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Perturbations in neuregulin-1 (NRG1)/ErbB4 function have
been associated with schizophrenia. Affected patients exhibit
altered levels of these proteins and display hypofunction of glu-
tamatergic synapses as well as altered neuronal circuitry. How-
ever, the role of NRG1/ErbB4 in regulating synapse maturation
and neuronal process formation has not been extensively exam-
ined.Herewe demonstrate that ErbB4 is expressed in inhibitory
interneurons at both excitatory and inhibitory postsynaptic
sites. Overexpression of ErbB4 postsynaptically enhances size
but not number of presynaptic inputs. Conversely, knockdown
of ErbB4 using shRNA decreases the size of presynaptic inputs,
demonstrating a specific role for endogenous ErbB4 in synapse
maturation. Using ErbB4 mutant constructs, we demonstrate
that ErbB4-mediated synapse maturation requires its extracel-
lular domain, whereas its tyrosine kinase activity is dispensable
for this process. We also demonstrate that depletion of ErbB4
decreases the number of primary neurites and that stimulation
of ErbB4 using a soluble form of NRG1 results in exuberant
dendritic arborization through activation of the tyrosine kinase
domain of ErbB4 and the phosphoinositide 3-kinase pathway.
These findings demonstrate that NRG1/ErbB4 signaling differ-
entially regulates synapse maturation and dendritic morphol-
ogy via two distinct mechanisms involving trans-synaptic sig-
naling and tyrosine kinase activity, respectively.

Although central nervous system synapses utilize a variety of
brain-specific molecules to mediate contact formation and
maturation, some of the proteins implicated in this process are
also major players in neuromuscular junction development.
Among these shared molecules are NRG13 and its receptor,

ErbB4, which are expressed in both the developing and adult
brain. Neuregulins comprise a family of four related genes
(nrg1–4), each producing a large number of isoforms via differ-
ential promoter usage and alternative splicing (1, 2). NRGs con-
tain EGF-like repeats, which enable them to bind to and acti-
vate EGF family receptors (ErbB2–4). Previous studies showed
that NRG1 is initially synthesized as a transmembrane protein,
which then undergoes proteolytic processing, whereby the
extracellular EGF-containing fragment is released into the
extracellular environment. The remaining intracellular frag-
ment has been shown to translocate into the nucleus, where it
regulates neuronal survival and transcription of PSD-95 (3, 4).
Proteolytic processing of NRG1 is also regulated by neuronal
activity and by interaction with ErbB receptors (3, 5). NRG1 is
widely expressed throughout development and adulthood, with
the highest expression in nervous tissue (6) and is essential for
survival. In the central nervous system NRG1 is also required
for differentiation, migration, and development of neurons and
glia as well as for axonal myelination and pathfinding, dendritic
development, and neurotransmitter receptor maintenance.
During development, NRG1-ErbB signaling mediates radial
glia maintenance and elongation, whereas glial-derived NRG1
directs the migration of cortical and cerebellar neurons (7, 8).
Moreover, NRG1-ErbB4 signaling is required to direct axons of
thalamocortical projections to their targets (9). In the brain and
spinal cord, NRG1 regulates oligodendrocyte differentiation,
and in spinal cord explants from NRG1!/! mice, oligodendro-
cytes fail to develop (10–12).
NRG1 signaling ismediated through its receptors; that is, the

ErbB family of proteins. There are four members in the ErbB
family, named one through four. However, ErbB1 specifically
binds EGF and does not respond to NRG1. ErbB2 contains the
functional kinase domain but is unable to bind NRG1 (13).
ErbB3 on the other handbindsNRG1but is unable to propagate
the signal to the cells because of lack of kinase activity (14).
ErbB4 is a single-pass, 160-kDa transmembrane protein with
extra- and intracellular regions of approximately equal size (15,
16). A kinase domain is located within the intracellular region
of ErbB4, which also contains a PDZ binding motif at the C
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terminus, enabling ErbB4 to interact with PDZ-domain con-
taining proteins such as PSD-95 (17, 18).
Several isoforms of ErbB4 occur due to alternative splicing of

the gene: juxtamembrane-a and -b (JM-a and JM-b) isoforms
differ in their sensitivity to proteolytic cleavage by TACE
(tumor necrosis factor-"-converting enzyme) metalloprotease,
with only the JM-a isoform being sensitive to this cleavage (19).
The CYT-1 isoform differs from CYT-2 in that it contains a
PI3K binding region (15). The presence of multiple ErbB4 iso-
forms and their differential distribution may contribute to the
diversity of ErbB4 signaling. Although the function of the solu-
ble extracellular fragment is unknown, it raises the possibility of
retrograde signaling (15). The intracellular fragment that
remains after cleavage has been shown to act as a constitutive
kinase (20) and propagate signaling from the cell surface. ErbB4
interacts with PSD-95, SAP102, and b2-syntrophin, proteins
enriched at the postsynaptic density (17, 18, 21). Interestingly,
the interaction between ErbB4 and PSD-95 is regulated by neu-
ronal activity (22), and the increased interaction between these
proteins is detected in brain lysates from schizophrenia
patients (23). Moreover, previous findings showed that ErbB
receptor-mediated NRG1 signaling modulates N-methyl-D-as-
partate receptor (NMDAR) function (24), indicating that
NMDARs constitute an immediate target of NRG1/ErbB4 sig-
naling. At the synapse, ErbB4 also interacts with and regulates
activation of two non-receptor protein kinases, Fyn and pyk2.
Thesemolecules have been implicated in regulation ofN-meth-
yl-D-aspartate receptor phosphorylation and long term poten-
tiation induction (25).
Here we examine the role of ErbB4 in synapse maturation

and neuronal morphology in primary hippocampal cultures by
overexpressingwild-type andmutant forms of ErbB4, knocking
down endogenous protein, and/or treating cells with NRG1.
We show that, although ErbB4 is not sufficient to induce pre-
synaptic differentiation in neuron-COS7 cell co-cultures,
ectopic expression of ErbB4 in dissociated hippocampal neu-
rons enhances the size of presynaptic terminals contacting
ErbB4-expressing cells. Furthermore, knockdown of endoge-
nous ErbB4 results in a decrease in the size of presynaptic pro-
tein clusters. Interestingly, the number of presynaptic terminals
is unchanged in cells with altered ErbB4 expression, highlight-
ing a trans-synaptic role for ErbB4 in synapse maturation but
not initial formation. Finally, we show that stimulation of ErbB4
signaling by NRG1 alters process outgrowth via activation of
the PI3K signaling pathway.

EXPERIMENTAL PROCEDURES

cDNA Cloning and Mutagenesis—The original full-length
ErbB4 (JM-a, CYT-2 isoform) cDNA and ErbB4 shRNA con-
structs were gifts fromDr. LinMei. HA-tagged transmembrane
isoform of neuregulin-1 (HA-NRG1) was a gift fromDr. Jianxin
Bao (Medical College of Georgia, Augusta, Georgia). The HA
tag (YPYDVPDYA) was inserted after amino acid 997. HA-
tagged wild type NL1 amplified from mouse cerebellum was
a gift from Dr. Peter Scheiffele (Columbia University). GFP
transfections were carried out using pEGFP-C1 plasmid
(Clontech).

The generation of ErbB4-HA, ErbB4-HA "PDZb, and
ErbB4-HA "NT, was carried out by PCR subcloning in two
steps. First, a construct that contains the ErbB4 signal sequence
followed by the HA tag (ss-HA) was generated by PCR using
oligonucleotides containing AflII and XbaI restriction sites fol-
lowed by subcloning the resulting fragment into the
pCDNA3.1(#) vector (Invitrogen). Generation of the deletion
mutantswas carried out byPCRusing oligonucleotideswith the
following restriction sites: ErbB4-HA "NT-NotI/XbaI (for-
ward, ggactcGCGGCCGCCATTCCACTTTACCACAACATG;
reverse, GGGCCCTCTAGATTACACCACAGTATTCC) and
subcloning amplified fragments into the ss-HA construct.
Finally, ErbB4-HA "PDZb was made by amplification of the
intracellular region of ErbB4 using oligonucleotides containing
KpnI and XbaI restriction sites (forward, GTATTTGGGTAC-
CTGAAGGAG; reverse, GGGCCCTCTAGATTACCGGTG-
TCTGTAAGGTGG) and subcloning the resulting fragment
into the ErbB4-HA "CT construct, restoring the full sequence
of ErbB4 lacking only the last four amino acids. A single point
mutation in the ErbB4 kinase domain (K751R) was introduced
using the QuikChange site-directed mutagenesis kit (Strat-
agene). Briefly, the entire plasmid was amplified by PCR using
oligonucleotides containing one base substitution (AAG 3
AGG) (GTGAAGATTCCTGTGGCTATTAGGATTCTTAA-
TGAGACAACTGG), the template methylated strand was
destroyed enzymatically with Dpn1, and purified construct was
transformed into bacteria and verified by direct sequencing. All
constructs were verified by direct sequencing.
To suppress the expression of endogenous ErbB4, the

pFUGW vectors expressing short hairpin RNAs specifically
directed against rat ErbB4 (26) were transfected into hip-
pocampal neurons using Lipofectamine 2000 (Invitrogen) 3 or
5 days before. The target sequences of two short hairpin RNAs
for erbB4 are 5$-CCAGACTACCTGCAGGAATAC-3$ (hp2)
and 5$-GCCCGCAATGTGTTGGTGAAA-3$ (hp3). A vector
expressing GFP was used as a control.
Cell Culture andMixed Culture Assay—Dissociated primary

neuronal cultures were prepared from hippocampi of embry-
onic day 18/19 Wistar rats. Cells were dissociated by papain
digestion followed by brief mechanical trituration and plated
on poly-D (or L)-lysine (Sigma)-treated coverslips at a density of
105 per 8-mm glass coverslip in minimal essential medium
(Invitrogen) supplemented with 10% fetal bovine serum
(Hyclone), glucose (Sigma), sodium pyruvate, GlutaMAX, and
penicillin/streptomycin (Invitrogen). After 2 h themediumwas
replaced with NeuroBasal medium (Invitrogen) supplemented
with B-27, GlutaMAX, and penicillin/streptomycin (Invitro-
gen) as previously described (27). Every 3–4 days, half of the
volume of maintenance medium was taken out and replaced
with fresh solution. Cultures were transfected by lipid-medi-
ated gene transfer using Lipofectamine 2000 reagent following
the manufacturer’s protocol (Invitrogen) or by the calcium
phosphate technique (Clontech) as previously described (28).
COS7 cells were grown in Dulbecco’s modified Eagle

medium (Invitrogen) supplemented with 10% fetal bovine
serum (Hyclone), sodium pyruvate, and penicillin/streptomy-
cin (Invitrogen). For protein expression cells were transfected
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with Lipofectamine 2000 reagent (Invitrogen) and collected/
fixed 24–36 h later.
Neuron-COS7 cell co-cultures were performed as previously

described (29). Briefly, neurons were grown on glass coverslips
suspended above a glial feeder layer in minimal essential
medium with N2 supplements. COS7 cells were transfected
with Lipofectamine 2000 (Invitrogen) and trypsinized 24 h
later. Cells were washed twice with fetal bovine serum-supple-
mented Dulbecco’s modified Eagle’s medium and plated onto
neurons that had been pre-grown for 9–10 days. COS7 cells
were allowed to adhere and grow on neurons for 24 h before
fixation.
HEK293 cells were grown in Dulbecco’s modified Eagle’s

medium (Invitrogen) supplemented with 10% fetal bovine
serum (Hyclone), sodium pyruvate, and penicillin/streptomy-
cin (Invitrogen). For protein expression, cells were transfected
with Lipofectamine 2000 reagent (Invitrogen) for 12 h, grown
for an additional 6 h, collected, and resuspended in Dulbecco’s
modified Eagle’s medium. To examine transcellular interaction
between proteins, cells transfected with the appropriate con-
structs were co-cultured on 10-mm glass coverslips (Fisher)
and allowed to grow for 24 h before fixation with 4% paraform-
aldehyde supplemented with 4% sucrose (Sigma).
Immunocytochemistry and Reagents—Coverslips were fixed

in !20 °C methanol for staining for synaptic proteins or in 4%
paraformaldehyde with 4% sucrose (Sigma) and permeabilized
with 0.3% Triton-X-100 in phosphate-buffered saline. The fol-
lowing primary antibody solutions were used: HA (mouse,
1:1000, Berkeley Antibody Co., Inc., and rat, 1:1000, Roche
Applied Science), GFP (chicken, 1:1000, Abcam), synaptophy-
sin (mouse, 1:1000, Sigma, and rabbit, 1:500, Pharmingen),
VGLUT1 (rabbit, 1:1000, Synaptic Systems and guinea pig,
1:2000, Chemicon), VGAT (rabbit, 1:1000, Synaptic Systems
and Chemicon), PSD-95 (mouse 1:500, Affinity BioReagents,
and rabbit, custom made by Affinity BioReagents), gephyrin
(mouse, 1:1000, Synaptic Systems), ErbB4 (mouse, 1:200, Neo-
Markers, and rabbit, 1:200, Santa Cruz), MAP2 (mouse, 1:500,
BD Pharmingen), and p-ErbB4 (mouse, Cell Signaling). Sec-
ondary antibodies were generated in goat and conjugated with
Alexa 488 (1:1000), Alexa 568 (1:1000, Molecular Probes), or
aminomethyl coumarin acetate (1:100, Jackson Immuno-
Research). All antibody reactions were performed in blocking
solution containing 2% normal goat serum for 1 h at room tem-
perature or overnight at 4 °C. Preparation and purification of
the protein coding for the extracellular domain of ErbB4 fused
to Fc (ecto-ErbB4) was previously described (30). Human
recombinant NRG1 containing the EGF motif was purchased
from R&D Systems (Minneapolis, MN), resuspended in phos-
phate-buffered salinewith 0.1% bovine serumalbumin at a con-
centration of 10 mg/ml, separated into aliquots, and stored at
!20 °C. PI3K inhibitor (LY 294002) and MAPK inhibitor (PD
98059) were purchased from Calbiochem and resuspended in
dimethyl sulfoxide at a concentration of 10 mM and 5 mg/ml,
respectively, separated into aliquots, and stored at !20 °C.

For tissue section immunohistochemistry, adult (postnatal
day 120) female rat brains were rapidly extracted, embedded in
OCT medium, and flash-frozen in isopentane cooled in liquid
nitrogen. Sectionswere cut on a cryostat at thicknesses of 8mm

to allow detection of synaptic puncta. Sectionswere kept frozen
until fixation in !20 °C methanol for 10 min. After thorough
washing in phosphate-buffered saline, sections were incubated
in blocking solution (2.5% bovine serum albumin, 0.1% Triton-
X-100, 0.02% sodium azide) for 45 min followed by primary
antibody diluted in blocking solution overnight at 4 °C. After
washing, sections were incubated with Alexa-conjugated sec-
ondary antibodies (fluorescent immunohistochemistry;Molec-
ular Probes) andmountedwith Fluoromount-G (Southern Bio-
technology Associates, Birmingham, AL).
Western Blotting—To assess phosphorylation levels of ErbB4

deletion mutants, constructs were transfected into COS7 cells
for 24 h, and proteins were analyzed by Western blot. COS7
cells were washed with ice-cold phosphate-buffered saline and
resuspended in 500 #l of lysis buffer containing 20 mMHEPES,
pH 7.0, 0.5% deoxycholic acid, 0.1% Nonidet P-40, 150 mM
NaCl, 2 mM EDTA, 10 mM NaF, 2 mM sodium orthovanadate,
0.25 mM phenylmethylsulfonyl fluoride, and 1 protease inhibi-
tor tablet/10 ml (Roche Applied Science). After extracting for
20 min at 4 °C, insoluble material was removed by centrifuga-
tion at 13,000 % g for 15 min at 4 °C. Samples were boiled for 3
min upon the addition of 4% SDS-PAGE sample buffer con-
taining 10% $-mercaptoethanol and analyzed by SDS-PAGE.

Nitrocellulose membranes were blocked in 1% bovine serum
albumin or 5%milk and incubated with primary antibody solu-
tions overnight at 4 °C. Western blot signals were detected
with the Odyssey machine (Li-Cor) using infrared-conju-
gated antibodies as previously described (31) or by ECL
(Amersham Biosciences).
Imaging and Analysis—Images were acquired on a Zeiss

Axiovert M200 motorized microscope with a 63 % 1.4 NA
ACROMAT oil immersion lens and a monochrome 14-bit
Zeiss Axiocam HR charge-coupled camera with 1300 % 1030
pixels. The exposure time was adjusted per individual experi-
ment to achieve maximal brightness without saturation; for
intensity measurement experiments, all pictures were taken at
equal exposure for all experimental conditions. To correct for
out-of focus areas within the field of view, focal plane (z) stacks
were collected, and maximum intensity projections were com-
piled. Images were scaled to 16 bits and analyzed in Northern
Eclipse (Empix Imaging Inc., Mississauga, ON, Canada) using
custom written software routines as previously described (32).
In brief, images were processed at a constant threshold level

(of 32,000 pixel values), and dendrites visualized by immuno-
fluorescence signal were outlined. Only clusters with average
pixel values three times greater than background (diffuse den-
dritic shaft pixel values) were selected for analysis. The number
of dendritic clusters per unit length wasmeasured as a function
of dendritic length and normalized to controls.
For intensity analysis, the average background intensity was

subtracted from the average intensity of individual puncta and
multiplied by the puncta area to obtain integrated intensity. For
colocalization analysis, background-subtracted immunofluo-
rescence clusters for all imaging channels (red, green, and blue)
were correlated for overlapping signal. Colocalization was
scored if clusters in two channels were overlapping by at least 1
pixel for a postsynaptic and presynaptic protein. Two-tailed
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Student’s t test was performed to calculate the statistical signif-
icance of results between experimental groups.
To quantify the extent of protein accumulation at the area of

cell-cell contact in HEK cell experiments, a line was drawn
through the area of contact, and pixel intensity was measured
using ImageJ software. Average intensity was then normalized
to the level of protein expression in the cell in question, which
was determined by taking the average intensity along a line of
equal length drawn through the cell body.
To analyze the ability of ErbB4 expressed in heterologous

cells to induce clustering of VGLUT1 and VGAT, a co-culture
system was used. COS7 cells transfected with ErbB4 or NL1
were co-cultured with hippocampal neurons. Immunostaining
for VGLUT1/PSD-95 and VGAT/gephyrin combinations was
used to assess the induction of excitatory and inhibitory presyn-
aptic terminals, respectively. Random ErbB4- or NL1-immu-
nopositive COS cells showing contact with neuronal processes
by phase contrast were classified as to whether they exhibited
any associated clusters of VGLUT1 lacking PSD95 or VGAT
lacking gephyrin (presumed induced clusters in the contacting
axons).

RESULTS

Localization of Endogenous ErbB4 at Excitatory and Inhibi-
tory Synapses—Previous studies have demonstrated that ErbB4
expression is restricted to inhibitory GABAergic interneurons
of the developing and adult cortex and hippocampus (33–35).
Consistent with this, ErbB4 expression in dissociated hip-
pocampal neurons at DIV 14 demonstrated a punctate pattern
of immunostaining in neurons positive for the inhibitory neu-
ronal markers, VGAT and GAD65 (the GABA synthesizing
enzyme), with no signal detectable in GAD65-negative cells
(Fig. 1A and data not shown). Other studies have demonstrated
that ErbB4 clusters at synaptic sites and colocalizes with a num-
ber of markers for excitatory synapses, including the NR1 sub-
unit of N-methyl-D-aspartate receptors and PSD-95 (17). As
inhibitory neurons receive both excitatory and inhibitory
inputs, we assessed the distribution of ErbB4 at excitatory and
inhibitory synapses. Hippocampal neurons were double-la-
beled with ErbB4 and either VGLUT1 or VGAT, markers for
excitatory or inhibitory presynaptic terminals, respectively
(Fig. 1A). Consistent with previous findings, a significant
proportion of ErbB4 clusters (64 & 3%) was associated with
VGLUT1-positive puncta (Fig. 1B). However, a smaller pro-
portion of ErbB4 clusters (32 & 6%) were apposed to VGAT
puncta (Fig. 1B), indicating that ErbB4 is present not only at
excitatory but also at a subset of inhibitory postsynaptic
sites. Together these results indicate that ErbB4 is expressed
in inhibitory GABAergic hippocampal interneurons and is
localized largely at the postsynaptic compartment of excita-
tory synapses, with a smaller proportion found at inhibitory
contacts.
To confirm that the localization of ErbB4 at inhibitory con-

tacts is not an artifact of the culture system, we immunostained
adult rat brain sections for ErbB4 and the inhibitory postsynap-
tic marker, gephyrin. In the cortex and hippocampus, expres-
sion of ErbB4was limited toGABAergic interneurons (data not
shown). A proportion of ErbB4 clusters was colocalized with

gephyrin, consistentwith the localization of a subset of ErbB4 at
inhibitory synapses (Fig. 1C).
ErbB4 Overexpression Enhances theMaturation of Presynap-

tic Terminals—Todetermine the role of ErbB4 at the synapse at
early stages of neuronal development, we generated an HA-
tagged version of full-length ErbB4, placing the tag immediately
after the tyrosinekinasedomaintoavoid interferencewithPDZ-
dependent interactions (see Fig. A) (17). This construct was
then expressed in dissociated embryonic hippocampal neurons
at DIV 5–6 followed by fixation at DIV 10–11, a period at
which synaptogenesis occurs. Levels of ectopic ErbB4 expres-
sion in excitatory neurons were comparable with endogenous
ErbB4 levels observed in inhibitory neurons (supplemental Fig.
1). Synapses were visualized by immunostaining cultures with
the presynaptic terminal marker, synaptophysin (SYN) (Fig.
2A). Analysis revealed an increase in the integrated intensity
(herein referred to as size) of SYN-positive puncta in untrans-
fected neurons forming synapses with ErbB4-HA-expressing
cells compared with cells expressing GFP (Fig. 2B). Despite a
155% increase in the intensity of SYN-positive puncta associ-
ated with ErbB4-expressing cells, no significant difference was
seen in synapse density (Fig. 2B). The enhancement of size, but
not number, of synapses suggests that ErbB4modulates certain
aspects of synapse maturation rather than the initial induction
of synapses.
To confirm that theHA tag did not interfere with the normal

function of ErbB4, another construct with the HA-tag inserted
immediately after the signal sequence (HA-ErbB4) was gener-
ated. Both constructs had similar effects on presynaptic matu-

FIGURE 1. Localization of ErbB4 at excitatory and at a subset of inhibitory
synapses. A, hippocampal neurons were fixed at DIV 14 and immunostained
for endogenous ErbB4 (green) and either VGLUT1 (top panel) or VGAT (bottom
panel) (red), presynaptic markers for excitatory and inhibitory synapses,
respectively. ErbB4 clusters were apposed to the majority of VGLUT1 and a
subset of VGAT presynaptic puncta (arrows). Scale bars, 10 #m; insets, 5 #m).
B, quantification of the localization of ErbB4 clusters at sites apposed to exci-
tatory and inhibitory synaptic markers. 64 & 3% of VGLUT1 clusters were
apposed to ErbB4, whereas 32 & 6% of VGAT puncta colocalized with ErbB4
(n ' 7 cells). C, a subset of ErbB4 puncta is colocalized with the inhibitory
GABAergic postsynaptic marker, gephyrin. Adult rat brain sections were
stained for ErbB4 and gephyrin. The inset shows colocalization of ErbB4 and
gephyrin in the CA1 region of the hippocampus. Scale bar, 20 #m.
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ration, confirming that the observed effects are not due to
altered protein folding or function caused by insertion of the
HA epitope (see Fig. 4, B and C).
ErbB4 Enhances the Maturation of Both Excitatory and

Inhibitory Synapses—The level of excitation in the brain is kept
in check through inhibitory control exerted byGABAergic neu-
rons (36). Thus, a proper ratio of excitatory and inhibitory syn-
apses is critical for neuronal excitability and brain function. In
this manner, neurons strike a “balance” that allows them to
become activated and convey discrete synaptic signals while
preventing excessive excitation. This balance can be disturbed
by even small changes in the level of inhibition, resulting in
epileptiform activity. Factors that regulate both excitatory and

inhibitory contact formation and/or
maintenance may, therefore, repre-
sent key elements for fine-tuning
neuronal excitability. Because ErbB4
is detected at excitatory and inhibi-
tory synapses, we analyzed whether
ErbB4 expression modulates the
maturation of a heterogeneous pop-
ulation of synaptic contacts. Similar
to the effects on SYN, there was
an overall increase in the intensity
of VGLUT1- and VGAT-positive
puncta associated with ErbB4-ex-
pressing cells relative to GFP con-
trols (Fig. 2, C–F). Again, consistent
with the data relating to SYN, no
significant changes were detected in
the density of VGLUT1 and VGAT
clusters (Fig. 2, D and F). These
results are in contrast to the
enhanced VGLUT1 and VGAT
cluster density and intensity in cells
transfected with NL1, a potent
inducer of synapse formation and
maturation (Fig. 2, D and F) (32).
Presynaptic Terminal Intensity Is

Decreased in Neurons Expressing
ErbB4 shRNA—To assess a role for
endogenous ErbB4 in synapse
maturation, we employed a knock-
down approach. The number and
intensity of presynaptic terminals
synapsing onto neurons express-
ing shRNAs specifically directed
against ErbB4 was measured. The
efficacy and specificity of these
shRNA in reducing ErbB4 expres-
sion has been previously demon-
strated (45). Because ErbB4 is spe-
cifically expressed in inhibitory
GABAergic neurons, only ErbB4
shRNA-transfected neurons immu-
nopositive for GAD65 were ana-
lyzed. Complementary to the effects
seen after ErbB4 overexpression,

reduction in endogenous ErbB4 expression resulted in an
(16% decrease in the intensity of SYN clusters associated with
knockdown cells as compared with GFP-expressing control
cells (Fig. 3). Consistent with overexpression studies, the den-
sity of presynaptic terminals associated with knockdown cells
remained unchanged (Fig. 3B).
The Extracellular Domain of ErbB4, but Not Its Tyrosine

Kinase Domain, Is Required for Presynaptic Maturation—To
determine how ErbB4 enhances the maturation of presynaptic
sites, a number of deletion mutant forms of ErbB4 were gener-
ated (Fig. 4A). The extracellular N-terminal domain of ErbB4
consists of two cysteine-rich repeats flanking a putative ligand
binding site, whereas the intracellular C-terminal region con-

FIGURE 2. ErbB4 induces excitatory and inhibitory presynaptic maturation. A, hippocampal neurons were
transfected with GFP (top panel) or ErbB4 tagged with HA in the C-terminal region (ErbB4-HA), and immuno-
stained for the presynaptic marker, SYN. B, analysis reveals that ErbB4 expression enhances the intensity, but
not the density, of SYN-positive puncta when compared with cells expressing GFP (n ' 27 cells). C and E,
neurons were transfected with either GFP, ErbB4-HA, or HA-tagged neuroligin 1 (HA-NL1) and examined for
changes in VGLUT1 and VGAT puncta intensity and density. D and F, summary of changes in VGLUT1 (D) and
VGAT (F) cluster size (intensity) and number (density) in cells overexpressing ErbB4-HA (n ' 16 and 17 cells,
respectively) or HA-NL1 (n ' 8 and 7 cells, respectively), compared with GFP (n ' 16 and 12 cells)0expressing
cells. NL1 significantly enhances the number of VGAT and VGLUT1 puncta per unit dendritic length compared
with GFP-expressing cells. In contrast, ErbB4 expression increased puncta intensity but had no effect on cluster
number when compared with GFP controls. ***, p ) 0.001; **, p ) 0.01. Scale bars, 5 #m.
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tains the tyrosine kinase domain and the PDZ binding domain.
To address the importance of the kinase domain in presynaptic
maturation, an ErbB4mutant formwith a single pointmutation
at the ATP binding site (K751R) was generated, resulting in a
tyrosine kinase dead ErbB4 (ErbB4-HA KD) (Fig. 4A and sup-
plemental Fig. 4C). Expression of this mutant form enhanced
SYN intensity to a similar extent as wild type ErbB4, indicating
that kinase domain-mediated signaling is not required for the
effects of ErbB4 on presynaptic maturation (Fig. 4, B and C).

The ErbB4 PDZ binding motif can directly interact with the
excitatory postsynaptic protein, PSD-95 (17, 18). Furthermore,
we have previously shown that overexpression of PSD-95 can
promote the maturation of synapses both pre- and postsynap-
tically (37). Thus, it is plausible that ErbB4 indirectly enhances
the size of presynaptic clusters by recruiting PSD-95 to postsyn-
aptic sites. To further explore this idea, we transfected cells
with the ErbB4 deletionmutant lacking the PDZ-bindingmotif
(PDZb) (ErbB4-HA "PDZb) (Fig. 4A). Expression of this
mutant failed to enhance presynaptic maturation (Fig. 4, B and
C). However, upon further analysis it was determined that the
ErbB4-HA "PDZb was not localized to synapses, indicating
that the PDZbinding domain is essential for proper targeting of
ErbB4 to synapses (supplemental Fig. 2A).

One way in which the synaptic localization of ErbB4 may be
affected by its PDZ binding domain is if PDZ interactions reg-
ulate the trafficking of ErbB4 to the cell surface. To investigate
this possibility, we analyzed surface expression of ErbB4-HA
"PDZb by immunostaining under non-permeabilizing condi-
tions. Subsequently, neurons were permeabilized, and staining
of surface versus intracellular pools of ErbB4 was analyzed.
MAP2 staining was used to monitor the extent of permeabili-
zation (data not shown). ErbB4-HA was mainly present at the
cell surface. In contrast, ErbB4-HA"PDZbwas not observed at
the cell surface but instead accumulated in the perinuclear

region and formed intracellular aggregates present throughout
the dendrites (supplemental Fig. 2B). These trafficking defects
of ErbB4-HA "PDZb precluded the ability to determine
whether ErbB4-mediated recruitment of PDZ proteins is
required for its effects on synapse maturation.
Because many adhesion molecules mediate synapse matura-

tion via trans-synaptic interaction with their ligands, we inves-
tigated whether the extracellular domain of ErbB4 is required
for presynaptic maturation using a deletion mutant lacking the
N-terminal domain (Fig. 4A). This mutant form was generated
in the context of a K751R kinase dead mutant (ErbB4-HA
"NTKD), as it has been previously shown that deletion of the
N-terminal region results in a constitutively active tyrosine
kinase domain (38) (supplemental Fig. 4C). SYN-positive clus-
ters in neurons synapsing onto ErbB4-HA "NTKD-expressing
cells were similar in intensity and number of cells expressing
GFP alone (Fig. 4, B andC). Taken together our analysis reveals
that the extracellular domain of ErbB4, but not its kinase activ-
ity, is essential for presynaptic maturation.
To confirm our observation that ErbB4 enhances presynap-

tic maturation via its extracellular domain, cells were treated
with a soluble fusion protein coding for the extracellular

FIGURE 3. shRNA-mediated knockdown of ErbB4 in GABAergic neurons
reduces presynaptic maturation in contacting axonal terminals. A, hip-
pocampal neurons were transfected with either GFP alone or a vector
expressing both GFP and shRNA directed against ErbB4 (hp2 or hp3) and
immunostained for SYN as well as GAD65 to identify inhibitory neurons.
B, quantification of changes in SYN cluster intensity and density. Although
SYN cluster density remains unchanged upon ErbB4 knockdown (hp2, n ' 40
cells; hp3, n ' 23 cells), cluster size is significantly reduced as compared with
cells transfected with GFP only (n ' 46 cells). *, p ) 0.05 (scale bars, 5 #m).

FIGURE 4. Protein domains required for ErbB4-mediated effects on pre-
synaptic maturation. A, Schematic diagram summarizing the mutant forms
of ErbB4 used. B, hippocampal neurons were transfected with either GFP, wild
type (ErbB4-HA), or with mutant forms of ErbB4 and immunostained for SYN.
C, summary of changes in SYN cluster intensity. Both full-length ErbB4
(ErbB4-HA and HA-ErbB4) and ErbB4-HA KD (n ' 17 cells) significantly
enhanced SYN cluster intensity compared with GFP (n ' 20 cells). However,
deletion of the N-terminal (n ' 18 cells) and PDZ binding motif (n ' 9 cells)
abolished the effects of ErbB4 on SYN puncta intensity. ***, p ) 0.001 (scale
bar, 5 #m).
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domain of ErbB4, which is predicted to inhibit all extracellular
ErbB4 interactions (ecto-ErbB4) (30). Treatment of cells trans-
fected with GFP alone did not influence the intensity of SYN
clusters (Fig. 5B). This is expected, because excitatory neurons,
which constitute (90% of transfected neurons in our culture
system, do not typically express ErbB4. In contrast, treatment
with the ecto-ErbB4 peptide abolished the effects of ErbB4
overexpression on presynaptic maturation, suggesting that
trans-synaptic signaling is required to mediate the effects of
ErbB4 on synapse maturation (Fig. 5).
Although the function of soluble NRG1 has been heavily

focused on in previous studies, the full-length transmembrane
form has been shown to exist in the presynaptic compartment
(39, 40). It is, therefore, possible that ErbB4 may enhance pre-
synaptic development via trans-synaptic interactions between
NRG1 and ErbB4. To test whether transcellular associations
can occur, we examined whether membrane-associated NRG1
regulates accumulation of ErbB4 at contact sites. HEK293 cells
were transfected with either ErbB4 or HA-NRG1. One day
post-transfection, these two populations of cells were co-cul-
tured, and the subcellular distribution of ErbB4 and NRG1 was
determined (supplemental Fig. 3A). Interestingly, ErbB4
showed enhanced accumulation at sites of contact between
ErbB4- and NRG1-transfected cells but not at sites of contact

between ErbB4- and GFP-transfected cells (supplemental Fig.
3A). These results reveal that intercellular NRG1/ErbB4 inter-
actions enhance the aggregation of ErbB4 at sites of contact. It
is, therefore, plausible that postsynaptic ErbB4 enhances the
maturation of presynaptic terminals directly by its trans-synap-
tic interaction with membrane-bound NRG1. However, due to
the existence of many isoforms of NRG1, the distribution of
NRG1 at developing excitatory and inhibitory presynaptic ter-
minals has yet to be determined. Alternatively, the presynaptic
effects of ErbB4 may be indirectly mediated through interac-
tion with other postsynaptic or extracellular partners.
Other trans-synaptic adhesion systems are sufficient to

induce the formation of presynaptic terminals (41). To explore
whether this applies to ErbB4 as well, we employed a mixed
co-culture system using primary neurons and heterologous
cells (29, 42). COS7 cells expressing ErbB4 or NL1 were co-
culturedwith dissociated hippocampal neurons (DIV 9–10) for
24 h, and induction of presynaptic protein clusters in contact-
ing axons were subsequently detected (supplemental Fig. 3, B
and C). To distinguish between clusters induced by transfected
protein and endogenous clusters that coincidentally colocalize
with COS7 cell contact interfaces, cultures were immuno-
stained for pre- and postsynapticmarkers, and only presynaptic
clusters lacking apposing postsynaptic sites were analyzed.
Immunostaining for VGLUT1/PSD-95 and VGAT/gephyrin
combinations was used to assay the induction of the excitatory
and inhibitory presynaptic terminals, respectively. Consistent
with previous findings (41), NL1 induced VGLUT1 and VGAT
clustering in contacting axons (supplemental Fig. 3,B andC). In
contrast, COS7 cells expressing ErbB4 failed to induce cluster-
ing of either VGLUT1 or VGAT in four independent experi-
ments (supplemental Fig. 3, B andC). These results are consist-
ent with the finding that ErbB4 enhances the intensity but not
the density of presynaptic terminals. Thus, we show that ErbB4
is not sufficient to induce clustering of VGLUT1 and VGAT
and that the enhancement of presynaptic terminal size
observed upon overexpression in neurons more likely requires
recruitment of neuron-specific factors that participate in syn-
apse maturation. Together these finding demonstrate a role for
ErbB4 in synapse maturation but not in initiation of synaptic
contacts.
Treatment with a Soluble Form of NRG1Alters Primary Neu-

rite Formation in Neurons Ectopically Expressing ErbB4—Pre-
vious studies have demonstrated that NRG1 is subject to cleav-
age and that the soluble form activates ErbB4-mediated signal
transduction pathways (1). To elucidate the role of soluble
NRG1 on ErbB4 function, dissociated hippocampal neurons
were transfected with full-length ErbB4-HA and then treated
for 1 day with 10 nM soluble NRG1-$1 containing the extracel-
lular EGF-like domain. Surprisingly, this treatment resulted in a
dramatic increase in the number of primary neurites (defined
here as processes originating from the cell body) and a concom-
itant loss of mature elongated dendrites (Fig. 6A). These alter-
ations were observed only in cells overexpressing ErbB4.
ErbB4-HA-expressing cells that were untreated as well as GFP-
expressing cells treated with NRG1 had a similar number of
primary neurites compared with untreated, GFP-expressing
cells (Fig. 6). These results are reminiscent of previous findings

FIGURE 5. The ectodomain of ErbB4 is required for presynaptic matura-
tion induced by ErbB4. A, hippocampal neurons were transfected with full-
length ErbB4 in the absence (n ' 13 cells) or presence (n ' 23 cells) of an Fc
fusion protein containing the ectodomain of ErbB4 (ecto-ErbB4). Three days
post-transfection, neurons were fixed and immunostained for SYN. Treat-
ment with ecto-ErbB4 abolishes ErbB4-induced effects on presynaptic cluster
size. B, quantification of results seen in A. ErbB4-HA overexpression signifi-
cantly enhances the intensity of SYN puncta in the absence of the ecto-ErbB4
peptide when compared with GFP-expressing cells. ErbB4-HA expressing
neurons treated with ecto-ErbB4 showed a reduction in SYN cluster intensity
with respect to untreated controls. ***, p ) 0.001 (scale bar, 5 #m).
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reporting that ErbB4 activation in pheochromocytoma 12
(PC12) cells promotes neurite formation (43) and induces neu-
rite outgrowth in cerebellar granule cells (44), suggesting the
involvement of ErbB4 signaling in neurite formation. Evidence
presented here, however, also suggests that NRG1-ErbB4 sig-
naling can inhibit mature dendritic arborization in developing
hippocampal neurons. Aberrant dendritic outgrowth and the
formation of immature neurites in ErbB4-expressing cells
treated with NRG1 precluded the assessment of synapse matu-
ration. To determine the time course for induction of changes
in neuronal morphology upon NRG1 treatment, neurons were
transfected with GFP or full-length ErbB4-HA, treated with 10
nM NRG1 for 1 or 3 days, and analyzed for primary neurite
number (Fig. 6). Treatment of cells with soluble NRG1 for 30
min and analysis 1 day later also resulted in a significant alter-
ation in neurite number (data not shown). The time-dependent
alteration in neurite number and morphology as well as its
induction after only 30 min of exposure to NRG1 indicate a
robust and long-lasting effect.
Endogenous ErbB4 Regulates Neurite Outgrowth—To estab-

lish whether the effects observed in cells ectopically expressing

ErbB4 and treated with NRG1 were not an artifact of overex-
pression, the effect of NRG1 treatment was studied on inhibi-
tory interneurons that express endogenous ErbB4 at DIV 4, a
period that correlates with rapid dendritic growth and branch-
ing. Typically, excitatory neurons (ErbB4-negative cells) have
on average more primary neurites than interneurons positive
for ErbB4 (Fig. 7B). Thus, we contrasted changes in primary
neurites uponNRG1 treatment in ErbB4-positive and -negative
cells. Consistent with the effects observed in neurons trans-
fected with ErbB4, a significant increase in primary neurite for-
mation in ErbB4-expressing inhibitory neurons was observed
after NRG1 treatment compared with ErbB4-negative controls
(Fig. 7). In this instance there was no apparent inhibition of
dendrite maturation. These results reveal that application of
soluble NRG1 activates postsynaptic signaling pathways that
modulate dendritic arborization. These robust effects of solu-
ble NRG1 on the cytoskeleton are in holding with the previous
findings that this protein can act as a guidance cue (8).

FIGURE 6. Time course of changes in neurite outgrowth upon treatment
with soluble NRG1. A, hippocampal neurons transfected with either GFP or
ErbB4-HA were treated with vehicle or a soluble form of NRG1 (10 nM) for 1
and 3 days. Cells were then fixed and immunostained for HA to visualize
transfected cells. In cells overexpressing ErbB4-HA, the number of primary
neurites gradually increases with prolonged NRG1 treatment, with a corre-
sponding loss of mature, elongated dendrites. GFP-expressing cells were
unaffected by this treatment. B, quantification of results seen in A. Statistical
comparisons were made between NRG1-treated cells and GFP controls
within a particular time group (n ' 8 cells). ***, p ) 0.001 (scale bar, 5 #m).

FIGURE 7. Soluble NRG1 enhances dendritic arborization in ErbB4
expressing inhibitory neurons. A, hippocampal neurons were treated with
either vehicle (left panels) or with 10 nM soluble NRG1 (right panels) for 2 days,
fixed at DIV 4, and immunostained for ErbB4 (green) and MAP2 (red). Treat-
ment of ErbB4-positive, but not negative, neurons with soluble NRG1
increases the number of primary neurites. B, quantification of results seen in
A. n ' 8 cells. *, p ) 0.05 (scale bar, 10 #m).
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To further support a role for endogenous ErbB4 in the exten-
sion of primary neurites, ErbB4 levels were depleted in inhibi-
tory neurons using shRNAs. Inhibitory neurons have a simple
morphology compared with excitatory cells, typically extend-
ing (5 primary neurites. In ErbB4 knockdown cells, however,
primary neurite number was decreased to 3–4 (Fig. 8). This
modest yet highly significant reduction in primary neurite
number is in accord with the similarly modest yet significant
increase in neurite number after NRG1 treatment of inhibitory
neurons (Fig. 7B).

ErbB4 Kinase Activity Alters Neurite Outgrowth—To charac-
terize which ErbB4 domains are involved in the regulation of
neurite outgrowth, the deletion mutant forms of ErbB4
described above were used. We first examined changes in neu-
rites in the absence of NRG1 treatment upon expression of the
deletion mutant forms of ErbB4. Expression of each of the
mutants did not alter neurite outgrowth. The only exception
was in the case of cells transfected with ErbB4-HA "NT, which
showed a 2-fold increase in the number of primary neurites
accompanied again by a loss of mature elongated dendrites
(supplemental Fig. 4,A and B). To examine whether changes in
neurite outgrowth are due to altered tyrosine kinase activity, we
tested basal tyrosine phosphorylation in heterologous cells.
Both full-length ErbB4-HA and ErbB4-HA "PDZb demon-
strated similar phosphorylation levels (supplemental Fig. 4C),
indicating that deletion of the PDZbindingmotif does not com-
promise kinase activity of ErbB4. As expected, ErbB4-HA KD
showed no detectable tyrosine phosphorylation (supplemental
Fig. 4C). In contrast, ErbB4-HA"NTwas strongly phosphoryl-
ated compared with full-length, even in the absence of NRG1
treatment (supplemental Fig. 4C). The robust phosphorylation
of ErbB4-HA"NT is consistent with a previous report showing
that deletion of the extracellular domain of ErbB4 results in a
constitutively active kinase (20). To confirm the importance of
the tyrosine kinase domain in neurite arborization, cultured
hippocampal neurons were transfected with full-length
ErbB4-HAor ErbB4-HAKD, and the effects of 4-day treatment
with 10 nM soluble NRG1 were contrasted to vehicle-treated
controls. Expression of ErbB4-HA KD failed to alter primary
neurite outgrowth after NRG1 treatment (Fig. 9, A and B).
These results further support the notion that activation of
downstream signaling pathways mediated by ErbB4 kinase
activity are involved in the morphological changes observed
upon treatment with soluble NRG1.
Two major signaling pathways activated by ErbB4 tyrosine

kinase signaling could potentially influence dendrite morphol-
ogy by altering both microtubule and actin dynamics. NRG1-
triggered tyrosine phosphorylation of ErbB4 causes activation
of the Ras/MAPK signaling pathway, and the resulting phos-
phorylation of MAP2 decreases its affinity for microtubules,
thus decreasing microtubule stability. ErbB4 also activates the
PI3K signaling pathway that regulates actin dynamics, and thus,
PI3K recruitment to the membrane may also influence neurite
outgrowth (42). To determine which of these pathways is
involved, we next analyzed changes in process outgrowth upon
manipulation of both MAPK and PI3K signaling pathways by
using kinase-specific inhibitors. We found that treatment with
the PI3K inhibitor, LY-294002, but not theMAPK inhibitor, PD
98059, abolished the effects of NRG1 on neurite outgrowth
(Fig. 9C). These results reveal that a PI3K-dependent signaling
pathway is required for NRG1-ErbB4 mediated neurite reorga-
nization. Our findings establish that distinct mechanisms are
involved inmediating ErbB4 effects on synapsematuration and
neurite outgrowth (Fig. 10).

DISCUSSION

Establishing functional contacts betweenneurons is essential
for successful information transfer in the brain. The current

FIGURE 8. Decreased number of primary neurites in inhibitory GABAergic
neurons expressing ErbB4 shRNA. A, hippocampal neurons were trans-
fected with either GFP alone or a vector expressing both GFP and ErbB4
shRNA (hp2 or hp3) and immunostained for GAD65 to identify inhibitory
neurons. B, quantification of the number of primary neurites. Cells transfected
with ErbB4 shRNA (hp2, n ' 52 cells; hp3, n ' 30) showed a statistically
significant reduction in the number of primary neurites as compared with
GFP control cells (n ' 51 cells). **, p ) 0.01; ***, p ) 0.001 (scale bars, 10 #m).
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study reveals that postsynaptic ErbB4 bridges extracellular sig-
nals with intracellular signaling complexes to control synapse
maturation and dendritic arborization, processes fundamental
for building fully functional neuronal networks. ErbB4-medi-
ated synapse maturation requires the extracellular domain of
ErbB4, which potentially enhances presynaptic protein cluster-
ing via intercellular NRG1/ErbB4 interactions. In contrast,
ErbB4 tyrosine kinase activity modulates primary neurite for-
mation and dendritic arborization via a PI3 kinase-dependent
pathway. Together these results reveal that NRG1 and ErbB4
influence neuronal process development and synaptic contact
maturation through distinct mechanisms.
ErbB4 Modulates Synapse Maturation but Not Formation—

Numerous studies have pointed to a restricted pattern of ErbB4
expression that is exclusive to inhibitory GABAergic interneu-

FIGURE 9. ErbB4 kinase activity is required for effects of ErbB4 on neurite
outgrowth. A, hippocampal neurons were transfected at DIV 5 with full-
length ErbB4-HA or the kinase dead mutant form (ErbB4-HA KD) in the pres-
ence of vehicle (left panels) or 10 nM soluble NRG1 (right panels) for 4 days.
Cells were then fixed and immunostained for HA to visualize transfected neu-
rons. Neurons expressing full-length ErbB4 displayed an enhanced number of
primary neurites and loss of mature elongated dendrites after NRG1 treat-
ment. In contrast, ErbB4-HA KD-expressing neurons were not affected by
NRG1 treatment. B, quantification of changes in the number of primary neu-
rites in neurons expressing either GFP, full-length ErbB4-HA, or ErbB4-HA KD
with or without NRG1 treatment (GFP: n ' 10 and 11 cells, respectively; ErbB4-
HA: n ' 24 and 20 cells, respectively; ErbB4-HA KD: n ' 24 and 29 cells,
respectively). C, ErbB4-HA-transfected neurons were treated with NRG1
either alone (n ' 10 cells) or in the presence of the PI3K inhibitor, LY 294002
(LY, 20 mM; n ' 11 cells) or the MAPK inhibitor, PD 98059 (PD, 20 nM; n ' 15
cells) and then assessed for changes in neurite number 1 day post-treatment.
ErbB4-transfected cells which were not treated with NRG1 or drug were used
as controls (n ' 11 cells). Inhibition of PI3K, but not MAPK, abolishes the
NRG1-mediated increase in the number of primary neurites. ***, p ) 0.001
(scale bar, 5 #m).

FIGURE 10. Model for the role of ErbB4 in synapse maturation and neurite
morphology. A, postsynaptic ErbB4 expression modulates the maturation of
presynaptic compartments through a mechanism that is dependent upon
the extracellular domain of ErbB4. Two possible ways by which ErbB4 may
regulate presynaptic maturation are illustrated 1) by binding directly to NRG1
type I/II in the presynaptic compartment and 2) through direct interaction
with protein X, possibly through PDZ-dependent interactions, which recruits
postsynaptic protein Y, which in turn directly binds unknown presynaptic
protein Z. B, binding of soluble NRG1 (sNRG1) to ErbB4 activates the ErbB4
receptor tyrosine kinase (TK), activating the PI3K pathway and inducing
cytoskeleton reorganization and dendrite arborization.
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rons (17, 35). Although the expression of ErbB4 in inhibitory
neurons is undisputed, the subcellular localization of this pro-
tein remained less clear. Indeed, some reports suggested that
ErbB4 is limited to excitatory postsynaptic densities (17, 18),
whereas more recent work has demonstrated the presence of
ErbB4 at inhibitory contact sites in dissociated cultures (28). In
the present study we confirm that ErbB4 is localized at both
excitatory and inhibitory contact sites in dissociated hippocam-
pal neurons and also demonstrate excitatory and inhibitory
synapse distribution in adult brain tissue.
Importantly, the results herein support a model whereby

ErbB4modulates transmission at both excitatory glutamatergic
and inhibitory GABAergic contacts. Indeed, our analysis shows
that ectopic ErbB4 expression increases the size of both excita-
tory and inhibitory presynaptic terminals. Conversely, reducing
ErbB4 expression in GABAergic interneurons decreases pre-
synaptic terminal size. However, the number of synaptic con-
tacts is unaltered in either case. This implies a role for ErbB4 in
synapse maturation rather than initial formation, consistent
with the finding that expression of ErbB4 in heterologous cells
is insufficient to drive new synapse formation in co-culture
assays.
It has recently been shown that NRG1-mediated ErbB4 sig-

naling modulates the function of GABAergic terminals by
enhancing GABA release (30). The data presented here also
support a role for ErbB4 in modulating the maturation of
inhibitory presynaptic terminals. However, in this study we
reveal that these effects are mediated by postsynaptic
expression of ErbB4. Further studies assessing subcellular
localization of endogenous ErbB4 using electron microscopy
are required to further characterize the proportion of ErbB4
localized at pre- and postsynaptic sites, and thus, clarify the
issue of retrograde versus anterograde signaling through the
NRG1/ErbB4 pathway.
Enhanced clustering of presynaptic proteins is not unique to

ErbB4, as overexpression of other molecules such as NL1 and
PSD-95 have been shown to exert similar effects (32, 37).
Becausemany proteins are able to redundantly perform similar
biological functions, it is likely that these proteins work in con-
cert to ensure the proper recruitment of presynaptic proteins
involved in synaptic maturation and function.
A Putative Trans-synaptic Role for NRG1/ErbB4 at the

Synapse—The enhancement in size of presynaptic protein clus-
ters observed upon ErbB4 expression could bemediated via the
direct trans-synaptic action of ErbB4 through presynaptic
transmembrane isoforms of NRG1. Three major NRG1 iso-
forms (types I-III) are expressed in adult brain and are differen-
tially distributed throughout cerebral cortex and brainstem (30,
39). All three isoforms exist as transmembrane proteins in addi-
tion to secreted ectodomain products of proteolytic processing
ofNRG1 and, thus, could potentially interact trans-synaptically
with postsynaptic ErbB4 (1). In contrast to NRG1 types I and II,
type III isoform appears to be important for signaling in glial
cells (40). Therefore, NRG1 type I/II are more likely candidates
in mediating trans-synaptic NRG1/ErbB4 interaction in neu-
rons. Moreover, NRG1 type I/II are found throughout the hip-
pocampus (30) and contain immunoglobulin domains impor-
tant for protein-protein interactions (1) and are, thus,

positioned appropriately to participate in trans-synaptic inter-
action with ErbB4.
In support of this notion, we show that treatment of neurons

with a soluble form of the ectodomain of ErbB4 (ecto-ErbB4)
abolishes the effects of ErbB4 on presynaptic development.
Moreover, the extracellular domain of ErbB4 is required to
induce presynaptic maturation, which further supports the
importance of trans-synaptic interactions in this process. Thus,
these data, in combination with the findings that expression of
a kinase dead form of ErbB4 retains the ability to induce matu-
ration of presynaptic terminals suggest a prevailing role for
trans-synaptic protein-protein interactions rather than
postsynaptic downstream signaling involving ErbB4 kinase
activity in controlling presynaptic maturation.
One may also envision a paradigm whereby ErbB4, through

PDZ-dependent interactions, would promote clustering of
other postsynaptic molecules. This could in turn lead to
recruitment of postsynaptic cell adhesion molecules to contact
sites, where they would act trans-synaptically to promote pre-
synapticmaturation (Fig 10). This is a plausiblemechanism that
could act in concertwith the requirement for the trans-synaptic
NRG1/ErbB4 interactions established above. Indeed, we have
shown that NRG1 is able to cluster ErbB4 intercellularly. Thus,
it is possible that NRG1-induced ErbB4 clustering results in the
recruitment of PDZ proteins. PSD-95 is a leading candidate at
glutamatergic synapses, as it has been shown to directly interact
with ErbB4 via its PDZ-binding motif (17, 18). Moreover, stud-
ies on PSD-95 have demonstrated that overexpression of
PSD-95 in neurons promotes maturation of existing synapses,
both pre- and postsynaptically. However, PSD-95 overexpres-
sion does not increase the number of synapses (37). Thus, these
results are similar to those observed in the case of cells overex-
pressing ErbB4 in the present study. Although intriguing, we
have not been able to thoroughly test whether PSD-95 partici-
pates in ErbB4-mediated presynaptic maturation, as PSD-95
has been shown to be involved in a number of synaptic pro-
cesses and altering levels of PSD-95 alone is sufficient to alter
presynaptic maturation (32). Further work must be conducted
to assess the role of PSD-95 in ErbB4-mediated presynaptic
development.
At GABAergic synapses, ErbB4 may promote clustering of

scaffolding molecules such as glutamate receptor-interacting
protein, syntrophin, S-SCAM, or gephyrin. In addition, ErbB4
could also enhance the recruitment/retention of GABAergic
synapse-specific adhesion molecules such as L1-CAM or neu-
roligin 2 at these sites, which could act trans-synaptically to
influence presynaptic contact maturation (45). In the future it
will be important to determine whether clustering of ErbB4
drives clustering of other postsynaptic proteins at excitatory
and inhibitory contacts.
Physiological Role for ErbB4 at Synapses—Our data showing

altered presynapticmaturation uponmanipulating the levels of
expression of ErbB4 in neurons is supportive of a role for this
protein in regulating synaptic efficacy. Another recent study
showed that ErbB4 overexpression enhances activity-depend-
ent "-amino-3-hydroxyl-5-methyl-4-isoxazolepropionate
(AMPA) receptor-mediated currents, suggesting anErbB4-me-
diated increase in the number of AMPA receptors at synaptic
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sites (26). ErbB4 overexpression inCA1pyramidal neurons also
influences spine morphology, increasing the size of these pro-
trusions, whereas it has no effect on the number of spines per
unit length (26). Although the physiological relevance of the
ability of ErbB4 to enhance spinematuration is unclear because
it is endogenously expressed in aspiny GABAergic interneu-
rons, this study parallels our findings that altering ErbB4 levels
both ectopically and endogenously affects maturation of exci-
tatory glutamatergic synapses. Although expression of a
mutant form of ErbB4 lacking the PDZ binding motif blocks
ErbB4-mediated activity-dependent enhancement of"-amino-
3-hydroxyl-5-methyl-4-isoxazolepropionate receptor currents
(26), the contribution of PDZ-dependent interactions in
ErbB4-mediated synaptic maturation remains unclear, as our
data show that this mutant does not traffic normally to the cell
surface.
Two recent reports have supported a synaptic role for ErbB4

in vivo using independent conditional ErbB4 knock-out mouse
models. Golub et al. (46) demonstrate reduced motor activity
and altered cognition inmice exhibiting ErbB4 ablation in neu-
rons and glia. Furthermore, a recent study by Pitcher et al. (47)
showed that mutant mice lacking ErbB4 (in which the lethal
cardiac defect was rescued by "-myosin heavy chain promoter-
driven expression in the heart) displayed enhanced long term
potentiation at Schaffer collateral CA1 synapses.
ErbB4 Stimulation with Soluble NRG1 Regulates Neurite

Outgrowth—Given the proposed role of ErbB4 in synapse mat-
uration and stability, it is interesting to discover that prolonged
treatment with soluble NRG1 enhances neurite formation in
cells that express ErbB4 and that a corresponding reduction
occurs upon knockdown of ErbB4. A role for NRG1/ErbB4 sig-
naling in neurite outgrowth has previously been suggested
based on the findings that NRG1 application promotes neurite
outgrowth in PC12 cells and that ErbB4 signaling enhances
primary neurite sprouting in cerebellar granule cells (43, 44). In
contrast to the ErbB4-mediatedmechanism involved in presyn-
aptic terminal maturation, which is dependent on extracellular
interactions, two pieces of evidence indicate that altered neu-
rite formation relies on ErbB4 kinase activity. First, expression
of constitutively active ErbB4 lacking the extracellular domain
resulted in altered primary neurite outgrowth in the absence of
NRG1 stimulation. Second, expression of ErbB4 with an inac-
tive kinase domain fails to alter primary neurite formation
induced by NRG1 treatment. Thus, ErbB4/NRG1 signaling at
the synapse is mediated by two distinct mechanisms; although
the extracellular domain of ErbB4 regulates synapse matura-
tion, activation of the ErbB4 kinase domain by soluble NRG1
alters neurite outgrowth.
Two major signaling pathways activated by ErbB4 kinase

activity could potentially influence dendrite morphology by
altering both microtubule and actin dynamics. One such path-
way involves activation of the MAPK signaling pathway, which
induces phosphorylation of MAP2. This process decreases
MAP2 binding affinity for microtubules, suppressing microtu-
bule polymerization and increasing microtubule instability,
ultimately promoting changes in dendritic extension. ErbB4
also activates the PI3K signaling pathway, which induces mem-
brane recruitment of Cdc42, Rac, and Rho, guanine-nucleotide

exchange factors for the Rho family of GTPases (42, 48).
Although activation of Cdc42 and Rac1 induces dendritic
branching, RhoA activity decreases actin dynamics and causes
retraction of dendrites (49, 50). Overall, the concerted action of
these GTPases regulates the rate of branch addition and retrac-
tion in an activity-dependent manner. Although the ErbB4 iso-
form used in our experiments specifically lacks the PI3K bind-
ing site, ErbB4 is still capable of activating the PI3K kinase
pathway via Ras, a mechanism that is of particular importance
in central nervous system neurons (51). Our analysis reveals
that activation of the PI3K rather than the MAPK pathway is
required for ErbB4-mediated neurite extension (Fig. 9C).
Both NRG1 and the ErbB4 receptor have recently been asso-

ciated with schizophrenia (52, 53). In particular, altered NRG1
expression, rather than loss of function, has been associated
with this disease (54). Consistent with this finding, a number of
groups have observed altered expression patterns for various
NRG1 isoforms (54–56). How altered NRG1/ErbB4 signaling
could result in symptoms associated with schizophrenia disor-
ders remains elusive. Based on our findings, altered expression
or prolonged stimulation of ErbB4 may have adverse effects on
synapse maturation, synaptic balance, and dendritic arboriza-
tion. These findingsmay, therefore, provide themolecular basis
for synaptic changes and altered behavior associated with
schizophrenia.
In conclusion, this work reveals novel roles for NRG1/ErbB4

signaling in synapse maturation and process outgrowth. These
effects are differentiallymodulated by extracellular interactions
that affect presynaptic development as well as activation of
postsynaptic downstream PI3K signaling via ErbB4 tyrosine
kinase function, which results in altered neuronal morphology.
These results also suggest that the precise duration of ErbB4
stimulation by NRG1 may finely modulate different cellular
processes that influence synapse maturation and dendritic
arborization.
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