streptomycin at 37°C in 5%
CO, environment. For stimulation with HRG 81, 2 X 10° cells in a 100
mm plate were cultured in serum-free DM EM for 20-24 hr and stimulated
as indicated in the figure legends with HRG pl1, insulin-like growth
factor-1 (IGF-1), or 0.1 mM pervanadate prepared as indicated in And-
jelkovic et al. (1997). Cells were exposed to inhibitors for 30 min before
HRG 1 addition.

For transient transfections, cells seeded at 1 X 10°/100 mm dishes were
transfected with 4 ug of plasmid using the Lipofectamine plus reagent
(Life Technologies) according to the manufacturer’s instructions. Sixteen
hours after transfection, the cells were serum-starved for 20—24 hr before
HRG 1 stimulation.

Isolation of oligodendrocytes. Primary cultures of rat oligodendrocyte
progenitors were prepared with slight modifications to earlier studies (Fuss
et al., 1997). Briefly, rat pups (postnatal days 2-3) were decapitated, and
meninges were removed. Cortices were dissociated by incubation in 0.06%
trypsin, 0.006% pancreatin, and subsequent trituration. Oligodendrocyte
precursors were purified by immunopanning using the anti-A2BS5 antibody
(Eisenbarth et al., 1979). The purified oligodendrocyte precursors were
collected by vigorous pipetting and plated at 1 X 10° cells/60 mm dishes
coated with 30 ug/ml poly-L-lysine. The cells were cultured overnight in
DMEM plus 10% FBS, and the medium was replaced with DMEM
containing N2-supplement (Life Technologies) and platelet-derived
growth factor (PDGF) (10 ng/ml) and basic fibroblast growth factor
(bFGF) (10 ng/ml) for oligodendrocyte progenitors or PDGF (10 ng/ml)
and T3 (50 ng/ml) for immature oligodendrocytes. Cells were maintained
in that medium for 2-3 d. Mature oligodendrocytes were obtained after a
further incubation in CNTF (10 ng/ml) and T3 (50 ng/ml). Before HRG
B1 stimulation, the oligodendrocyte progenitors were cultured in DMEM
plus 0.5% FBS for an additional 2024 hr. Cells were exposed to HRG g1
for 30 min.

Adenovirus infection. Adenovirus infection was performed on oligoden-
drocyte progenitors or immature oligodendrocytes 24 hr after incubation
in PDGF/bFGF or PDGF/T3, respectively, with 10 or 50 multiplicity of
infection (MOI) as described previously (Kitamura et al., 1998). In exper-
iments on growth factor deprivation, the cells were cultured in growth
factors as described above for 24 or 48 hr after infection and then incu-
bated without growth factors or N2 supplements in DM EM plus 0.5% FBS
for a further 20-24 hr before the TUNEL or caspase assays. In experi-
ments on HRG 1 effects on oligodendrocytes, cells were removed from
growth factors and N2 supplement and incubated in 150 ng/ml HRG B1
during and after viral infection, followed by caspase assay.

Western blot analysis. Cells were lysed in NP-40 lysis buffer (1% NP-40,
10% glycerol, 137 mm NaCl, 20 mMm Tris-HCI, pH 7.4) containing 1 ug/ml
aprotinin, 1 ug/ml leupeptin, 1 mm PMSF, 20 mm NaF, 1 mm Na PPI, and
1 mM Na;VO,. For Western blot analysis, proteins were separated by
SDS-PAGE and transferred onto Immobilon-P membranes (Millipore,
Bedford, MA). Incubation with the primary antibodies was performed
overnight at 4°C. For detection, HRP-conjugated secondary antibodies
were used (1:10,000) followed by ECL chemiluminescence development
(Amersham, Piscataway, NJ).

Akt phosphorylation. Phosphorylation of Akt was analyzed by Western
blots, using a rabbit polyclonal phosphospecific Akt (Ser*”?) antibody.
Total Akt was detected by a rabbit polyclonal Akt antibody.

BAD phosphorylation. BAD-phosphorylation was examined using
phospho BAD (Ser *®) and phospho BAD (Ser''?) antibodies after tran-
sient transfection of C6 glioma cells with a BAD eukaryotic expression
plasmid (pEBG-MBAD; New England Biolabs). Transiently transfected
cells were stimulated with HRG B1. BAD antibody was used for detection
of total BAD.

Induction of apoptosis and TUNEL assay. Oligodendrocyte progenitor cell
death was induced by growth factor deprivation for 12 or 24 hr in the absence
of N2 supplement. Cell death was quantified with the APO-BRDU kit
(Pharmingen, San Diego, CA) according to manufacturer’s instructions.
Bromolated nucleotides were detected by anti-BrdU conjugated to fluo-
rescein, and the positive cells were determined by fluorescence-activated
cell sorting (FACS) analysis.

In situ DNA fragmentation detection was performed with the ApopTag
in situ apoptosis detection kit (Intergen, Purchase, NY) according to the
manufacturer’s instructions. Briefly, after infection, immature oligoden-
drocytes were stained with the monoclonal anti-O4 antibody (1:200) for 30
min at room temperature before fixation. The cells were fixed in 4%
paraformaldehyde for 1 hr at room temperature. Digoxigenin nucleotides
were catalytically added to the DNA by terminal deoxynucleotidyl trans-
ferase (TdT) and detected by anti-digoxigenin antibody conjugated to
fluorescein. The number of positive nuclei was determined by counting at
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least 15 random fields. The results were expressed as percentage of the
total O4+ cells.

Caspase activity assay. Caspase activation was measured by CaspACE
FITC-VAD-FMK in situ marker (Promega, Madison, WI) according to
the manufacturer’s instructions. Briefly, live oligodendrocyte progenitor
cells infected with adenovirus as described above were treated with the
FITC conjugate of the permeable irreversible caspase inhibitor (VAD-
FMK) for 20 min to allow binding to activated caspase. Cells were either
live-stained with a monoclonal anti-A2B5 antibody (1:100) before fixation
or fixed and stained with NG2 antibody (1:200). TR-labeled secondary
antibody was used at 1:200. The total number of cells was determined by
DAPI staining. The number of positive cells was determined by counting
at least 1000 cells per well. The results were expressed as percentage of the
total cells = SEM.

Immunocytochemistry. C6 glioma cells were plated at 80,000 cells/well in
four-chamber slide (Becton Dickinson, Franklin Lakes, NJ). After fixation
in 4% paraformaldehyde, cells were permeabilized in 0.3% Triton X-100
in PBS for 30 min at room temperature and stained with anti-phospho Akt
antibody (1:100) overnight at 4°C. FITC-labeled secondary antibodies
were used at 1:200.

Oligodendrocyte progenitors were plated at 0.25 X 10° cells/well in
four-chamber slide. After incubation with anti-A2B5 antibody (1:200), the
cells were fixed, permeabilized, and stained using anti-erbB2 (1:100),
anti-erbB3 (1:200), or anti-erbB4 (1:200) overnight at 4°C. Cells were
visualized using FITC- or TR-labeled secondary antibodies at 1:200.

RESULTS

HRG pB1 activates Akt in glioma cells

Studies have demonstrated that neuregulins function through both
a wortmannin-sensitive PI-3 kinase pathway and the MAP kinase
pathway in cells in the oligodendrocyte lineage (Canoll et al.,
1999), and that they can have several different effects on these cells.
Thus, it is important to establish which pathways are involved with
specific effects of the neuregulins. We therefore tested the hypoth-
esis that neuregulins act as survival factors for cells in the oligo-
dendrocyte lineage through activation of Akt.

To determine whether HRG 1 activates Akt in glial cells, we
initially studied C6 glioma cells. As shown in Figure 1A4, after
exposure to HRG 1, increased phosphorylation of Akt was de-
tected on immunoblots using phospho-Ser*”> specific Akt antibody.
Densitometric analysis revealed a threefold to fourfold increase in
Akt phosphorylation over basal level. The capacity for HRG 1 to
phosphorylate Akt was comparable to that of IGF-I and pervana-
date, which are well established activators of Akt, indicating that
HRG Bl is a potent activator of Akt in this cell line. HRG
Bl-induced activation of Akt in C6 cells was dose-dependent. The
effect of 100 ng/ml HRG B1 on Akt phosphorylation was compa-
rable to that of 50 ng/ml IGF-I, and the effect was time-dependent
(Fig. 1B). Heregulin-induced phosphorylation of Akt at Ser*”* was
robust within 5 min after HRG g1 addition and it was sustained for
30 min, although it was somewhat reduced by 60 min (Fig. 1B).

We next investigated the effect of inhibitors of various intracel-
lular signaling mediators on HRG Bl-induced Akt phosphoryla-
tion. We found that wortmannin (PI-3 kinase inhibitor), but not
other kinase inhibitors PD98059 (M AP kinase inhibitor), or rapa-
mycin (p70 Sék inhibitor), blocked the effect of HRG Bl1-induced
Akt activation in C6 glioma cells (data not shown). Thus, in C6
cells, HRG 1 does not appear to function through MAP kinase to
activate Akt. In addition, SB20358 (p38 inhibitor) or NOS inhibi-
tors (D-NAME, L-NAME) had no effect on Akt activation, which
is consistent with results that we and others (Franke et al., 1995;
Kennedy et al., 1997; Reif et al., 1997) have obtained in nonglial
cells (data not shown). Akt phosphorylation in C6 cells was also
assessed immunocytochemically. As shown in Figure 1C, in cells
with no treatment, phosphorylated Akt was barely detectable, but
after treatment with HRG g1, diffuse cytoplasmic and nuclear
staining of phospho-Akt in C6 glioma cells was seen. The intensity
and distribution of phospho-Akt were similar in cells treated with
IGF-I. In cells treated with pervanadate, phospho-Akt staining was
more intense, and its distribution appeared confined to intracellu-
lar organelles. Thus, HRG B1 activated Akt in a similar manner to
that of IGF-I, a physiological activator of Akt.

BAD, a cell death-executing molecule, has been reported to be a
downstream substrate for Akt involved in survival. Thus, one of
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the mechanisms by which Akt protects cells from apoptosis is
through BAD phosphorylation (Datta et al., 1997; del Peso et al.,
1997). We determined that HRG 1 functions in C6 glioma cell
survival through phosphorylation of BAD, by transfecting a GST-
BAD cDNA into C6 cells, a standard technique for assessing the
role of BAD, because it is normally at very low levels in cells (Datta
et al., 1997; del Peso et al., 1997). We investigated the effect of
HRG B1 on BAD phosphorylation at Ser'*® using an antibody
specific for this phosphoserine residue. As shown in Figure 1D,
HRG 1 promoted BAD phosphorylation at Ser'*®, a known
phosphorylation substrate for Akt, as well as Akt phosphorylation
at Ser*”?. Total BAD protein amounts were similar among trans-
fections with or without treatment with heregulin. As determined
by immunoblot with anti-phospho-Ser '*? BAD antibody, HRG S1
did not induce BAD phosphorylation at Ser*!2, a phosphorylation
site not normally used by Akt (data not shown). Thus, it appears
that in C6 glioma cells, HRG B1 activates Akt, leading to BAD
phosphorylation at Ser'*, as it does in other cells (Datta et al.,
1997; del Peso et al., 1997; Basu et al., 1998). Taken together, these
studies suggest that heregulin, acting through erbB receptors, ac-
tivates Akt and induces phosphorylation of BAD, which would be
expected to enhance cell survival.

HRG B1 activates Akt in the oligodendrocyte
cell lineage

To assess whether HRG B1 activates Akt in the oligodendrocyte
cell lineage directly, we next examined the induction of Akt acti-
vation by HRG 1 in primary cultures of oligodendrocyte progen-
itors. A2B5-positive oligodendrocyte progenitors were purified by
immunopanning, and immunostaining with either NG2 or GFAP
after 2-3 d in culture showed that they were 93-95% pure (data not
shown). As in C6 cells, HRG B1 induced phosphorylation of Akt
in a dose-dependent manner in oligodendrocyte progenitors (Fig.
2A). Because the total amount of Akt was comparable among the
cell preparations treated with different concentrations of HRG 1,
the changes in Akt phosphorylation induced by HRG 1 resulted
from altered phosphorylation, not different amounts of Akt sub-
strate. The stimulatory effect of HRG B1 on Akt phosphorylation
was blocked by pretreatment of cells with wortmannin but not with
PD98059 or rapamycin. HRG 1 induced a time-dependent phos-
phorylation of Akt within 5 min but was reduced by 60 min (Fig.

2B). Thus, it appears that HRG p1 activates Akt in oligodendro-
cyte progenitors through PI-3 kinase activation, as it does in C6
glioma cells. Essentially all of the oligodendrocyte progenitor cells
expressed erbB2, erbB3, and erbB4 receptors (Fig. 2C). ErbB
receptors were located in both the plasma membrane and the
cytoplasm in oligodendrocyte progenitors (note green stain inter-
spersed with A2BS5 stain on processes), which is consistent with
results in other cell types (Kumar et al., 1991; Prigent et al., 1992;
Francis et al., 1999). Thus, any of these receptors may be involved
in the signaling of HRG 1 in oligodendrocyte progenitors.

We next investigated the effect of HRG B1 on Akt phosphory-
lation in primary cultures of immature and mature oligodendro-
cytes. HRG B1 induced phosphorylation of Akt in a dose-
dependent manner in both immature and mature oligodendrocytes
(Fig. 34, C). As with our other studies, this phosphorylation was
only inhibited by wortmannin but not by PD98059 or rapamycin
(Fig. 3B, C). Additionally, HRG Bl-induced Akt activation was
time-dependent in mature oligodendrocytes. Thus, maximal acti-
vation was attained by 15 min, and it was sustained for at least 60
min (Fig. 3D). This contrasts with the effect of neuregulin in C6
cells and oligodendrocyte progenitor cells, in which the activation
of Akt is attenuated by 60 min. These results suggest that HRG B1
activates Akt in multiple cell types within the oligodendrocyte
lineage, although it may have more prolonged effects in mature
oligodendrocytes, relative to other cells in the lineage. As seen in
oligodendrocyte progenitors, mature oligodendrocytes also ex-
pressed erbB2, erbB3, and erbB4 receptors, in both cell bodies and
processes (Fig. 4).

HRG B1 acts as a survival factor in the oligodendrocyte
cell lineage

The cellular consequence of heregulin treatment of oligodendro-
cyte progenitor cells was next examined. Cells were grown in the
presence of PDGF/bFGF for 2 d after which they were transferred
to medium without growth factors or N2 supplement for 12 or 24
hr. The number of terminal deoxynucleotidyl transferase-mediated
biotinylated UTP nick end labeling (TUNEL)-positive cells was
quantified for cells in the absence of growth factors, for cells
supplemented with HRG 1, or for cells supplemented with HRG
B1 after 30 min pretreatment with wortmannin. The absolute
percentage of dying cells in control samples varied in different
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Figure 2.  Effect of HRG B1 on Akt in primary cultures of oligodendrocyte
progenitors. A, Primary cultures of oligodendrocyte progenitor cells were
treated with different concentrations of HRG g1 for 30 min or they were
pretreated with different kinase inhibitors (20 um PD098059, 200 nm
wortmannin, and 20 ng/ml rapamycin), and then stimulated for an addi-
tional 30 min with 100 ng/ml HRG 1. Cell lysates were subjected to
immunoblot with anti-phospho Akt (Ser*”?) (top panel) and anti-total Akt
(bottom panel). HRG B1 dose-dependently promoted phosphorylation of
Akt in primary cultures of oligodendrocytes progenitors, which was selec-
tively blocked by wortmannin. B, Oligodendrocytes progenitors were
treated with 100 ng/ml HRG p1 at different times, and Akt ghosphorylation
was assessed by immunoblot with anti-phospho Akt (Ser*’?) antibody (top
panel) or anti-total Akt (bottom panel). HRG B1 promoted Akt phosphor-
ylation in a time-dependent manner. C, Immunofluorescence microscopy of
oligodendrocyte progenitor cultures double-stained with anti-A2B5 (red)
and anti-erbB2, anti-erbB3, or anti-erbB4 antibodies (green) is shown.
Oligodendrocytes progenitors express erbB2, erbB3, and erbB4 receptors.

experiments, but significant survival was consistently induced in
cells supplemented with HRG 1. To standardize data from mul-
tiple experiments, the percentage of dying cells in control cultures
was defined as 100%. Numbers of dying cells in experimental
cultures were expressed as a percentage of that control value. In
five experiments, HRG 1 reduced cell death by ~50% within 12
hr, and this survival effect was blocked by wortmannin (Fig. 5).
These data clearly indicate the potential for HRG 1 to function as
a survival factor inhibiting a cell death pathway in oligodendrocyte
progenitor cells. Furthermore, its ability to function as a survival
factor in these cells is dependent on an active PI-3 kinase/Akt
pathway.

Dominant-negative Akt induces cell death in the
oligodendrocyte cell lineage

To test directly whether the Akt pathway regulates the balance
between apoptosis and survival of cells in the oligodendrocyte
lineage, we expressed a dominant-negative form of Akt, in which
both phosphorylation sites (Thr3°® and Ser*’®) were replaced by
alanine (AA-AKT; Kitamura et al., 1998) in primary cultures of
O4+ immature oligodendrocytes (Fig. 6) or progenitors (Figs. 7, 8)
by adenovirus-mediated gene transfer. We found adenovirus gene
transfer to be an excellent means of introducing foreign genes into
primary cultures of oligodendrocytes, because green fluorescent
protein was expressed at easily detectable levels in >80% of cells
after 48 hr infection (data not shown). Under the same infection
conditions, hemagglutinin (HA) epitope-tagged wild-type Akt (wt-
Akt, 50 MOI) and dominant-negative Akt (AA-Akt, 10 MOI)
expression levels were similar 48 hr after virus infection (Fig. 6B),
and under these conditions, wt-Akt and AA-Akt were expressed in
>90% of the oligodendrocytes, as seen after staining with anti-HA
antibody (data not shown). After growth factor withdrawal,
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Figure 3. Effect of HRG B1 on Akt in primary cultures of immature and
mature oligodendrocytes. A, Primary cultures of immature oligodendro-
cytes were treated with different concentrations of HRG B1 or vanadate for
30 min. Cell lysates were subjected to immunoblot with anti-phospho Akt
(Ser*”) (top panel) or anti-total Akt (bottom panel). HRG B1 dose-
dependently promoted phosphorylation of Akt. B, Primary cultures of
immature oligodendrocytes were pretreated with various protein kinase
inhibitors (20 uM PD098059, 200 nM wortmannin, 20 ng/ml rapamycin) for
30 min and then stimulated with 50 ng/ml HRG 1 for an additional 30 min.
Cells lysates were subjected to immunoblot with anti-phospho Akt (Ser*7?)
(top panel) or anti-total Akt (bottom panel). HRG Bl-induced Akt phos-
phorylation was selectively blocked by wortmannin. C, Mature oligoden-
drocytes were treated with different concentrations of HRG g1 for 30 min
or pretreated with different kinase inhibitors (20 um PD098059, 200 nm
wortmannin) and then stimulated with 100 ng/ml HRG 1 for an additional
30 min. D, Mature oligodendrocytes were treated with 100 ng/ml HRG B1
at different times, and Akt phosphorylation was assessed by immunoblot
with anti-phospho Akt (Ser*’®) antibody (fop panel) or anti-total Akt
(bottom panel). HRG B1 promoted Akt phosphorylation in a time-
dependent manner in mature oligodendrocytes.

dominant-negative Akt effectively induced apoptosis, as assessed
by TUNEL analysis (Fig. 64). O4 staining clearly indicated that
immature oligodendrocytes undergo apoptosis under these condi-
tions, whereas only a minor population of cells was apoptotic in
wild-type Akt virus infection (Fig. 64). Infection with control virus
(Ad.EGFP) had no effect in cell survival, as shown previously
(Matsui et al., 1999). We selected 20 random fields and counted
TUNEL-positive cells among the O4-positive cells. O4-positive
cells were 88% apoptotic in cultures infected with the dominant-
negative Akt virus but only 10% in those infected with the wild-
type Akt virus (Fig. 6C). These data clearly indicate a significant
role for the Akt pathway in apoptosis in oligodendrocyte
progenitors.

Dominant-negative Akt induces apoptosis through
caspase activation

The caspase cascade has been shown to play an important role in
apoptosis (Thornberry and Lazebnick, 1998). Therefore, to assess
the mechanism by which dominant negative Akt induces apoptosis
in the oligodendrocyte lineage, we studied caspase activation in
infected cultures. Oligodendrocyte progenitors were infected for 24
or 48 hr and then transferred to medium with 0.5% FBS for an
additional 20-24 hr. Mock-infected cultures contained >95% of
NG2+ or A2B5+ oligodendrocyte progenitors, with only a small
number of O4+ cells even after 48 hr infection (data not shown).
The number of live progenitor cells seen by phase-contrast mi-
croscopy was dramatically reduced in the dominant-negative-
expressing cells as compared with mock- or wt-infected cells, al-
though as expected some reduction in cells was noted in the
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Figure 4. Mature oligodendrocytes express erbB2, erbB3, and erbB4 re-
ceptors. Mature oligodendrocytes were obtained after incubation in
CNTEF/T3 as described in Materials and Methods. Immunofluorescence
microscopy of mature oligodendrocyte cultures double-stained with anti-O4
(red) and anti-erbB2, anti-erbB3, or anti-erbB4 antibodies ( green) is shown.
Note stain for erbB receptors on processes of oligodendrocytes, in addition
to cell body stain.

wt-infected plates as well, presumably resulting from the infection
itself (data not shown). The number of caspase-positive oligoden-
drocyte progenitors was significantly increased in the dominant-
negative Akt virus infection, in both 24 or 48 hr infection (Table 1).
Essentially all caspase-positive oligodendrocyte progenitors (NG2+
cells, Fig. 7; A2B5+ cells, Fig. 8) showed condensed 4’',6-diamidino-
2-phenylindole (DAPI)-stained nuclei, suggesting that AA-Akt
overexpression induces apoptosis in oligodendrocyte progenitors,
which is mediated by activated caspase. Interestingly, apoptotic
oligodendrocyte progenitors overexpressing AA-Akt lose cellular
processes and/or downregulate NG2 and A2B5 immunoreactivity,
because they lose their NG2 or A2B5 immunoreactivity (note cells
highlighted with arrows).

Dominant-negative Akt blocks the survival function of
HRG 1 in the oligodendrocyte cell lineage

To demonstrate a direct link between HRG 1 signaling and Akt,
oligodendrocyte progenitors were infected with adenovirus encod-
ing AA-Akt for 48 hr in the presence of 150 ng/ml HRG 1, which
maintains cell survival of oligodendrocyte progenitors (Fig. 5).
After the infection, the cells were transferred to medium with
HRG g1 for an additional 20-24 hr. The number of caspase-
positive cells was quantified and compared to mock-infected or
control virus-infected cells. As can be seen in Figure 9, after mock

Flores et al. « Heregulin Is a Potential Survival Factor in Oligodendrocytes

150

100 - I

J % Apoptosis

B 12h

O 24n

o
o

1
—_

TUNEL positive Oligodendrocyte progenitors (%control)

0- |_ [] é 1 [ 1 1
g & 5 B = 3
5 9] € [0}

8 & 3 § £ 3
a a
[O] [0]
£ £
Treatment

Figure 5.  HRG B1 maintains cell survival of oligodendrocyte progenitors.
Immunopanned oligodendrocyte progenitors were plated in PDGF/bFGF
for 2 d and switched to DM EM without any growth factors for 12 or 24 hr
(control), with 150 ng/ml HRG B1 with or without a 30 min pretreatment
with wortmannin. Apoptotic cells were detected by TUNEL staining and
FACS analysis. In each experiment, the number of TUN EL-positive cells
was determined for each condition. The absolute number of TUNEL-
positive cells varied in different experiments, reaching as much as 50% in
some experiments. To combine data from multiple experiments, the num-
ber of TUNEL-positive cells in control cultures was therefore defined as
100%. The number of TUNEL-positive oligodendrocyte progenitors in
each experimental condition was then expressed as a percentage of control
values. Each bar represents the mean = SEM of five different experiments
(*p < 0.0267; **p < 0.0198).

infection or infection with a control virus, a small amount of cell
death was noted in cells grown in the presence of HRG 1 and the
absence of other growth factors. However, when the cells were
infected with virus expressing the dominant-negative form of Akt,
>70% of the cells were caspase-positive. Furthermore, in the
cultures expressing the dominant-negative form of Akt, it is likely
that many cells had already died before quantification, because
close to twice as many fields had to be analyzed to include 1000
cells, relative to the mock-infected or control-infected cultures.
These data further support the conclusion that the survival activity
of heregulin acts through Akt in cells in the oligodendrocyte
lineage.

The data presented here suggest that neuregulins function
through ErbB receptors on both oligodendrocytes and their pro-
genitors to activate Akt via PI-3 kinase and that inhibition of Akt
function induces apoptosis via caspase activation. Thus, inactiva-
tion of the caspase cascade may be one of several mechanisms used
by Akt to promote survival in the oligodendrocyte lineage.

DISCUSSION

Significant data indicate that neuregulins are important for oligo-
dendrocyte development. They have been reported to have multi-
ple effects in the oligodendrocyte lineage, including induction of
survival, proliferation, or blockage of differentiation (Lemke, 1996;
Burden and Yarden, 1997). Our studies are consistent with earlier
studies demonstrating that GGF, one of the members of the neu-
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regulin family, promotes survival of oligodendrocytes progenitors
under serum-free conditions (Canoll et al., 1996). Additionally,
neuregulin has been shown to be a mitogen for cultured mature
oligodendrocytes and to inhibit the differentiation and lineage
commitment of oligodendrocyte progenitors (Canoll et al., 1999).
In addition to these studies in cultured oligodendrocytes, there is
clear evidence that the neuregulins are important for in vivo de-
velopment of oligodendrocytes. For example, in E9 spinal cord
explants from neuregulin knock-out mice, oligodendrocytes fail to
survive and differentiate, whereas neuron and astrocyte develop-
ment appears normal (Vartanian et al., 1999).

The neuregulins bind multiple erbB receptors (erbB2, erbB3,
and erbB4), all of which are expressed on oligodendrocyte progen-
itors, and the different erbB receptors recruit multiple docking
molecules (Burden and Yarden, 1997). Although neuregulin-1 and
neuregulin-2 are both ligands for the erbB3 and erbB4 receptors, a
recent study has shown that they exhibit distinct biological activi-
ties depending on cellular context (Crovello et al., 1998). These
different activities might result from distinct roles of neuregulin-1
and -2 in activation of specific intracellular targets including Akt.
Because the different cellular responses to the neuregulins that
have been reported could be controlled through a number of
different pathways, it is of significant importance to understand
which pathways are involved in these different activities in oligo-
dendrocytes. Thus, the current studies focus on the signaling path-
ways through which heregulin (HRG 1), one of the members of
the neuregulin-1 family, induces cellular responses in oligodendro-
cyte lineage cells. In particular we demonstrate that, in cells of the
oligodendroglial lineage, heregulin activates Akt kinase and
thereby plays a major role in the survival of these cells. This is
consistent with a study in breast cancer cells demonstrating heregu-
lin activation of Akt kinase (Liu et al., 1999). Thus, we demonstrate
that (1) in response to growth factor deprivation, heregulin reduces
oligodendrocyte progenitor cell death in a wortmannin-sensitive
manner; (2) heregulin dose- and time-dependently activates Akt in
a wortmannin-sensitive manner in primary cultures of oligodendro-
cytes as well as their progenitors and C6 glioma cells; (3) in C6
cells, heregulin induces phosphorylation of BAD at Ser '*°, thereby
inhibiting its potential to enhance cell death, as it does in other
cells (Datta et al., 1997; del Peso et al., 1997); and (4) dominant-
negative Akt induces apoptosis in primary cultures of oligoden-

M“%‘

— optosis (top and middle panels). B, Expression of
. wild-type Akt and dominant-negative Akt was
assessed by immunoblot with anti-HA antibody;
50 MOI for wild-type Akt and 10 MOI for
dominant-negative Akt showed similar levels of
Akt expression. Thus, 50 MOI of wild-type Akt
and 10 MOI of dominant-negative Akt were used
for TUNEL experiments in A. Lysate of cells
infected with adenovirus encoding green fluores-
cent protein was used for control (C). C, O4-
positive cells were examined randomly in 20 dif-
ferent fields. In total, 241 cells were examined for
dominant-negative Akt virus infection and 171
cells for wild-type Akt virus infection. TUNEL
positivity is shown as a percentage of the total

= number of O4-positive cells. Dominant-negative
%* Akt infection caused apoptosis in O4-positive oli-
; godendrocytes at a significantly higher rate com-

pared to wild-type Akt infection (*p < 0.001).

drocyte progenitors and immature oligodendrocytes, through acti-
vation of the caspase cascade, thereby blocking the survival effect
of heregulin. Thus, the present data suggest that the primary
pathway through which heregulin mediates survival of oligoden-
drocyte lineage is the PI-3 kinase/Akt pathway. Interestingly,
Canoll et al., (1999) demonstrated that GGF functions through
both a PI-3 kinase pathway and a M AP kinase pathway. Our data
would suggest that the PI-3 kinase pathway is primarily involved in
the survival function of the neuregulins. Other studies indicate that
the PI-3 kinase signaling pathway is important for survival of
oligodendrocytes and their precursors, because inhibition of this
pathway leads to oligodendrocyte and precursor cell death (Vemuri
and McMorris, 1996), further supporting the concept that factors
such as the neuregulins that act through activation of the PI-3
kinase/Akt signaling pathway are important for oligodendrocyte
survival.

Akt activity may function to control cell death by controlling
caspase activity. In nonglial cells, caspase activity is inhibited by
Akt-induced phosphorylation, thereby reducing apoptosis (Car-
done et al., 1998). In vitro experiments show that various stimuli
induce apoptosis in mature oligodendrocytes through caspase ac-
tivation (Hisahara et al., 1997; Gu et al., 1999). In the current
studies, dominant-negative Akt expression induced apoptosis in
immature oligodendrocytes and oligodendrocyte progenitor cells,
perhaps by preventing caspase inactivation by endogenous Akt.
Thus, activation of caspases is likely involved in the execution of
growth factor deprivation-induced oligodendrocyte cell death, and
it appears that this cell death can be prevented by heregulin-
dependent Akt activation, acting through BAD phosphorylation.

Differences in the effects of neuregulins could result from acti-
vation of specific erbB receptors. A recent knock-out study in mice
clearly demonstrated the involvement of erbB3 receptor signaling
in the survival and differentiation of Schwann cells in vivo (Rieth-
macher et al., 1997), which are the myelinating counterparts of
oligodendrocytes in the peripheral nervous system. Our prepara-
tions of oligodendrocyte progenitors express all three erbB2,
erbB3, and erbB4 receptors, which is consistent with some pub-
lished studies (Canoll et al., 1996; Raabe et al., 1997b). However
others have found that oligodendrocytes only express erbB2 and
erbB4 but not erbB3 (Vartanian et al., 1997). These differences
could result from differences in culture conditions or cell prepara-
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NG2

Figure 7. Dominant-negative Akt induced caspase activation in primary
cultures of NG2-positive oligodendrocyte progenitors. Oligodendrocyte
progenitors were mock-infected or infected with adenovirus expressing
wt-Akt (50 MOI) or AA-Akt (10 MOI) for 24 hr as described in Materials
and Methods. After infection, cells were subjected to caspase activation
analysis ( green) and NG2 staining (red). Condensed nuclei were detected
by DAPI staining (indicated by arrows). Representative data from one of
three independent experiments is shown.

tion, such as the developmental stage at which the cells are pre-
pared, which could be important in defining the expression of
specific erbB receptor proteins. Such differences in receptor ex-
pression should be monitored, because they may result in different
cellular responses.

Recently PTEN, a member of a phosphatase gene family (Li et
al., 1997), was shown to have a key role as a negative upstream
regulator of Akt kinase (Maehama and Dixon, 1998; Stambolic et
al., 1998). PTEN is frequently deleted in gliomas including oligo-
dendrogliomas (Duerr et al., 1998; Lin et al., 1998), and indeed
gliomas that lack PTEN have higher amounts of Akt (Haas-Kogan
et al., 1998). Also, recent data indicate that oligodendrocyte pro-
genitors may be the source of oligodendrogliomas (Shoshan et al.,
1999). These data suggest that the regulation of the PI-3 kinase/
Akt pathway may be critical for oligodendrocyte progenitor sur-
vival and/or cellular transformation. Thus, in differentiated oligo-
dendrocytes, it is possible that negative regulators of this pathway,
which include PTEN, are upregulated or that positive regulators,
such as Akt, are downregulated.

Whereas significant oligodendrocyte cell death occurs during
normal brain development, oligodendrocyte cell death is also im-
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A2B5

Figure 8. Dominant-negative Akt induced caspase activation in primary
cultures of A2BS5-positive oligodendrocyte progenitors. Oligodendrocyte
progenitors were mock-infected or infected with adenovirus expressing
wt-Akt (50 MOI) or AA-Akt (10 MOI) for 24 hr as described in Materials
and Methods. After infection, cells were subjected to caspase activation
analysis (green) and A2BS staining (red). Condensed nuclei were detected
by DAPI staining (indicated by arrows). Representative data from one of
three independent experiments is shown.

Table 1. Caspase-positive oligodendrocyte progenitors infected with AA-
Akt or wt-Akt

% Caspase-positive cells

24 hr 48 hr
Mock-infect 89+ 1.1 10.4 = 1.0
AA-Akt 50.1 = 0.4%* 55.8 = 1.0%*
wt-Akt 10.5 = 1.7 20.0 = 1.5*%

Oligodendrocyte progenitor cells were mock-infected or infected with adenovirus
expressing AA-Akt or wt-Akt. After a 24 or 48 hr infection, the virus was removed,
and cells were cultured in DMEM plus 0.5% FBS for an additional 20-24 hr before
caspase inhibitor stain. Caspase-positive cells were counted, and data are expressed as
a percentage of total number of cells visualized by DAPI staining. Data are shown as
mean = SEM (n = 3). **p < 0.0001; *p < 0.0060.

portant in several pathologies of both the adult and the developing
nervous system. For example, in addition to oligodendrocyte loss in
MS, oligodendrocyte cell death is an element in stroke (McDonald
et al., 1998). It is also an important feature of periventricular white
matter injury, which is thought to underlie spastic motor and
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Figure 9. Dominant-negative Akt induced caspase activation in primary
cultures of immature oligodendrocytes in the presence of HRG B1. Oligo-
dendrocyte progenitor cells were mock-infected or infected with 10 MOI of
a control adenovirus (Ad.RSV.alphos) or an adenovirus expressing AA-
Akt the presence of 150 ng/ml HRG 1. Oligodendrocyte precursors were
grown in the presence of PDGF/bFGF for 24 hr; growth factors were then
removed, HRG B1 was added to the media, and adenovirus infection was
performed. After 48 hr infection in the presence of HRG 1, the virus was
removed, and cells were cultured in DM EM plus HRG 1 for an additional
20-24 hr before caspase inhibitor staining. A total of 1000 cells were
counted, and the caspase-positive cells were expressed as a percentage of
total number of cells visualized by DAPI staining. Data are the mean of a
representative experiment made in duplicate. Data are shown as mean *
SEM (n = 2); *p < 0.05.

cognitive deficits frequently seen in premature infants (Dambska et
al., 1989). The current data suggest that factors that activate Akt,
including the neuregulin family members, may be useful in pre-
venting oligodendrocyte death in such pathological conditions.
Furthermore, the possibility exists that if neuregulin expression is
reduced in some of these pathological conditions, oligodendrocyte
loss may be directly triggered.

Understanding how, and under what conditions, oligodendro-
cytes and their progenitors respond to survival factors is important
for therapeutic interventions in these pathologies. MS is the most
obvious adult demyelinating pathology in which oligodendrocytes
appear to die. Chronic MS lesions contain an important population
of cells with the phenotypic morphology of oligodendrocyte pre-
cursors (Wolswijk, 1998). Injection of neuregulins in acute or
chronic relapsing EAE has been shown to be effective in reducing
disease progression (Cannella et al., 1998; Marchionni et al., 1999)
and in enhancing remyelination in EAE mice (Marchionni et al.,
1999). These results support the hypothesis that neuregulins elicit
survival signals for oligodendrocytes in vivo. Other factors have
been proposed to enhance survival of the oligodendrocyte lineage.
For example CN'TF has been shown to be effective in vitro (Louis
et al.,, 1993; Mayer et al., 1994; Dell’Albani et al., 1998) and in MS
patients (Webster, 1997; Massaro et al., 1997, 1998). IGF-1 was
initially thought to be effective in the delay of disease progression
in EAE (Yao et al,, 1995). However, it has been recently shown
that IGF-1 has an adverse effect, because it also augments inflam-
matory cell survival (Lovett-Racke et al., 1998). Our data and
those of others would suggest that neuregulins may be an additional
therapeutic avenue for MS treatment and/or for promoting survival
of transplanted oligodendrocyte progenitors allowing differentia-
tion and remyelination.
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