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Neuregulin (NRG), a growth and differentiation factor that sig-
nals via erbB receptor tyrosine kinases, has been shown to
have biological effects in both the CNS and the peripheral
nervous system. We report here that erbB4 is expressed in
mature cerebellar granule cells, where it appears to be concen-
trated at the granule cell postsynaptic terminals. We also show
that one form of NRG, Ig-NRG, plays a crucial role in aspects of
cerebellar granule cell development in vitro. First, Ig-NRG treat-
ment of granule cells in culture selectively induces the expres-
sion of the GABA, receptor 82 subunit. This increase in subunit
expression is paralleled by an increase in functional GABA,
receptors. In contrast to its effects on GABA, receptor subunit
expression, 1g-NRG does not upregulate NMDA receptor N2B

and N2C subunit expression. Second, we demonstrate that
Ig-NRG also enhances neurite outgrowth from cultured granule
cells. Ig-NRG does not, however, act as a survival factor for the
granule cells. We have compared the effect of Ig-NRG with the
effects of brain-derived neurotrophic factor (BDNF), a neurotro-
phin that exerts specific effects on granule cells in culture, and
found that BDNF does not mimic the effects of Ig-NRG on
GABA, receptor subunit expression. Our results show that
Ig-NRG has specific effects on granule cell development and
maturation and may regulate these processes in vivo.
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The neuregulins (NRGs) are members of the epidermal growth
factor (EGF) superfamily of growth and differentiation factors
(Lemke, 1996). NRG (also called NRG1), the first member of the
NRG family, is also known by several other names because it was
identified on the basis of different biological activities, including
the activation of the HER2/erbB2/neu tyrosine kinase receptor
[neu differentiation factor (Peles et al., 1992); heregulin (Holmes
et al., 1992)], the induction of acetylcholine receptor expression
in skeletal muscle [acetylcholine receptor-inducing activity (Falls
et al.,, 1993)], and the induction of proliferation of Schwann cells
[glial growth factor (Marchionni et al., 1993)]. NRG appears to be
critical for the development of several cell types and organs,
including the heart, the peripheral nervous system (PNS) and
CNS (for review, see Lemke, 1996). Even though the CNS is the
site of highest expression of NRG (Holmes et al., 1992) and of
one of the NRG receptors, erbB4 (Plowman et al., 1993), the
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roles of these molecules in neuronal differentiation in the brain
remain largely unknown.

One of the processes proposed to be regulated by NRG is the
formation of synapses, an hypothesis that has been tested in the
PNS. In particular, NRG is expressed in spinal cord motoneu-
rons, and it increases the synthesis of nicotinic acetylcholine
receptors (nAChRs) (Falls et al., 1993) and the number of Na "
channels (Corfas and Fischbach, 1993) in skeletal muscle, sug-
gesting that it is important in the formation of the neuromuscular
junction. Moreover, animals with a single copy of the NRG gene
are myasthenic, indicating that NRG plays a role in the regulation
of muscle nAChRs in vivo (Sandrock et al., 1997). NRG is also
expressed in preganglionic neurons in the spinal cord, and it has
been shown to control the levels of nACh and GABA 4 receptors
in their postsynaptic targets, the sympathetic neurons (Yang et
al., 1998).

The role of NRG in regulating neuronal maturation and syn-
apse formation in the CNS has been studied to a lesser extent. To
determine the effects of NRG on CNS neurons, we tested the
responses of dissociated cerebellar granule cells to NRG stimu-
lation. We studied cerebellar granule neurons because in vivo
NRG and erbB4 are expressed in a pattern consistent with these
molecules being involved in interactions between granule cells
and their synaptic inputs, the Golgi cells and the mossy fibers.
Mature granule cells express high levels of erbB4 mRNA (Elenius
et al.,, 1997), and these are the only neurons in the adult cerebel-
lum that express this receptor. It has also been demonstrated that
the presynaptic inputs to granule cells, the cerebellar Golgi cells
and the neurons of the pontine nuclei, express NRG mRNA
(Corfas et al., 1995). Moreover, NRG immunoreactivity has been
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shown to be concentrated at the glomeruli, the synapses formed
by granule cell dendrites, pontine-derived mossy fiber terminals,
and Golgi cell terminals (Sandrock et al., 1995).

We used an in vitro system of dissociated cerebellar granule
cells to determine the effects of Ig-NRG, an NRG isoform that
contains an immunoglobulin-like domain, on neuronal survival,
neurite outgrowth, and neurotransmitter receptor expression. We
found that Ig-NRG selectively upregulates the level of GABA
receptor 32 subunit expression and enhances GABA-evoked cur-
rents in the granule cells. In contrast, I[g-NRG does not affect the
expression of NMDA receptor N2B and N2C subunits (NR2B
and NR2C). We found that the role of Ig-NRG in cerebellar
granule cell differentiation differs from that of brain-derived
neurotrophic factor (BDNF), a factor known to mediate granule
cell survival (Segal et al., 1992; Lindholm et al., 1993) and neurite
outgrowth (Segal et al., 1995). While both Ig-NRG and BDNF
enhance neurite outgrowth from the granule cells, BDNF does
not induce the expression of the GABA, receptor subunits ex-
amined in this study. In contrast to BDNF, Ig-NRG is not a
survival factor for these cells. Our results suggest that, in vivo,
NRG may regulate morphological and functional aspects of gran-
ule cells and their synapses and that these effects are distinct from
those of BDNF.

MATERIALS AND METHODS
Recombinant NRG

The form of NRG used in these studies is the form containing an Ig-like
domain [NDF B1 (14-246); Amgen, Thousand Oaks, CA]. For these
studies we used a range of concentrations of Ig-NRG. The K, for NRG
binding to its receptors is ~105 pm (Holmes et al., 1992). Thus, 1 nm
NRG is a saturating concentration (Holmes et al., 1992; Dong et al.,
1995), and this concentration has been shown to affect several cell types
(Martinou et al., 1991; Dong et al., 1995; Canoll et al., 1996; Rio et al.,
1997). In some experiments we used higher concentrations of Ig-NRG
(2-5 nm), because a previous report suggested that higher concentrations
of Ig-NRG may be required for certain biological effects on granule cells
(Ozaki et al., 1997). The ED5, for BDNF’s biological effects lies between
0.3 and 3 ng/ml. Thus in our experiments we used a saturating concen-
tration of this factor (20-50 ng/ml), the same range of concentrations of
BDNF that are usually used.

Dissociated cerebellar granule cell cultures

Cerebella were removed from postnatal day 6 (P6) Sprague Dawley rats
in ice-cold PBS. The tissue was cleaned of meninges, cut into small
pieces, and digested in 0.05% trypsin (Sigma, St. Louis, MO) for 15 min
at 37°C. After centrifugation, the tissue was further triturated in solution
containing 4000 units of DNase (Worthington, Freehold, NJ). After
allowing larger, undissociated pieces of tissue to settle, the supernatant
was harvested, and cells were plated on tissue culture dishes coated with
0.1 mg/ml poly-p-lysine (Collaborative Biomedical Products, Bedford,
MA) and 5 pg/ml laminin (Collaborative Biomedical Products). Cells
were grown in serum-free supplemented media [Neurobasal media (Life
Technologies, Gaithersburg, MD), B27 supplement (Life Technologies),
6 gm/1 D-glucose, 2 mM L-glutamine, 100 U/ml penicillin and 100 U/ml
streptomycin (pen—strep), and 25 mm KCI] (Gault and Siegel, 1997),
unless noted otherwise. Granule cells were treated with Ig-NRG (1-5
nM) or BDNF (20 or 50 ng/ml; Amgen) at the time of plating. In
experiments in which granule cells were cultured for >2 d, cells were
treated with 60 um 5-fluoro-2’-deoxyuridine at 2 d in vitro (DIV) to
inhibit proliferation of non-neuronal cells.

Granule cell reaggregate cultures

Reaggregate cultures of granule cells were obtained using the method of
Segal et al. (1995) with slight modifications. Granule cells were prepared
as described above. Dissociated cells were incubated for 24 hr on un-
coated tissue culture dishes in media containing DMEM, 10% fetal
bovine serum, D-glucose, pen—strep, and glutamine. Then, reaggregates
were washed in serum-free media [Neurobasal media, N2 supplement
(Life Technologies), glucose, pen—strep, and glutamine] and plated in
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this media onto dishes coated with 500 ug/ml poly-D-lysine. At the time
of replating, the reaggregates were treated with 1 nm Ig-NRG, 5 nm
Ig-NRG, or 20 ng/ml BDNF. After 22 hr, the reaggregates were fixed
and stained with a class III B-tubulin antibody (1:1000; Sigma) and a
Cy3-conjugated secondary antibody (1:1000; Jackson ImmunoResearch,
West Grove, PA) to visualize the neurites, and neurite length was
analyzed.

Reaggregates consist of a cluster of cell bodies surrounded by a halo of
neurites. To analyze neurite length, the reaggregates were visually di-
vided into quadrants, and the length of the longest neurite in each
quadrant was measured from the edge of the cell body cluster. The four
quadrant lengths for each reaggregate were averaged to obtain the
neurite length value for each reaggregate. Only reaggregates with a cell
body cluster between 50 and 150 um were included in the analysis. For
each group (control, 1 nm Ig-NRG, 5 nm Ig-NRG, or BDNF) 36
reaggregates were measured in three experiments.

Survival assays

MTT assay. Dissociated granule cells were plated in 96-well plates at a
density of 6 X 10* cells/well. At 4 DIV cells were washed twice and
cultured for 2 d in minimal media (BME + 0.2% BSA) with the
following treatments: 1 nMm Ig-NRG, 5 nm Ig-NRG, 20 ng/ml BDNF, or
10 ug/ml insulin. At 2 d after the media change, MTT (0.7 mg/ml; Sigma)
was added, and cells were incubated at 37°C for 2 hr. Solubilization buffer
(50% dimethylformamide, 10% SDS, and 20% glacial acetic acid) was
added, and the cells were kept overnight at 37°C in a humidified chamber.
The next day an OD of the wells was read at 595 nm. In parallel
experiments the linearity of the assay was tested by measuring OD in
cultures containing different numbers of NIH 3T3 cells. We found that
the assay was linear within the OD range used in all our experiments.

Hoechst assay. The cells were cultured and treated in the same condi-
tions used for the MTT assay, except that 1 d after the addition of the
trophic factors, the cells were fixed and stained with Hoechst 33342
(Molecular Probes, Eugene, OR). The percent of apoptotic cells was then
quantified in the cultures.

Immunocytochemistry of cultured granule cells

Granule cells in 24-well plates (35-40 X 10* cells/well) were fixed in 4%
paraformaldehyde in PBS for 15-20 min at room temperature. Cells were
washed in PBS and then blocked and stained using conditions appropri-
ate for each antibody (see below).

Phospho-CREB. Granule cells were initially plated in serum-
containing media. At 2 DIV, the cells were serum starved for 5 hr and
then treated with 1 nm Ig-NRG for 20 min. Cells were immediately fixed,
permeabilized with PBS and 0.5% NP-40 for 10 min, washed again,
blocked in 3% BSA for 1 hr, and incubated with a phospho-CREB
antibody (1:1000) (Ginty et al., 1993) overnight at 4°C. Cells were then
washed and incubated with an anti-rabbit biotinylated secondary anti-
body (1:1000; Vector Laboratories, Burlingame, CA), and the reaction
product was visualized by diaminobenzidine reaction.

ErbB4 staining. Cells were blocked in 3% BSA and 0.1% Triton X-100
in PBS (blocking buffer) for 1 hr at room temperature and incubated
overnight at 4°C with an anti-erbB4 antibody (C-18; 1:200; Santa Cruz
Biotechnology, Santa Cruz, CA). Cells were washed with PBS, incubated
with a Cy3 anti-rabbit secondary antibody (1:1000 in blocking buffer;
Jackson ImmunoResearch) for 1 hr at room temperature, washed again,
and mounted.

Immunocytochemistry of adult rat cerebellum

Adult rats were anesthetized with CO, and fixed by cardiac perfusion
with 4% paraformaldehyde in PBS. Cryosections (20 um) were blocked
(3% BSA and 0.1% Triton X-100 in PBS) for 1 hr at room temperature,
followed by incubation with polyclonal anti-erbB4 0615 or 0618 (Zhu et
al., 1995) (1:200) and monoclonal anti-synaptophysin (1:20; Boehringer
Mannheim, Indianapolis, IN) antibodies at 4°C overnight. The sections
were washed with PBS, and the detection procedure was performed using
an anti-rabbit Cy3 secondary antibody (Jackson ImmunoResearch) and
an anti-mouse Oregon green secondary antibody (Molecular Probes)
(each at 1:1000) for 1 hr at room temperature. Slides were mounted with
Gel/Mount (Biomeda Corporation, Foster City, CA), and staining was
visualized by light or confocal microscopy. Images were captured using a
digital camera (Orca; Hamamatsu) in a fluorescence microscope or by
confocal microscopy (OZ confocal microscope; Odyssey, Noran Instru-
ments, Middleton, WT).
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Western blot analysis

Phosphotyrosine Western blots were performed on whole-cell lysates of
granule cells. Granule cells (2 DIV) were treated with 1 nm Ig-NRG or
vehicle (PBS) for 5 min. Cells were lysed with 2X DTT sample buffer
(125 mMm Tris-HCI, pH 6.8, 20% glycerol, 6% SDS, 0.1 mg/ml bromo-
phenol blue, and 100 mm dithiothreitol). For the GABA receptor 2/3
Western blot, crude membranes were prepared from granule cells. Cells
were harvested in Tris-buffered saline and centrifuged at 1000 rpm for 7
min at 4°C. The cells were homogenized with 0.5 ml of homogenization
buffer containing 25 mMm Tris-HCI, pH 7.4, 5 mm EDTA, 1 mMm phenyl-
methylsulfonyl fluoride, 20 mg/ml leupeptin, 0.1% aprotinin, 1 mM io-
doacetamide, 200 mg/ml bacitracin, and 20 mg/ml soybean trypsin in-
hibitor for 10 min on ice and then sonicated for 15-20 sec. The cells were
then centrifuged at 10,000 rpm for 30 min at 4°C, and the pellet was
resuspended in 20-25 ml of homogenization buffer. The protein was
quantified using the BCA method according to the manufacturer’s pro-
tocol (Pierce, Rockford, IL).

Aliquots of whole-cell lysates or membrane preparations were resolved
on SDS polyacrylamide gel -electrophoresis and transferred to
Immobilon-P (polyvinylidene difluoride) membranes (Millipore, Bed-
ford, MA). The membranes were blocked and incubated with either a
mouse monoclonal anti-phosphotyrosine antibody (4G10; 1:10,000) fol-
lowed by a peroxidase-conjugated anti-mouse secondary antibody (1:
20,000; Boehringer Mannheim) or with an antibody that recognizes both
the B2 and B3 (for the B2/3) subunits (bd17; Boehringer Mannheim; 1:20)
followed by peroxidase-conjugated goat anti-mouse IgG (1:1000; Kirkeg-
aard & Perry, Gaithersburg, MD). Blots were developed with Renais-
sance (DuPont NEN, Boston, MA) and exposed to autoradiography film
(Reflection; DuPont NEN).

Reverse transcription-PCR

Comparative reverse transcription (RT)-PCR was performed as de-
scribed previously (Behringer et al., 1996), with slight modifications.
RNA was prepared from dissociated granule cells (2 DIV; plated at a
density of 3.1 X 10° cells/35 mm dish) using the Ultraspec RNA Isolation
Reagent (Biotecx Laboratories, Houston, TX). RNA (0.2 ug) was treated
with DNase (Boehringer Mannheim) and then transcribed to cDNA
using Superscript RT (Life Technologies). The PCR reaction was per-
formed in buffer containing [3*P]dCTP and primers specific for neuro-
transmitter receptors (GABA , receptors or NMDA receptors). In addi-
tion, a separate reaction was performed in parallel for each sample, using
primers specific for elongation factor 1-a (EF1l-«), a transcript that
remains at a constant level over time in cultured granule cells. Each
primer set was first tested for the linearity of the PCR amplification
before the experiments. PCR reactions with all GABA receptor subunit
primers were linear between 20 and 50 cycles, and therefore 31 cycles
were used in all reactions. For the NMDA receptor subunits, reactions
were linear between 30 and 50 cycles, and therefore 36 cycles were used
for quantification. In each case primers for EF1-«, which behaved lin-
early between 20 and 50 cycles, were used with the same number of cycles
as that for the specific receptor subunit tested. All reactions were run on
the PTC-1000 Thermal Controller (MJ Research, Watertown, MA) for
the appropriate number of cycles: 92°C for 1 min, 55°C for 30 sec, and
72°C for 45 sec. PCR products were separated on 8% nondenaturing
polyacrylamide gels. The gels were dried and exposed to the Molecular
Dynamics Phosphor Screen (Sunnyvale, CA), and the intensity of the
bands was quantified using IPLab Gel software. The intensity of the
bands corresponding to the neurotransmitter receptor subunits was nor-
malized relative to the intensity of the EF1-a band in each sample and
then compared among the different treatments.

Another RT-PCR protocol was also used to confirm the observed
changes in gene expression, and similar results were obtained. Briefly, 83
pg of RNA transcribed from the bacterial plasmid SP64 (Promega,
Madison, WI) was added to each sample of granule cell RNA to control
for variability between samples. Then, primers for the gene of interest
and for SP64 were used in the same reaction, and the PCR products were
separated by gel electrophoresis. Each band was excised and measured by
scintillation counting. The level of labeling in the bands corresponding to
the neurotransmitter receptors was normalized relative to the levels of
SP64 PCR product and then compared among the different treatments.
Each RT-PCR reaction for every RNA sample was performed at least
twice.

The following primer sequences for PCR were used [(+) is comple-
mentary to the noncoding strand, and (—) is complementary to the
coding strand]: GABA , receptor subunits, a1 (+) = 1410-1429 and «l
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(—) = 1501-1520 (Khrestchatisky et al., 1989), B2 (+) = 1808-1831 and
B2 (—) = 1882-1905 (Ymer et al., 1989), and y2 (+) = 1744-1768 and
v2 (=) = 1807-1829 (Shivers et al., 1989); NMDA receptor subunits,
NR2B (+) = 4015-4034 and NR2B (—) = 4217-4236 (Yoshioka et al.,
1996) and NR2C (+) = 845-864 and NR2C (—) = 1029-1048 (Yo-
shioka et al., 1996); EF1-a (+) = 313-337 and EFl-a (—) = 462-485
(Sundstrom et al., 1990); and SP64 (+) = 234-254 and SP64 (—) =
344-364 (Beattie and Siegel, 1993).

Whole-cell patch-clamp electrophysiology and focal application
of drugs

Coverslips of cultured granule cells were affixed to a 35 mm culture dish
and bathed in an external solution containing (in mMm): 137 NaCl, 5.4
KCl, 1.8 CaCl,, 1 MgCl,, and 5 HEPES, pH 7.4. Recordings were made
at room temperature (22-24°C). Cells were visualized using an inverted
microscope equipped with Hoffman modulation-contrast optics. Patch-
clamp recording pipets were fabricated from borosilicate glass capillary
tubing with an internal filament (1.5 mm outer diameter; Sutter Instru-
ments, Novato, CA). The recording pipets were fire polished to resis-
tances ranging between 8 and 10 MQ) using a Flaming Brown micropipet
puller (Sutter Instruments) and filled with a recording solution contain-
ing (in mm): 140 KCI, 1.8 CaCl,, 1.0 MgCl,, and 5 HEPES, pH 7.4.
Mg?*-ATP (1 mm) was added to the recording solution to prevent
possible rundown of agonist-induced currents. Cells were voltage
clamped at —60 mV. Compensation for series resistance and liquid
junction potentials was routinely applied. Whole-cell GABA-induced
currents were recorded with an EPC-7 patch-clamp amplifier (Heka
Electronics, Lambrecht, Germany). Data were acquired, digitized, and
analyzed using DATAQ/DATANAL software (JPM Programming).
Peak amplitudes of GABA-activated current responses from each cell
were derived by determining the maximal amplitude of current responses
elicited by a saturating concentration of GABA (100 or 125 um).

Focal application of drugs was as follows: GABA was prepared from
frozen stock and diluted in bath solution immediately before each ex-
periment. An eight-barrel drug pipet assembly was used to apply drugs.
Seven barrels were filled with varying concentrations of GABA (0.1-150
uM). The eighth barrel was routinely filled with recording solution that
was applied continuously between epochs of GABA application to clear
the agonist from the immediate vicinity of the cell and to control for
possible mechanical artifacts attributable to bulk flow. The multibarrel
assembly was mounted on a micromanipulator, and the tip of the
multibarrel drug pipet assembly was navigated under microscopic control
to within 2-4 pm of the cell under study. GABA was applied via
regulated pressure (<3 psi) using a Picospritzer (General Valve, Fair-
field, NJ) driven by a set of pulse generators (A310 Accupulser; WPI).
The concentrations of drugs are those used to fill the drug barrels and
represent the maximal limit to which a cell would be exposed.

Statistical analysis

Statistical analyses were performed using StatView software. For sur-
vival data and reaggregate data, ANOVA and Fisher’s LSD tests were
performed. For single-cell neurite outgrowth data, unpaired ¢ tests were
performed. GABA, and NMDA receptor mRNA data were analyzed by
the nonparametric Wilcoxon signed rank test. Statistical significance was
determined at the p < 0.05 level.

RESULTS

erbB4 receptors are concentrated at glomerular
synapses in the mature cerebellum

We have shown previously by in situ hybridization that erbB4
mRNA is highly expressed in the granule cell layer of adult mice
(Elenius et al., 1997). To determine the subcellular localization of
erbB4, we stained sections of adult rat cerebellum with anti-erbB4
antibodies. We found that erbB4 immunoreactivity in the granule
cell layer was closely associated with the synaptic vesicle protein
synaptophysin (Fig. 1), suggesting that it is localized to the
glomerular synapses. Because erbB4 is expressed by the granule
cells (Elenius et al., 1997), it is most likely that this receptor is
localized to their postsynaptic terminals. It has been shown pre-
viously that the granule cell afferents, the cerebellar Golgi cells
and the neurons in the pontine nucleus, express NRG (Corfas et
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A

Figure 1. erbB4 and synaptophysin immunoreactivity
colocalize at cerebellar glomeruli. A, Top, Parasagittal
sections of adult cerebellum were stained with a mono-
clonal antibody to the synaptic vesicle protein synapto-
physin (Oregon green secondary antibody; lefr) and
polyclonal antibodies to erbB4 (0618) and visualized
with a Cy3 secondary antibody (right). Bottom, The two
top images are superimposed (right), and a bright-field
image of the section is shown (left). B, Left, Middle,
Confocal images were obtained at higher magnification
of the granule cell layer from adult cerebellum stained
as described above (synaptophysin, green; erbB4, red).
Right, Colocalization of the two proteins is shown by
the superimposition of the two images. GL, Granule
cell layer; WM, white matter. Scale bars: A, 20 um; B,
50 pm.

al., 1995) and that NRG protein is concentrated at the glomeruli
(Sandrock et al., 1995). Thus, it is likely that the erbB4 receptors
present in the postsynaptic side and the NRG released by the
presynaptic terminals mediate interactions between the granule
cell neurons and their presynaptic inputs. On the basis of these
findings we set out to study the effects of NRG on cerebellar
granule cells in vitro.

Granule cells in culture respond to Ig-NRG
The NRG gene, via alternative splicing, produces many different
NRG isoforms (Lemke, 1996). In all of the experiments included
in this study, an isoform of NRG that contains an
immunoglobulin-like domain located N terminal to the EGF-like
domain (Ig-NRG = NDFB1,,_,,) was used. This is the isoform
expressed in the cerebellar Golgi cells and the neurons of the
pontine nucleus (Corfas et al., 1995) and therefore is the isoform
that granule cells are most likely exposed to in vivo.

We used cultures of granule cells obtained from P6 rat cere-
bella, which are highly enriched in granule neurons derived from
the external granule cell layer (EGL) (Raetzman and Siegel,
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1999). Although the EGL granule cells in vivo express NRG, its
expression is rapidly downregulated as the cells mature in culture
(Rio et al., 1997). We now show that, accompanying the decrease
in NRG expression, granule cells express erbB4 by 2 d in vitro
(Fig. 24). These changes in the pattern of expression of NRG
and erbB4 in culture mirror those observed as granule cells
mature in vivo.

Expression of erbB4 in the granule cells suggested that they
should respond to NRG. We found that treatment of cultured
granule cells with 1 nm Ig-NRG for 5 min led to a significant and
reproducible tyrosine phosphorylation of a 180 kDa protein (Fig.
2B). This band has the molecular weight of the erbB receptors
and is similar to that induced by NRG stimulation in muscle cells
(Corfas et al., 1993), astrocytes (Rio et al., 1997), and neurons
(Corfas et al., 1995). These results show that granule cells re-
spond to Ig-NRG by activation of erbB receptors.

We have shown previously that the EGF-like domain of NRG
can induce phosphorylation of the transcription factor CREB in
cultured cerebellar astroglia (Rio et al., 1997), and similar results
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Figure 2. Granule cells in culture express erbB4 and respond to Ig-NRG.
A, Granule cells express the erbB4 receptor. Top, Granule cells at 2 DIV
were stained with a polyclonal anti-erbB4 antibody and a Cy3 secondary
antibody. Immunoreactivity was present in the cell bodies and processes of
the cells. Bottom, No staining was observed when the erbB4 antibody was
preincubated with a cognate peptide. B, Ig-NRG induces p180 tyrosine
phosphorylation in granule cells. Granule cells at 2 DIV were stimulated
with 1 nM Ig-NRG or vehicle (control) for 5 min. Lysates were resolved by
5% SDS-PAGE, and the blot was probed with an anti-phosphotyrosine
antibody. The Ig-NRG-induced tyrosine-phosphorylated band is indicated
by the arrow. C, Ig-NRG induces CREB phosphorylation in cultured
granule cells. Serum-starved granule cells were treated with Ig-NRG (1
nM for 20 min), fixed, and stained with a phospho-CREB antibody
followed by peroxidase reaction. There were significantly more labeled
cells in the Ig-NRG-treated cultures (cells appear dark). Scale bars: A, 40
pm; C, 50 pm.

,
o
BT 19-NRG

have been demonstrated in Schwann cells in vitro (Taberno et al.,
1998). To test whether NRG induced CREB phosphorylation in
cultured granule cells, we stained untreated and Ig-N RG-treated
cells with an antibody that recognizes CREB phosphorylated in
Ser133 (Ginty et al., 1993). Treatment with Ig-NRG led to more
than a threefold increase in the number of cells with phospho-
CREB-positive nuclei (18.3 = 11.4% labeled cells in control;
60.5 * 3.9% in Ig-NRG-treated cells) (Fig. 2C). These results
suggest that granule cells can respond to Ig-NRG by activation of
erbB receptors, which then leads to activation of transcription
factors that may regulate gene expression in these neurons.

Ig-NRG does not support granule cell survival

Several growth factors that signal through tyrosine kinase recep-
tors have been shown to act as survival and differentiation factors
for cerebellar granule cells (Lindholm et al., 1997). We investi-
gated the biological effects of NRG on the granule cells and
tested the specificity of these effects by comparing them with the
effects of BDNF, which supports granule cell survival (Segal et
al., 1992; Lindholm et al., 1993) and induces neurite outgrowth
from granule cells (Segal et al., 1995).
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We first compared the effects of Ig-NRG with the effects of
BDNF on granule cell survival using two assays, an MTT assay to
measure surviving cells and Hoechst nuclear staining to quantify
the number of apoptotic cells. By the MTT assay we found that in
the absence of any other factors, BDNF increased the survival of
granule cells in culture by more than twofold (p < 0.0001) (Fig.
3A4). In contrast, Ig-NRG had no effect on granule cell survival (1
nMm, p = 0.10; 5 nMm, p = 0.15) (Fig. 34). Quantification of the
percent of apoptotic cells in the cultures showed similar results.
Granule cells were incubated under the different conditions for 24
hr, fixed, and stained with the nuclear dye Hoechst, and apoptotic
cells were recognized by the condensation of their nuclei. Only
cultures treated with BDNF had significantly less apoptotic cells
(p = 0.014) than did control (Fig. 3B). These results show that
Ig-NRG does not support granule cell survival in vitro.

lg-NRG induces neurite outgrowth

BDNF has also been shown to induce neurite outgrowth from
granule cells in reaggregate cultures (Segal et al., 1995). We used
a similar culture system to study the effects of Ig-NRG on neurite
outgrowth. Granule cell reaggregates were treated for 22 hr with
vehicle (control), 1 nm Ig-NRG, 5 nm Ig-NRG, or 20 ng/ml
BDNEF. Cells were then fixed and stained with antibodies against
class III B-tubulin antibody to visualize the neurites, and neurite
length was measured. We found that neurites from granule cell
reaggregates treated with Ig-NRG or BDNF were significantly
longer than those from untreated reaggregates (p < 0.0001 for all
treatments) (Fig. 4). Other parameters of neurite outgrowth in-
cluding thickness of neurite bundles and neurite fasciculation
were not qualitatively different among the treatments. To exam-
ine further the effect of I[g-NRG on neurite outgrowth, we tested
its effect on dissociated granule cells. As in the reaggregates,
Ig-NRG treatment caused a significant increase (45% above
control) in the neurite length of dissociated granule cells (control,
52.3 = 5.6 wm average length; 2 nm Ig-NRG, 75.7 = 7.1 um
average length; p = 0.01).

Ig-NRG treatment increases GABA, receptor 32
subunit expression in cultured granule cells
It has been shown that NRG plays an important role in the
regulation of neurotransmitter receptor expression in skeletal
muscle (Harris et al., 1988; Martinou et al., 1991; Falls et al.,
1993) and in sympathetic neurons (Yang et al., 1998). It has also
been reported that NRG regulates the expression of the NR2C
subunit in cerebellar slices in culture (Ozaki et al., 1997). Our
finding that Ig-NRG induces CREB phosphorylation in cerebel-
lar granule cells suggested that Ig-NRG may activate gene tran-
scription in these neurons. In addition, because both NRG and
erbB4 are concentrated at the cerebellar granule cell glomeruli,
we hypothesized that NRG might regulate the expression of two
neurotransmitter receptors that function at this synapse, GABA ,
and NMDA receptors (Watanabe et al., 1994; Wisden, 1995).
Previous studies have demonstrated that several GABA, re-
ceptor subunit mRNAs are expressed in the cerebellar granule
neurons in vivo (Laurie et al., 1992a; Persohn et al., 1992) and in
culture (Bovolin et al., 1992; Behringer et al., 1996). Although the
number and stoichiometry of GABA, receptor complexes in
these neurons are unknown, «l, B2, and 2 subunits are thought
to contribute to an abundant receptor type (Benke et al., 1991). In
addition, the expression of these subunit mRNAs is developmen-
tally regulated in vivo, being expressed at low levels early in
development and then rising during the second postnatal week,
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Figure 3. Ig-NRG is not a survival factor — 3
for granule cells. A, Granule cells in minimal °
medium were treated with 1 nM Ig-NRG, 5 nm t
Ig-NRG, 20 ng/ml BDNF, or vehicle (control) 2 9

for 2 d. Cell survival was then measured by the 8 o 24
MTT assay, and the reaction product was ana- o>
lyzed spectrophotometrically. The graph shows € @

an average OD for four independent experi- > =
ments. Cell survival was significantly increased & % 1
only by BDNF treatment (BDNF, *p < 0.0001; ‘?, =

1nM NRG, p = 0.10; 5nM NRG, p = 0.15). B, a
Granule cells were treated with 1 nm Ig-NRG, o

5 nM Ig-NRG, 20 ng/ml BDNF, or vehicle ~
(control) for 24 hr. Cells were then fixed and 0-

stained with Hoechst dye, and the percentage
of apoptotic cells was quantified. BDNF but
not Ig-NRG treatment significantly reduced
the percent of apoptotic cells compared with
control (BDNF, *p = 0.014; 1 nm Ig-NRG, p =
0.71; 5 nm Ig-NRG, p = 0.93).

CONTROL

the onset of extensive synapse formation (Laurie et al., 1992b). In
contrast, the levels of these subunit mRNAs remain low and
constant in granule cell cultures prepared at P6 and maintained
for at least 10 d in culture (Behringer et al., 1996). This suggests
that the expression of these subunit transcripts requires signals
present in vivo that are absent in vitro. We therefore focused on
the effects of Ig-NRG on these three subunits using comparative
RT-PCR (see Materials and Methods).

Analysis of GABA, receptor subunit mRNAs in the cultured
granule cells showed that Ig-NRG (1 nm, for 2 d) specifically
increases expression of the 32 subunit transcript [162% of control
(p 0.02)] (Fig. 54). In contrast, there were no significant
increases in the levels of al or y2 subunit mRNAs in response to
Ig-NRG [al, 128% of control (p = 0.14); y2, 102% of control
(p = 0.96)] (Fig. 54). Analysis of subunit levels after treatment
with 50 ng/ml BDNF showed that BDNF did not alter the levels
of any of these GABA, receptor subunit mRNAs (Fig. 5B).
Similar results were found with 20 ng/ml BDNF (data not
shown).

The expression of NMDA receptor subunits in granule cells is
also developmentally regulated. Premigratory granule cells in the
EGL express NR1, NR2A, and NR2B subunits. After migration
to the internal granule cell layer (IGL), when the synaptic con-
nections onto granule cells are being formed, NR2B expression is
downregulated, and the granule cells begin to express NR2C
(Watanabe et al., 1992). Moreover, it has been reported that
Ig-NRG treatment of cerebellar slices leads to increases in the
level of mRNA for the NR2C subunit (Ozaki et al., 1997).
Therefore, we tested whether Ig-NRG had any effects on NMDA
receptor subunit mRNA expression in dissociated granule cells.
We found that granule cells in culture express NR2B and that
treatment with Ig-NRG (1 nm) for 2 DIV did not alter expression
of this subunit (Fig. 54). NR2C mRNA was expressed in both
untreated and Ig-NRG-treated cultures but at levels too low to be
quantified.

Having observed a change in GABA, receptor subunit
mRNA, we investigated whether the level of B subunit protein
was increased in response to Ig-NRG using an antibody that
recognizes both the GABA, B2 and B3 subunits (Benke et al.,
1991; Ewert et al., 1992). Dissociated granule cells were treated
with Ig-NRG for 3 DIV. The length of the treatment was longer
than in the experiments for detection of mRNA to allow for a
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Figure 4. Ig-NRG enhances neurite outgrowth from granule cell re-

aggregates. A, Granule cell reaggregates were treated with vehicle (con-
trol), 1 nm Ig-NRG, or 5 nM Ig-NRG for 22 hr. Cultures were then fixed
and stained with an antibody to class III B-tubulin and visualized with a
Cy3 secondary antibody. Scale bar, 100 wm. B, Ig-NRG and BDNF
significantly increase neurite outgrowth from granule cell reaggregates.
Reaggregates were treated with 1 nm Ig-NRG, 5 nM Ig-NRG, or 20 ng/ml
BDNEF and stained with a class III B-tubulin antibody, and neurite length
was analyzed. The graph shows a percentage increase in neurite length
above control (p < 0.0001 for all three treatments).
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Ig-NRG treatment upregulates GABA , receptor B2 subunit mRNA expression. 4, GABA 4 subunit mRNA levels were examined in control

and Ig-NRG-treated granule cells (2 DIV). The graph shows an average percentage of change in mRNA level relative to control for five independent
experiments. Although levels of GABA, B2 mRNA increased significantly in response to Ig-NRG (**p = 0.02), there was no significant effect on the
levels of GABA, al (p = 0.14), GABAL y2 (p = 0.96), or NMDA NR2B (p = 0.50) subunit mRNAs. B, BDNF (50 ng/ml) does not induce an
upregulation of mRNA for B2 (p = 0.35), al (p = 0.50), or y2 (p = 0.14) GABA, subunits. The data represent an average of three independent

experiments.

delay between the increase in mRNA level and in protein level.
After treatment, cell membranes were isolated, and the levels of
GABA, B2/3 subunit expression in Ig-NRG-treated and control
cells were analyzed by Western blot. We found an increase in
GABA, B2/3 signal in the treated cells (140% of control in two
experiments) (data not shown). These results suggest that Ig-
NRG treatment leads to an increase in the levels of GABA , 82/3
subunit protein.

lg-NRG upregulates functional GABA, receptors in
cultured granule cells

The B subunits of the GABA, receptor have been reported to
play a role in receptor assembly and targeting to the cell mem-
brane (Connolly et al., 1996; Connor et al., 1998; Luo et al.,
1998). Our observation that expression of the B2 subunit is
upregulated by Ig-NRG suggests that GABA , receptor assembly
and/or targeting may be enhanced by Ig-NRG treatment. Such a
change would result in an increase in GABA, receptors in
individual granule cells that, in turn, would be reflected in an
increased maximal response to GABA. To test this possibility,
current responses to varying concentrations of GABA (0.1-150
uM) were recorded from Ig-NRG-treated and control granule
cells under whole-cell patch-clamp conditions. Cultures were ex-
amined between 3 and 4 DIV, when Western blot revealed an
upregulation of the B2/3 GABA , receptor subunit protein in the
Ig-NRG-treated cultures. Treatment with Ig-NRG resulted in a
dramatic difference in the GABA response profile, with a signif-
icant increase (greater than twofold) in the efficacy of the re-
sponse (Fig. 6A4). However, this was not associated with a marked
change in the potency of the response to GABA. When compar-
ing the maximal response to saturating GABA concentrations
(125 or 150 uM), we found that the amplitude of the response was
significantly greater in the Ig-NRG-treated granule cells than in
control cells (Ig-NRG, 0.34 = 0.05 nA; control, 0.16 * 0.03 nA;
p < 0.005) (Fig. 6B).

DISCUSSION

NRG has different functions during early and late
postnatal cerebellar development

Cerebellar granule cells undergo a well defined pattern of post-
natal development. During the first 2 postnatal weeks in the
rodent, granule cell precursors proliferate in the EGL. When
these cells become postmitotic, they leave the EGL and migrate
along the radial fibers of the Bergmann glia to their final positions
in the IGL. After they reach the IGL, they form synapses with
their inputs, the terminals of the mossy fibers and the cerebellar
Golgi cells.

Our findings that the pattern of expression of NRG and erbB4
changes dramatically during cerebellar postnatal development
(Rio et al., 1997; this study) suggest that NRG plays different
roles throughout granule cell development, mediating events in
early and late postnatal cerebellar development. Our previous
study showed that premigratory and migrating cerebellar granule
cells express NRG and that Bergmann glia express erbB4 only
during the period of granule cell migration (Rio et al., 1997). We
also demonstrated that erbB receptor signaling in the glial cells in
vitro is crucial for radial glial process formation and for granule
neuron migration (Rio et al., 1997). The present study shows that
the pattern of expression of NRG and erbB4 in the adult cere-
bellum is very different. In the adult cerebellum erbB4 is not
expressed by Bergmann glia but by the granule cells (see also
Elenius et al., 1997). At this stage NRG is not expressed by
granule cells but by cerebellar Golgi cells and the pontine neu-
rons (Corfas et al., 1995), the neurons that synapse onto the
granule cells. Moreover both NRG (Sandrock et al., 1995) and
erbB4 appear to be concentrated at the glomeruli, the synapses
between granule cells and its presynaptic inputs (this study).
Thus, these results suggest that NRG and erbB4 may mediate
interactions between granule neurons and their synaptic inputs,
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Figure 6. Ig-NRG increases functional GABA, receptors in cultured
granule cells. 4, Representative whole-cell current responses to varying
concentrations of GABA (10, 25, 50, 75, 100, and 150 um) in a granule cell
that was treated with Ig-NRG ( filled circles) and in a control cell (open
circles). Ig-NRG (3 nm) was added to the culture medium at the time of
plating, and the GABA responses were assayed on 3 and 4 DIV. Inset,
Superimposed computer-generated current traces recorded from the
same cells (fop, Ig-NRG-treated cell; bottom, control cell) used to gener-
ate the dose-response curves. B, Histogram representing the binned
distribution of the amplitude of maximal current response to GABA (125
or 150 uM) recorded in granule cells from Ig-NRG-treated (n = 20; solid
bars) and control (n = 22; open bars) granule cells. A greater percentage
of cells examined in the Ig-NRG-treated cultures are found in the bins
representing higher maximal current response amplitudes, and the mean
response amplitude is significantly higher than that in control cells (Ig-
NRG, 0.34 = 0.05 nA; control, 0.16 = 0.03 nA; p < 0.005).

including some that may be important for granule cell develop-
ment and synapse formation.

Role of NRG in neurotransmitter receptor expression
in granule cells: GABA, receptors

The level of several GABA , receptor subunit mRNAs increases
in granule cells after their migration, when they have reached the
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IGL and are establishing synaptic connections with Golgi cell
axons and mossy fiber afferents (Laurie et al., 1992a). In contrast,
the levels of expression of these subunit mRNAs remain constant
for up to 10 d if granule cells are isolated from P6 rats and grown
in culture (Behringer et al., 1996). This disparity suggests that
factors present in the intact cerebellum play a role in mediating
the increases in GABA, receptor subunit expression. We now
show that Ig-NRG causes an upregulation of GABA, receptor
B2 subunit expression in cultured granule cells. Among the sub-
units we tested, the effect of Ig-NRG on GABA , receptors was
specific to the 82 subunit. Ig-NRG treatment also results in an
increase in peak GABA-activated whole-cell currents, indicating
that Ig-NRG regulates expression of functional GABA, recep-
tors in these cells. It has been suggested that the 8 subunits are
critical for GABA 4 receptor targeting to the cell surface (Con-
nolly et al., 1996; Connor et al., 1998; Luo et al., 1998). Thus, by
regulating the expression of the B2 subunit, NRG signaling may
control the total number of functional GABA , receptors at the
postsynaptic terminal of granule cells.

The effects of Ig-NRG on GABA, receptor expression in
granule cells are similar to the effects of NRG on nAChR
expression in skeletal muscle. In cultured chick myotubes, NRG
increases the number of surface nAChRs by inducing expression
of the « subunit mRNA but has no effect on levels of & or vy
subunits (Harris et al., 1988). In cultured mouse myotubes, NRG
most strongly upregulates the nAChR e subunit, the subunit that
is found only in the adult form of the receptor (Martinou et al.,
1991). These data suggest that the effects of NRG on different
neurotransmitter receptor types are specific to particular subunits
whereas other subunits may be regulated by other factors.

Specific effects of different isoforms of NRG on neuronal
nACh and GABA, receptor expression have been documented
in cultured chick sympathetic neurons (Yang et al., 1998). In these
neurons, the form of NRG that contains a cysteine-rich domain in
its N terminal (CRD-NRG) increased expression of nAChRs but
had no effect on GABA currents. In contrast, the Ig-containing
form of NRG, the same form used in our experiments, induced a
large increase in GABA-evoked responses but had no effect on
ACh currents. Thus, Ig-NRG appears to have similar inductive
effects on functional GABA , receptors in sympathetic neurons as
in cerebellar granule cells.

NRG and NMDA receptor expression in the cerebellum

In contrast to GABA, receptors, our experiments showed no
effects of Ig-NRG on the expression of NR2B and NR2C sub-
units. However, other investigators, using a different experimental
paradigm, reported that Ig-NRG induces the expression of
NR2C subunit mRNA. When cerebellar slices dissected at P9
were maintained in control conditions for 7 d and then treated
with 5 nm Ig-NRG for 7 d, Ozaki et al. (1997) found a dramatic
increase in the levels of NR2C subunit mRNA. In these experi-
ments NR2C expression went from undetectable in the control to
high expression in the Ig-NRG-treated slices (Ozaki et al., 1997).
As in our experiments, these investigators reported no changes in
the NR2B subunit message after exposure to Ig-NRG.

We believe that the differences between our study and the one
of Ozaki et al. (1997) most likely reflect fundamental differences
in the culture systems. Our experiments were performed on
enriched (97% pure) dissociated granule cells, and the observed
biological changes in the cells are likely caused by a direct effect
of Ig-NRG on the granule neurons. The cerebellar slices, how-
ever, contain other cell types in addition to the granule neurons,
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including other neurons, astrocytes, and oligodendrocytes. More-
over, several of these other cell types, including oligodendrocytes
(Vartanian et al., 1994; Canoll et al, 1996) and astrocytes
(Pinkas-Kramarski et al., 1994; Anton et al., 1997; Rio et al.,
1997), have been shown to express erbB receptors and to respond
to NRG. This raises the possibility that the effect of Ig-NRG on
NR2C expression in the cerebellar slices may be indirect. Exog-
enous N RG may cause other cells in the slices, such as astrocytes
or oligodendrocytes, to secrete another factor that could then act
on the granule cells to upregulate NR2C. Alternatively, it is
possible that NRG, by itself, is not sufficient to induce expression
of NR2C in granule cells. Rather, another factor, which is present
in cerebellar slices but absent from pure granule cell cultures, may
act in concert with NRG to induce NR2C expression.

Comparison of the effects of NRG with the effects

of BDNF

To study the specificity of NRG we compared the effects of
Ig-NRG with the effects of BDNF on granule cells. We found
that each factor has a unique set of effects on the granule cells and
may therefore regulate different aspects of granule cell develop-
ment in vivo. In agreement with previous reports, we showed that
BDNF acts as a survival factor for granule cells and enhances
neurite outgrowth from granule cell reaggregate cultures. We
found, however, that BDNF has no effect on the expression of the
GABA 4 receptor subunits examined. In contrast, Ig-NRG is not
a survival factor for the granule cells but like BDNF does in-
crease neurite outgrowth. These results suggest that the erbB and
trkB receptors may activate distinct but overlapping intracellular-
signaling pathways in granule cell neurons. The most striking and
unique effect of Ig-NRG was the upregulation of GABA , recep-
tor B2 subunit expression, which correlated with an increased
sensitivity to GABA in the granule cells. Thus, NRG may play a
central role in regulating the formation of GABAergic synapses
in the CNS and PNS.

An important event in the development of granule cells is the
extension of the dendritic processes to form connections with
Golgi cells and mossy fibers. Our finding that Ig-NRG greatly
enhances neurite outgrowth from granule cells suggests that this
factor may regulate dendritic outgrowth from granule cells in
vivo. NRG has been shown to enhance neurite outgrowth in other
cells as well. NRG can induce neuronal-like differentiation in
pheochromocytoma 12 (PC12) cells by increasing both the num-
ber of neurites per cell as well as the length of the neurites
(Corfas et al., 1994). Similar results were found in PCI12 cells
overexpressing erbB2 or erbB3 (Gamett et al., 1995). In cultured
rat retinal ganglion cells, NRG increased the number of cells with
neurites as well as the number of neurites per cell (Bermingham-
McDonogh et al., 1996). In other systems, however, endogenous
NRG appears to suppress neurite outgrowth. When endogenous
NRG is blocked with a soluble form of erbB4 there is an increase
in neurite outgrowth either from embryonic day 17 mixed brain
cultures or from cells of the P19 neuronal cell line, which have a
neuronal phenotype after treatment with retinoic acid (Pinkas-
Kramarski et al., 1997). However, the presence of many non-
neuronal cell types in these cultures and the fact that the soluble
erbB4 may block other erbB4 ligands such as HB-EGF may
contribute to the negative effect of NRG on neurite outgrowth in
this system.

Many neuronal populations express erbB receptors in the CNS,
and many of their afferents express Ig-NRG. Our experiments
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suggest that Ig-NRG may regulate expression of GABA recep-
tors in the developing and mature CNS and may therefore play a
role in the regulation of inhibitory synaptic transmission.
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