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In this report, we investigated whether reactive astrocytes pro-
duce neuregulins (glial growth factor 2/heregulin/acetylcholine
receptor-inducing activity or neu differentiation factor) and its
putative receptors, ErbB2 and ErbB3 tyrosine kinases, in the
injured CNS in vivo. Significant immunoreactivities with anti-
neuregulin, anti-ErbB2, and anti-ErbB3 antibodies were de-
tected on astrocytes at the injured site 4 d after injury to the
adult rat cerebral cortex. To elucidate the mechanisms for the
upregulation of neuregulin expression in astrocytes, primary
cultured astrocytes were treated with certain reagents, includ-
ing forskolin, that are known to elevate the intracellular level of
cAMP and induce marked morphological changes in astro-
cytes. Western blot analysis showed that the expression of a 52
kDa membrane-spanning form of a neuregulin protein was
enhanced in cultured astrocytes after administration of forsko-

lin. The upregulation of glial fibrillary acidic protein was also
observed in astrocytes treated with forskolin. In contrast, inac-
tivation of protein kinase C because of chronic treatment with
phorbol ester 12-O-tetradecanoyl phorbol 13-acetate down-
regulated the expression of the 52 kDa isoform, although other
splice variants with apparent molecular sizes of 65 and 60 kDa
were upregulated. These results suggest that the enhancement
of neuregulin expression at injured sites is induced, at least in part,
by elevation in intracellular cAMP levels and/or a protein kinase C
signaling pathway. The neuregulin expressed on reactive astro-
cytes may stimulate their proliferation and support the survival of
neurons surrounding cortical brain wounds in vivo.
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Reactive astrocytes are thought to support neuronal regeneration
by secreting various growth factors and neurotrophic factors, such
as basic fibroblast growth factor (bFGF) (Finklestein et al., 1988;
Frautschy et al., 1991), transforming growth factor-b1 (TGF-b1)
(Lindholm et al., 1992), pleiotrophin (Yeh et al., 1998), ciliary
neurotrophic factor (CNTF) (Ip et al., 1993), nerve growth
factor, brain-derived neurotrophic factor (Rudge et al., 1995), and
neurotrophin 4 (Condorelli et al., 1994). After brain injury, all of
these factors increase and take part in the cellular processes of
wound healing.

Neuregulins are a class of cell surface and secreted proteins
with diverse functions in a variety of different tissues (Peles et al.,
1993). These factors have been isolated from a number of differ-
ent cell types, and many different proteins are known to be
generated from a single gene as alternative splicing variants
(Marchionni et al., 1993). The widespread distribution of these
factors in developing and mature nervous systems is consistent
with evidence for the variety of neuregulin actions (Chen et al.,
1994; Meyer and Birchmeier, 1994; Corfas et al., 1995; Jo et al.,
1995). Several different types of glial cells have been shown to be
supported in their growth and differentiation by neuregulins. One

of these neuregulins, glial growth factor 2 was initially identified
because of its mitogenic activity on Schwann cells. Neuregulins
have also been shown to promote astrocyte survival and differen-
tiation in cerebral cortical dissociated cell cultures (Pinkas-
Kramarski et al., 1994) and to inhibit the differentiation and lineage
commitment of oligodendrocyte progenitor cells (Vartanian et al.,
1994; Canoll et al., 1996; Shi et al., 1998). In an earlier stage of
neural development, neuregulins promoted glial differentiation and
inhibited neuronal differentiation in cultured neural crest stem cells
(Shah et al., 1996). In addition to their effects on glial differentia-
tion, neuregulins are capable of promoting the synaptic maturation
of both the peripheral nervous system (PNS) (Falls et al., 1993; Jo
et al., 1995; Sandrock et al., 1995) and CNS (Ozaki et al., 1997;
Yang et al., 1998) as well as promoting neuronal cell survival and
neurite outgrowth (Bermingham-McDonogh et al., 1996).

Neuregulins have been shown to play an important role in
pathological responses in the PNS. For example, neuregulin ex-
pression increased in Schwann cells during Wallerian degenera-
tion (Carroll et al., 1997). These previous reports suggest that
neuregulins also support neuronal cell survival and neuronal
network reconstruction to repair the damaged CNS. However, it
is unknown whether the expression of neuregulins increases after
brain injury, and if so, what molecular events lead to induction.

In this report, we provide evidence to support the idea that
reactive astrocytes produce neuregulins and their putative recep-
tors, ErbB2 and ErbB3, after brain injury in vivo. We explored the
regulatory mechanisms of neuregulin expression in astrocytes
and found that both the levels of intracellular cAMP and protein
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kinase C (PKC) signaling pathways were involved in the regula-
tion of neuregulin expression in vitro.

MATERIALS AND METHODS
Materials. Forskolin, DMEM, fetal calf serum (FCS), N6,29-O-dibutyryl-
adenosine 39,59-cyclic monophosphate (dB-cAMP); 8-bromoadenosine
39,59-cAMP (8Br-cAMP), and phorbol ester [12-O-tetradecanoyl phor-
bol 13-acetate (TPA)] were obtained from Sigma (St. Louis, MO).
Penicillin and streptomycin solutions were obtained from Life Technol-
ogies (Gaithersburg, MD). We used human recombinant epidermal
growth factor (EGF) (Austral Biologicals, San Ramon, CA), human
recombinant bFGF (Peprotech, Rocky Hill, NJ), and human recombi-
nant platelet-derived growth factor (PDGF) (Life Technologies) in the
present experiment. A rabbit antibody against human neuregulin, which
recognizes both a and b neuregulins (Neo Markers, Union City, CA), a
goat antibody against human neuregulin-b (Santa Cruz Biotechnology,
Santa Cruz, CA), a rabbit anti-bovine glial fibrillary acidic protein
(GFAP) antibody (Dako, Glostrup, Denmark), a mouse monoclonal
anti-human ErbB2 antibody, a rabbit anti-human ErbB3 antibody (Trans-
duction Laboratories, Lexington, KY), fluorescein-conjugated anti-
mouse IgG and anti-goat IgG (Vector Laboratories, Burlingame, CA),
and Cy3-conjugated streptavidin (Jackson ImmunoResearch, West
Grove, PA) were used.

Brain lesions and immunohistochemistry. The treatment of animals was
performed according to the ethical rules of our institution. Anesthetized
adult Sprague Dawley rats (8-weeks-old) were used. An anteroposterior
surgical incision (5-mm-long, 2-mm-deep, and 1-mm-wide) was made by
inserting a microknife into the cortex. After 4 d, the rats were deeply
anesthetized and perfused with 4% paraformaldehyde in PBS. Brains
were removed and stored for 5–7 d in 4% paraformaldehyde in PBS.
Serial 50-mm-thick vibratome sections were preincubated in a blocking
solution (1% normal horse serum, 1% BSA, and 0.01% Triton X-100 in
PBS) for 1 hr after a 5 min incubation in 1% hydrogen peroxide in PBS
to inactivate endogenous peroxidase activity. The sections were incu-
bated in the blocking solution containing (in mg/ml): 0.5 anti-
neuregulin-b, 0.5 anti-ErbB2, or 0.5 anti-ErbB3 antibodies for 2 or 3 d at
4°C and were then subjected to immunohistochemical analysis using the
avidin–biotin peroxidase technique [Vectastain avidin–biotin complex
(ABC) elite kit; Vector Laboratories] with diaminobenzidine tetrahydro-
chloride as a color development reagent. For immunohistochemical
control experiments, the anti-neuregulin-b antibody was used after ab-
sorption with the recombinant extracellular domain of neuregulin-b
(Neo Markers). Because anti-ErbB2 and anti-ErbB3 antibodies were
raised against a part of the extracellular domains of the receptors, these
antibodies were also used, after absorption with the extracellular do-
mains of the corresponding receptors, for the control experiments. Each
antibody (0.25 mg) was mixed with or without a corresponding recombi-
nant protein (25 mg) in 0.5 ml of a blocking solution for 1 hr for
neutralization. The extracellular domains of the ErbB2 and ErbB3 used
were expressed as fusion proteins with an Ig-Fc region by Chinese
hamster ovary (CHO) cells, using the method described by Higashiyama
et al. (1997).

Colocalization of GFAP with neuregulin and the ErbB2 protein on
astrocytes was determined by costaining with a rabbit anti-GFAP anti-
body (1:2000) and a mouse monoclonal anti-ErbB2 antibody (0.5 mg/ml)
or a goat anti-neuregulin antibody (0.5 mg/ml), followed by a biotinylated
anti-goat IgG (1:200) or biotinylated anti-mouse IgG (1:200) as the
secondary antibody. Immunoreactivity was visualized by fluorescein-
conjugated anti-rabbit IgG (1:200) and Cy3-conjugated streptavidin (1:
2000). The ErbB3 protein on the ErbB2-positive astrocytes was detected
by double-staining with a rabbit anti-ErbB3 antibody and a mouse mono-
clonal anti-ErbB2 antibody. Immunoreactivity for ErbB3 was visualized
by Cy3-conjugated goat anti-rabbit IgG, and immunoreactivity for ErbB2
was visualized by treatment with biotinylated anti-mouse IgG (1:200)
followed by Alexa Fluor 488-conjugated streptavidin (Molecular Probes,
Eugene, OR) (1:100). For display figures, merged color images were
processed using Adobe Photoshop (Adobe Systems, San Jose, CA).

Primary astrocyte culture. Primary astrocyte cultures were done accord-
ing to the procedures described by Miller et al. (1995) with minor
modifications. In brief, the neocortexes of Sprague Dawley rats on
embryonic days 17 and 18 were dissected, treated with trypsin (0.1%),
dissociated by trituration, and plated at a density of 5 3 10 7 cells per 75
cm 2 flask in DMEM (adjusted to pH 7.5 with 25 mM HEPES and 14.3
mM NaHCO3) supplemented with 10% FCS, 1 mM pyruvate, 2 mM
glutamine, 50 mg/ml streptomycin, and 50 U/ml penicillin. Cells were

maintained in DMEM containing 10% FCS for 6 d. Next, the flasks were
shaken mechanically at 200 rpm overnight in a horizontal orbital shaker
to remove the top layer of cells. This procedure removed most of the
oligodendrocytes, microglia, and type 2 astrocytes and thus yielded
mainly type-1 astrocytes with a flat shape (Jensen and Chiu, 1990). One
day after this purification step, secondary astrocyte cultures were estab-
lished by trypsinizing the primary culture and subplating it onto poly-D-
lysine-precoated plastic dishes in DMEM supplemented with 10% FCS.

Treatment of cultured astrocytes with exogenous factors. Within 10–14 d
in culture, the astrocytes had formed a subconfluent monolayer. The
culture medium was exchanged with fresh DMEM containing 10% FCS.
To investigate the effects of cAMP on neuregulin and GFAP synthesis,
the following reagents were added to the culture media, and the cultures
were maintained at 37°C for 3 hr: forskolin (0.1–30 mM), dB-cAMP (1
mM), and 8Br-cAMP (1 mM). Growth factors and phorbol ester (TPA)
were also added to fresh DMEM containing 1% FCS to investigate their
effects on the synthesis and shedding of neuregulins. The cultures were
maintained at 37°C for 24 hr with the following concentrations of each
factor: 10 ng/ml EGF, 10 ng/ml PDGF, 10 ng/ml bFGF, and 30 nM TPA.

Immunoprecipitation and Western blot analyses. For immunoprecipita-
tion, cultures were rinsed with PBS three times, and cells were scraped in
PBS at 4°C. The suspension was centrifuged at 14,000 rpm, and the
resulting pellet was solubilized with a lysis buffer (0.2% Triton X-100, 50
mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 2 mM phenylmeth-
ylsulfonyl fluoride, 5 mg/ml leupeptin, and 5 mg/ml pepstatin A) at 4°C
for 1 hr. Aliquots (1 mg of protein) of the lysate or the conditioned
medium (1 ml) were incubated with 5 mg of the rabbit anti-neuregulin
antibody and precipitated with 5 ml of protein A-Sepharose (Pharmacia,
Uppsala, Sweden) at 4°C.

After immunoprecipitation, the beads were washed three times with
the lysis buffer. These samples were subjected to SDS-PAGE, followed by
transfer to polyvinylidene difluoride membranes (Millipore, Barlbor-
ough, MA). Blots were blocked with 1% BSA and 1% normal horse
serum in PBS for 30 min and then incubated with the goat anti-
neuregulin-b antibody at 1:200 dilution or with the rabbit anti-bovine
GFAP antibody at 1:1000 dilution for 1 hr at 4°C. Immunoreactivity was
detected with an avidin–biotin–peroxidase system (Vectastain ABC elite
kit) using 4-chloro-1-naphthol as a color-developing reagent for 15 min at
room temperature.

Immunocytochemistry of cultured astrocytes. Cultures to be immuno-
stained were washed with PBS and fixed by immersion in 4% formalde-
hyde for 5 min. The fixative was removed by washing three times with
PBS. Cultures were first exposed to a blocking solution containing 1%
normal horse serum and 0.01% Triton X-100 in PBS for 1 hr at room
temperature, followed by incubation with a mixture of the goat antibody
against neuregulins at 1:200 dilution and the rabbit antibody against
bovine GFAP at 1:1000 dilution in a blocking solution overnight at 4°C.
Biotin-linked anti-goat IgG was used as the secondary antibody. To
visualize immunoreactivity for neuregulins and GFAP, Cy3-conjugated
streptavidin and a fluorescein-conjugated antibody against rabbit IgG
were used, respectively. The sections were observed under a fluorescence
microscope (BX 60; Olympus, Tokyo, Japan). For display figures,
merged color images were processed using Adobe Photoshop.

RESULTS
Increase in the immunoreactivities for neuregulin and
its putative receptors, ErbB2 and ErbB3, after brain
injury
In the intact rat brain, immunostainings with an anti-neuregulin
antibody (Fig. 1A–C) and with an anti-ErbB2 antibody (Fig.
1D–F) appeared to be localized in various areas of the cerebral
cortex (Fig. 1B,C,E,F), hippocampus (Fig. 1A,D), and cholinergic
nucleus in the diencephalon (data not shown), in agreement with
other published reports (Chen et al., 1994; Pinkas-Kramarski et
al., 1994; Eilam et al., 1998; Miller and Pitts, 2000). At the
microscopic level, stainings for neuregulin and ErbB2 (Fig. 1C,F)
were found primarily in neuronal cell bodies. However, ErbB3
was not detected on neuronal cells (data not shown).

The immunoreactivity for neuregulins (Fig. 2) and their recep-
tors, ErbB2 (Fig. 3A–C,F) and ErbB3 (Fig. 3D,E,G), increased at
traumatic sites, and the immunostained cells had the morpholog-
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ical features of reactive astrocytes (Figs. 2C, 3B,D), which are
known to proliferate around brain injuries. Preincubation of the
antibodies with recombinant proteins reduced their immunore-
activities to a background level (Figs. 2G,H, 3B–E). These results
showed that the specificities of the antibodies used in this study
were reliable.

To characterize the immunopositive cells further, we examined
colocalization of GFAP with neuregulin or ErbB2 on cells around
the injured site. A large population of GFAP-positive astrocytes
showed neuregulin (Fig. 4A–C) and ErbB2 immunoreactivity
(Fig. 4D–F) near the wound cave. In addition, we found that the
ErbB3 (Fig. 4G) and ErbB2 (Fig. 4H) proteins were colocalized
on astrocytes around the injured site (Fig. 4 I).

Interestingly, we observed immunopositive cells stained with
the anti-neuregulin antibody (Fig. 2D–F), the anti-ErbB2 anti-
body (Fig. 3F), and the anti-ErbB3 antibody (Fig. 3G) in a deep
layer of the cortex along the white matter in the injured hemi-
sphere. Staining of adjacent sections with the anti-GFAP anti-
body is shown in Figure 5. Although cells intensely stained for
GFAP were found all over the cortex of the injured hemisphere
(Fig. 5A–D), astrocytes with neuregulin, ErbB2, and ErbB3 im-
munoreactivities were found only near the injury site.

Neuregulin expression by cultured astrocytes
Neuregulin has been shown to play an important role in wound
healing in the PNS (Carroll et al., 1997; Kopp et al., 1997) by
enhancing cell migration and proliferation. The present results
showing an increase in neuregulin expression after brain injury
suggest that neuregulin also plays an important role in repair
mechanisms in the CNS. Therefore, we investigated the possible
regulatory mechanisms of neuregulin expression using cultured
astrocytes as a model system.

We first examined whether cultured astrocytes expressed neu-

regulins. We detected a 52 kDa transmembrane form of neuregu-
lin in cell lysates, and ;35, 32, 30, and 25 kDa soluble forms in
culture media (Fig. 6A) using a combination of immunoprecipi-
tation and Western blot analysis. Although we used an antibody
that reacts with both the a- and b-forms of the EGF-like domain
of neuregulins for immunoprecipitation, we used an antibody that
specifically recognizes b-form neuregulins for the Western blot.
Thus, these immunopositive bands had the b-form of the EGF-
like domain that was sufficient to activate some members of the
EGF receptor family.

Effects of intracellular cAMP-elevating reagents on
neuregulin expression in vitro
Recent studies have shown that many types of growth factors and
cytokines are released from astrocytes after various treatments in
vitro. Thus, candidate regulators of neuregulin expression were
chosen on the basis of their previously published effects on the
expression of the various neurotrophic factors in astrocyte cul-
tures (Condorelli et al., 1994; Rudge et al., 1994). Because a
transient increase in the intracellular cAMP level induces astro-
cyte differentiation, including morphological changes, increased
GFAP expression, and increased phosphorylation of intermediate

Figure 1. Immunohistochemical localization of neuregulin and ErbB2 in
the cerebrum of an 8-week-old rat. An antibody against neuregulin-b
(A–C) or an antibody against ErbB2 (D–F) was used to stain
paraformaldehyde-fixed thin sections. Immunolocalization of neuregulin
(A) and ErbB2 (D) in the CA1 area of the hippocampus is shown. The
distribution of neuregulin (B) and ErbB2 (E) in the cerebral cortex is also
shown. Most neuregulin and ErbB2 immunoreactivities appear on neu-
ronal cell surfaces. A higher magnification of immunostained sections
shows the presence of neuregulin (C) and ErbB2 (F) on cortical neuronal
cells. Scale bars: A,C,D,F, 50 mm; B,E, 500 mm.

Figure 2. Immunohistochemical localization of neuregulin in the injured
cerebral hemisphere. Highly neuregulin-immunoreactive cells are present
near the wound (A–C) and within a deep layer of the cortex (D, F ) close
to the white matter. Higher magnifications of the boxed-in areas in A and
D are displayed in B and F, respectively. The arrowhead in B indicates the
more highly magnified cell shown in C. The arrowheads shown in F
indicate reactive astrocytic cells. E, A schematic representation of the
sites that displayed immunoreactivity (shown by dots) in the coronal
section. Sections were stained with an antibody pretreated with (H ) or
without ( G) recombinant neuregulin to check the specificity of the anti-
body. All brain sections were prepared 4 d after trauma. WM, White
matter. Scale bars: A, D, 1 mm; B, 50 mm; C, 10 mm; F–H, 400 mm.
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filament proteins (Sensenbrenner et al., 1980; McCarthy et al.,
1985), we selected cAMP-elevating reagents to investigate the
regulation of neuregulin expression. Figure 6B shows that fors-
kolin and cAMP analogs enhanced the expression level of the 52
kDa neuregulin on astrocyte cell surfaces after a 3 hr incubation.
Soluble forms of neuregulins were not detected under these
experimental conditions.

As shown in Figure 7, A and B, treatment of astrocytes with
forskolin for 3 hr resulted in a dose-dependent enhancement of

Figure 3. Immunohistochemical localization of ErbB2 and ErbB3 in the
injured brain. A shows anti-ErbB2 immunoreactive cells appearing near
the wound. B, D, Higher magnification images of an area adjacent to the
wound stained with anti-ErbB2 and anti-ErbB3 antibodies, respectively.
The immunopositive cells indicated by the arrowheads are shown at a
higher magnification in the box. These immunopositive cells were not
observed in the sections stained with antibodies preabsorbed with the
corresponding recombinant peptides (C, E). In the deep layer of the
injured cortex, ErbB2 (F) and ErbB3 (G) immunoreactivities were also
detected. The black arrowheads shown in F and G indicate reactive
astrocyte-like cells. WM, White matter. Scale bars: A, 0.5 mm; B–E
(shown in E), 50 mm; F, G, 20 mm.

Figure 4. Double-label fluorescent localization of neuregulin with
GFAP, ErbB2 with GFAP, and ErbB3 with ErbB2 in an injured cortex. A,
Neuregulin immunoreactivity near the injured site. B, GFAP immunore-
activity in the same section of A. C, Superimposed image of A and B. D,
ErbB2 immunoreactivity near the injured site. E, GFAP immunoreactiv-
ity in the same section of D. F, Superimposed image of D and E. G, ErbB3
immunoreactivity near the injured site. H, ErbB2 immunoreactivity in the
same section of G. I, Superimposed image of G and H. Scale bars, 10 mm.

Figure 5. Immunohistochemical localization of an astrocytic differenti-
ation marker, GFAP, in the injured brain. Intense immunoreactivity for
GFAP is observed in the vicinity of A and even in an area far from the
injured site in the ipsilateral hemisphere (C), but lower GFAP immuno-
reactivity was observed in the contralateral hemisphere (B, D). E, Sche-
matic representation of the areas used for the microscopic observation.
Scale bar (in D), 50 mm.
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both neuregulin (Fig. 7A) and GFAP (Fig. 7B) expressions. No
significant immunopositive bands were detectable in culture me-
dia under these experimental conditions.

To examine whether each astrocyte in culture expressed neu-
regulins, cultured astrocytes were stained with a mixture of anti-
neuregulin and anti-GFAP antibodies. Most cells (.95%) were
immunopositive for GFAP (Fig. 8A,D), indicating that they were
mostly astrocytes. However, GFAP-positive cells were not always
immunopositive for neuregulins (Fig. 8B,E). The neuregulin-
positive cells accounted for only 10% of the GFAP-positive cells
and appeared to be stained with the anti-GFAP antibody more
intensely than the neuregulin-negative cells (Fig. 8D, arrowhead).
Treatment of astrocytes with forskolin resulted in a dramatic

morphological change in most cells (Fig. 8G) and an increase in
the population of neuregulin-positive cells (Fig. 8H) to 20–30%
of the total within 3 hr in culture.

Effects of growth factors and TPA on neuregulin
expression and shedding in vitro
Neuregulin was reported to be released from cell surfaces by PKC
activation in cultured sensory neurons and neuregulin gene-
transfected CHO cells (Loeb et al., 1998). However, the effect of
changes in PKC activity on neuregulin release from primary
cultured astrocytes has not been studied. Therefore, we investi-
gated the effects of TPA and growth factors on the shedding or
release of neuregulin from astrocyte cell membranes into the
culture media. Although astrocytes were treated with TPA or
growth factors, the amount of neuregulins in the culture media
were unchanged in our system (Fig. 9B, lanes 1–5). Compared
with the normal culture conditions (Fig. 6A, lane 2), the amount
of neuregulins with smaller molecular sizes was elevated in cell
lysates (Fig. 9A, lane 1) under the low serum condition used in this
experiment. In addition, the effects of TPA on the amounts of 65,
60, and 52 kDa neuregulin isoforms in cell lysates were marked.
The expression of 65 and 60 kDa neuregulins was induced, but

Figure 6. Western blot analysis of neuregulins in cell lysates and culture
media. A shows that astrocytes produced two neuregulin forms in vitro: a
52 kDa membrane-spanning precursor in cell lysates (lane 2) and some
soluble isoforms in culture media (lane 4 ). The small arrowheads in A
show neuregulin immunopositive bands with apparent molecular sizes of
35, 32, 30, and 25 kDa, respectively. B, Forskolin and cAMP analogs
enhanced the production of the 52 kDa neuregulin precursor by cultured
astrocytes for 3 hr (lane 1, control; lane 2, 30 mM forskolin; lane 3, 1 mM
8Br-cAMP; lane 4, 1 mM db-cAMP). The positions of molecular mass
markers (lanes 1 and 3, in kilodaltons) are shown to the lef t of each panel.

Figure 7. Western blot analysis of cultured astrocyte cell lysates treated
with forskolin at various concentrations for 3 hr. Forskolin induced a
dose-dependent increase in both the neuregulin (A) and GFAP (B)
expressions by astrocytes. The concentrations of forskolin on A and B
were as follows (in mM): lane 1, 0; lane 2, 0.3; lane 3, 1; lane 4, 3; lane 5, 10;
lane 6, 30, respectively. The positions of molecular mass markers (in
kilodaltons) are shown to the lef t of A.

Figure 8. Immunofluorescence staining of neuregulin and GFAP on
cultured astrocytes. Astrocytes cultured in DMEM supplemented with
10% FCS in the absence (A–F) or presence (G–I) of 3 mM forskolin for
3 hr are shown. The polygonal flat cells (A–F) and the well characterized
morphologically differentiated cells induced by forskolin administration
(G–I) were double-stained with anti-GFAP (A, D, G) and anti-neuregulin
(B, E, H ) antibodies. Anti-neuregulin and anti-GFAP antibodies were
visualized with a biotinylated anti-goat IgG antibody and Cy3-labeled
streptavidin (red) and fluorescein-labeled anti-rabbit ( green) IgG antibod-
ies, respectively. The white arrowhead in D–E indicates a neuregulin-
positive cell in the control culture. The merged images of A and B, D
and E, and G and H are also shown in C, F, and I, respectively. Scale
bars, 10 mm.
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that of the 52 kDa isoform was reduced after 24 hr of TPA
administration. Although EGF did not alter the expression of
neuregulins (Fig. 9A, lane 2), bFGF and PDGF also induced the
expression of the 65 kDa neuregulin very weakly (Fig. 9A, lanes 3,
4) in cell lysates.

DISCUSSION
Expression of neuregulin, ErbB2, and ErbB3 in
injured brains
In the intact rat brain, immunostaining with an anti-neuregulin
antibody appeared to be localized primarily in neuronal cell
bodies in various areas, in agreement with other published re-
ports showing neuregulin expression (Chen et al., 1994; Pinkas-
Kramarski et al., 1994; Eilam et al., 1998). We detected the
colocalization of ErbB2 with neuregulin expressed on layer V
cortical neurons in the rat brain (Fig. 1) in accordance with a
recent report (Miller and Pitts, 2000).

In the injured brain, the increase in immunoreactivities for
both neuregulin and ErbB receptors in the area surrounding
lesions occurred because of the appearance of immunopositive
cells with morphological features of reactive astrocytes (Figs. 2C,
3B,D). Double-staining studies of ErbB2 and GFAP clearly
showed their colocalization on astrocytes, as in a previous obser-
vation with human biopsy samples (Kristt and Yarden, 1996). In
addition, neuregulin was also detected on GFAP-positive cells
(Fig. 4). We also detected ErbB3 protein colocalized with the
ErbB2 protein on astrocytes near the injury site (Fig. 4G–I).
Although it is not known whether neuregulins have a promotive
activity on the proliferation and migration of astrocytes, our
results suggest that neuregulin may play a role in glial scar
formation at an injured region in an autocrine and/or paracrine
manner through the ErbB2–ErbB3 heterodimers. However, it is
still unknown whether ErbB4, the other neuregulin receptor, is
induced in astrocytes in the injured brain. In addition, the astro-
cytes near the injury would respond to other members of the
neuregulin ligand family.

In a parallel study, we reported that the expression of neurocan,
a neural chondroitin sulfate proteoglycan, was also enhanced by
traumatic injury (Oohira et al., 1997). Injury to the adult CNS of
higher vertebrates is rarely followed by axon regeneration. A
major reason for this is the formation of an astrocytic scar that
inhibits axon growth (Reier and Houle, 1988). The chondroitin
sulfate proteoglycan produced by astrocytes is an inhibitory sub-
strates for axon growth (Snow et al., 1990; Oohira et al., 1991).
Thus, artificial growth control of astrocytes seems to be useful for
the promotion of neuronal regeneration after trauma.

Cultured astrocytes expressed neuregulins
Neuregulin was originally reported as a 44 kDa glycoprotein
isolated from a Rat1-EJ cell line (Wen et al., 1992), and only a
single neuregulin gene is localized in the human genome (Orr-
Urtreger et al., 1993). Alternative splicing was found to generate
.13 neuregulin isoforms. Most of these included an Ig-like do-
main and a transmembrane domain, but some isoforms were
produced as soluble forms without a transmembrane domain.

We detected two forms of neuregulin in primary astrocyte
cultures using Western blot analysis: a 52 kDa transmembrane
form in cell lysates and some soluble forms in culture media (Fig.
6) with apparent molecular masses of 35, 32, 30, and 25 kDa. The
52 kDa neuregulin isoform was reported previously from Western
blots of the spinal cord (Carroll et al., 1997). Because there are
many neuregulin splice variants, it could not be determined
whether immunopositive bands in the culture media of astrocytes
were synthesized as soluble forms or released from the cell
surface by proteolytic processing, as is the case with other mem-
bers of the EGF family such as TGF-a (Bringman et al., 1987;
Gentry et al., 1987; Teixido et al., 1987), EGF (Mroczkowski et
al., 1989), and heparin-binding EGF-like growth factor (HB-
EGF) (Izumi et al., 1998; Gechtman et al., 1999).

Regulation of neuregulin expression by cultured rat
cortical astrocytes
It is well known that an increase in intracellular cAMP levels can
induce several effects in astrocytes, such as dramatic morpholog-
ical changes, increased GFAP expression, and increased phos-
phorylation of intermediate filament proteins. As shown in Fig-
ures 7B and 8G, the increased GFAP content and morphological
transformation induced by cAMP-elevating reagents were inter-
preted as a sign of differentiation or as a pathological reaction
similar to the phenomena occurring in vivo during reactive gliosis.
In this respect, it is interesting that elevated levels of neuregulin
protein were detected on reactive astrocytes after injury to the rat
brain.

In our model system using cultured cortical astrocytes, we
observed a twofold to threefold increase in neuregulin protein
levels after 3 hr of incubation in the presence of forskolin (Fig.
7A). The EC50 of forskolin was found to be ;3 mM in the present
study. We also observed a clear increase in the expression of
neuregulin after treatment of primary astroglial cell cultures with
1 mM dB-cAMP or 1 mM 8Br-cAMP, as well as with 30 mM

forskolin (Fig. 6B). The enhancement because of forskolin treat-
ment was inhibited by a 5 min pretreatment with (2S, 19R, 29R,
39R)-2-2(2,3-dicarboxyclopropyl)glycine, an agonist of group II
metabotropic glutamate receptors that is coupled with Gi and
negatively regulates adenylate cyclase (data not shown).

Only a minor population (;10%) of astrocytes showed neu-
regulin expression in our culture system. This was expected,
because it is well known that cultured astrocytes are heteroge-

Figure 9. TPA and growth factors regulated neuregulin expression by
cultured astrocytes. Cells incubated in DMEM containing low serum
(1%) received DMSO as a control (lane 1) or several growth factors
(EGF, lane 2; bFGF, lane 3; PDGF, lane 4 ) and TPA (lane 5). The
concentrations of these stimuli were: bFGF, 10 ng/ml; EGF, 10 ng/ml;
PDGF, 10 ng/ml; and TPA, 30 nM. After 24 hr of incubation, cell lysates
and culture media were analyzed separately for neuregulin using an
immunoblotting technique. A shows a Western blot of cell lysates, and B
shows that of culture media. The small arrowheads in A show neuregulin-
immunopositive bands with apparent molecular sizes of 65, 60, and 52
kDa, respectively. The positions of molecular mass markers (in kilodal-
tons) are shown to the lef t of each panel.
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neous in character. For example, the population of CNTF-
immunopositive astrocytes was 10–15% of the total astrocytes
derived from the hippocampus of newborn rat pups (Rudge et al.,
1994), whereas the population of astrocytes without b-adrenergic
receptors was 12% of the total GFAP-positive cells isolated from
the adult rat brain (Shao and Sutin, 1992).

Some members of the EGF family, such as HB-EGF, were
reported to be released from cell surfaces by a PKC-activated
proteolytic enzyme (Izumi et al., 1998). In contrast, the proteo-
lytic cleavage of neuregulin was independent of PKC activation,
but the release of cleaved neuregulin from cell surfaces was
promoted by the PKC signaling pathway in cultured sensory
neurons and neuregulin gene-transfected CHO cells (Loeb et al.,
1998). Because prolonged treatment with phorbol ester inacti-
vates PKC activity (Wilkenson and Hallam, 1994), we treated
astrocytes with TPA for a prolonged period to observe the effect
of PKC inactivation on neuregulin synthesis and shedding. No
difference in shedding was observed between the control and
PKC-inactivated cultures, but the composition of the neuregulin
isoforms in cell lysates changed dramatically after PKC inactiva-
tion. The 52 kDa isoform appeared to be upregulated through the
protein kinase A pathway (Fig. 6B) and downregulated by PKC
inactivation (Fig. 9A). However, both the 65 and 60 kDa isoforms
were upregulated through PKC inactivation. These results sug-
gest that the PKC signaling pathway enhances the processing of
these two neuregulin isoforms or suppresses their expression.
Because neuregulins can bind to heparan sulfate proteoglycans
(Loeb et al., 1999), and molecules of a similar molecular size to
neuregulins were seen in the culture media, these small neuregu-
lins may be soluble in themselves but bound to heparan sulfate
proteoglycans on the astrocyte cell surface under the culture
conditions used.

Possible roles of neuregulin in the injured CNS
Increased neuregulin may play an important role in the cascade of
cellular changes that occurs after focal brain injury. It has been
shown that neuregulin promotes the survival, proliferation, and
differentiation of various CNS cells such as astrocytes (Pinkas-
Kramarski et al., 1994), pro-oligodendrocytes (Canoll et al., 1996),
oligodendrocytes (Shi et al., 1998), and neurons (Bermingham-
McDonogh et al., 1996) in vitro. Although glial scars inhibit axonal
regeneration, the increased concentration of neuregulin that we
observed 4 d after brain injury may result in glial cell prolifera-
tion, leading to the repair of the damaged tissue. In addition,
neuregulin may play an important role in supporting neuronal cell
survival and regeneration in the recovery of neurological function
after focal injury.

Interestingly, Cannella et al. (1998) demonstrated that recom-
binant neuregulin aided clinical recovery and repaired damaged
myelin in a chronic relapsing experimental autoimmune enceph-
alomyelitis mouse, a major model for a human demyelinating
disease, multiple sclerosis (Marchionni et al., 1996; Cannella et
al., 1998). After Wallerian degeneration, neuregulin and its re-
ceptor ErbB proteins are elevated on Schwann cells to promote
their proliferation and remyelination (Carroll et al., 1997). It
remains to be determined how the expression of neuregulins is
regulated in astrocytes in vivo in relation to several temporal
sequences of events that occur after trauma. If neuregulins in
reactive astrocytes in the CNS are under regulation similar to
that in vitro, it may be possible to use pharmacological interven-
tion as a means to artificially augment neuregulin levels in the

injured brain, and thus reduce the extent of neuronal degenera-
tion after trauma.
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