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Selective Expression of ErbB4 in Interneurons, But Not
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NRGI and ERBB4 have emerged as some of the most reproducible schizophrenia risk genes. Moreover, the Neuregulin (NRG)/ErbB4
signaling pathway has been implicated in dendritic spine morphogenesis, glutamatergic synaptic plasticity, and neural network control.
However, despite much attention this pathway and its effects on pyramidal cells have received recently, the presence of ErbB4 in these
cells s still controversial. As knowledge of the precise locus of receptor expression is crucial to delineating the mechanisms by which NRG
signaling elicits its diverse physiological effects, we have undertaken a thorough analysis of ErbB4 distribution in the CA1 area of the
rodent hippocampus using newly generated rabbit monoclonal antibodies and ErbB4-mutant mice as negative controls. We detected
ErbB4 immunoreactivity in GABAergic interneurons but not in pyramidal neurons, a finding that was further corroborated by the lack of
ErbB4 mRNA in electrophysiologically identified pyramidal neurons as determined by single-cell reverse transcription-PCR. Contrary to
some previous reports, we also did not detect processed ErbB4 fragments or nuclear ErbB4 immunoreactivity. Ultrastructural analysis in
CAl interneurons using immunoelectron microscopy revealed abundant ErbB4 expression in the somatodendritic compartment in
which it accumulates at, and adjacent to, glutamatergic postsynaptic sites. In contrast, we found no evidence for presynaptic expression
in cultured GAD67-positive hippocampal interneurons and in CA1 basket cell terminals. Our findings identify ErbB4-expressing inter-
neurons, but not pyramidal neurons, as a primary target of NRG signaling in the hippocampus and, furthermore, implicate ErbB4 as a

selective marker for glutamatergic synapses on inhibitory interneurons.

Introduction

The receptor tyrosine kinase ErbB4 binds members of the Neu-
regulin (NRG) and epidermal growth factor (EGF) [betacellulin,
HB-EGF (heparin-binding EGF), epiregulin] families of trophic
and differentiation factors to regulate a diverse array of neu-
ronal processes, including migration, differentiation, neuro-
transmission, and synaptic plasticity (for review, see Buonanno
and Fischbach, 2001; Mei and Xiong, 2008). ErbB4 is expressed in
the developing and adult cerebral cortex, and represents the ma-
jor NRG receptor in central neurons (Lai and Lemke, 1991;
Steiner et al., 1999; Gerecke et al., 2001; Yau et al., 2003; Fox and
Kornblum, 2005). At Schaffer collateral-to-CA1 (SC-CA1) glu-
tamatergic synapses in the adult hippocampus, NRG-1/ErbB
signaling inhibits and reverses (depotentiates) long-term poten-
tiation (LTP) (Huang et al., 2000; Kwon et al., 2005; Bjarnadottir
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et al., 2007). ErbB receptor activation acutely triggers dopamine
release in the hippocampus, and LTP depotentiation by NRG-1
depends on the activation of D, dopamine receptors to reduce
synaptic levels of AMPA-type ionotropic glutamate receptors
(Kwon et al., 2008). Conversely, LTP is enhanced in ErbB4-
deficient mice (Pitcher et al., 2008). These studies suggest that
NRG-1/ErbB4 signaling is involved in the homeostatic control of
glutamatergic plasticity in the adult hippocampus, at least in part
via recruitment of a dopaminergic signaling pathway.

In addition to its effects on glutamatergic plasticity of CAl
pyramidal neurons, other studies suggest an important role of
ErbB signaling for GABAergic function in the adult cortex. In
CA3, NRG-1/ErbB4 signaling potently increases the power of
kainate-induced gamma oscillations, suggesting that ErbB4 is in-
volved in the synchronization of CA3 pyramidal cell firing by
local parvalbumin (PV)-expressing basket cell interneurons,
many of which express ErbB4 (Fisahn et al., 2009). Consistent
with this finding, both the number of PV-interneurons and the
power of kainate-induced gamma oscillations are reduced in
ErbB4-knock-out (KO) mice (Fisahn et al., 2009). In the mouse
prefrontal cortex, NRG-1 signaling via ErbB4 was shown to mod-
ulate GABAergic transmission by augmenting depolarization-
induced transmitter release (Woo et al., 2007).

The primary cellular and subcellular locus of ErbB4 signaling
that underlies the regulation of plasticity at SC-CA1 synapses has
not been identified. In situ hybridization studies in the adult ro-



12256 - J. Neurosci., September 30, 2009 - 29(39):12255-12264

dent and monkey cortex have consistently demonstrated scat-
tered ErbB4 mRNA distribution indicative of expression in
interneurons (Lai and Lemke, 1991; Steiner et al., 1999; Huang et
al., 2000; Gerecke et al., 2001; Fox and Kornblum, 2005; Thomp-
son et al., 2007). Consistent with these findings, most immuno-
fluorescence analyses identified strong ErbB4 immunoreactivity
(IR) in GABAergic interneurons in dissociated hippocampal
neuron cultures and in the cerebral cortex (Garcia et al., 2000;
Huang et al., 2000; Gerecke et al., 2001; Yau et al., 2003; Longart
et al., 2007). In contrast, the presence of ErbB4 in pyramidal
neurons has been a matter of debate. Several histological studies
reported ErbB4-IR in pyramidal neurons in the rodent and mon-
key cortex (Gerecke et al., 2001; Ma et al., 2003; Mechawar et al.,
2007; Thompson et al., 2007), but these findings are at variance
with the distribution of ErbB4 mRNA, as noted by some (Gerecke
etal., 2001; Thompson et al., 2007). Because of the rapidly grow-
ing number of studies linking NRG-1/ErbB signaling to the mod-
ulation of pyramidal neuron properties, such as dendritic spine
morphology (Li et al., 2007; Chen et al., 2008; Barros et al., 2009),
glutamate receptor trafficking (Gu et al., 2005), and synaptic plas-
ticity (Huang et al., 2000; Kwon et al., 2005, 2008; Bjarnadottir et al.,
2007; Pitcher et al., 2008), it is imperative to resolve this apparent
inconsistency and to determine whether ErbB4 activation mod-
ulates pyramidal neurons in a cell-autonomous manner or via a
local circuit. Toward this end, we present here a detailed analysis
of the cellular and subcellular distribution of ErbB4 in the rodent
CA1 area using newly developed rabbit monoclonal antibodies
against ErbB4. Our data implicate glutamatergic synapses onto
GABAergic interneurons as a primary target of NRG/ErbB4 sig-
naling in the adult CAl, a finding that has important functional
implications for our understanding of NRG effects on glutama-
tergic transmission and plasticity, and its involvement in the
pathophysiology underlying schizophrenia.

Materials and Methods

Animals. New Zealand White rabbits were used to raise the parental
polyclonal antiserum against ErbB4 and to derive the hybridoma cell
lines. Adult C57BL/6] wild-type and ErbB4-KO mice, as well as Sprague
Dawley rats, were used to prepare neocortical or hippocampal extracts
for Western blotting and immunoprecipitation (IP), and to cut sections
for immunofluorescence and immunoelectron histology. Fetuses from
embryonic day 19 (E19) Sprague Dawley rats, E18 C57BL/6] wild-type
and ErbB4-KO mice were used to generate glia-free dissociated hip-
pocampal neurons for use in immunofluorescence experiments. All pro-
cedures were approved by the National Institutes of Health Office of
Laboratory Animal Welfare.

Antibodies. Mouse monoclonal antibody mAb-77 raised against the
extracellular domain of ErbB4 (Chen et al., 1996) was from Thermo
Scientific. Rabbit polyclonal sc-283 against the C terminus of ErbB4 was
from Santa Cruz Biotechnologies (lots E1805 and L0904). Rabbit poly-
clonal anti-neurogranin, mouse monoclonal anti-GAD67, and rabbit
anti-vesicular GABA transporter (VGAT) were from Chemicon, mouse
monoclonal anti-parvalbumin was from Sigma-Aldrich, and mouse
monoclonal anti-cholecystokinin (CCK) was from the CURE/Digestive
Diseases Research Center (University of California, Los Angeles, CA). A
goat polyclonal antibody against glutathione-S-transferase (GST) was
from GE Healthcare. A human ErbB4 ¢cDNA under the control of the
CMV (cytomegalovirus) promoter has been described previously (Gar-
cia et al., 2000).

Generation of hybridoma cell lines. The nucleotide sequence corre-
sponding to amino acids 1036 through 1239 of mouse ErbB4 [closely
resembling the aggregate immunogen sequence used by Zhu etal. (1995)
to raise three separate polyclonal antisera against ErbB4] was amplified
by PCR from mouse brain ¢cDNA and subcloned into pGEX-2T (GE
Healthcare). The resultant glutathione-S-transferase fusion protein

Vullhorst et al. @ ErbB4 Expression in the Hippocampus

(GSTmB4) was used to immunize four rabbits (5938-5941; Covance).
Rabbit 5941 was killed, and the spleen removed and used to derive
B-lymphocyte X plasmacytoma hybridoma cell lines (Epitomics)
(Spieker-Poletetal., 1995). After ELISA screenings and Western blotting,
three hybridoma cell lines (mAb-6, mAb-7, mAb-10) were selected for
additional analyses.

Western blotting. Mouse hippocampal lysate proteins were size-
fractionated by SDS-PAGE using 4-12% acrylamide gradient gels
(Invitrogen) and electrophoretically transferred onto nitrocellulose
membranes. Excess binding capacities were blocked with 5% nonfat dry
milk in Tris-buffered saline (137 mm NaCl, 3 mm KCl, 25 mm Tris-HCI,
pH 7.4) containing 0.1% Tween 20 (TBS-T). Membranes were incubated
overnight with 0.2 pg/ml primary antibody in 3% bovine serum albumin
(BSA) in TBS-T. Antibody binding was visualized with enhanced chemi-
luminescence (ECL) (GE Healthcare) using a secondary donkey anti-
rabbit antibody conjugated to horseradish peroxidase (GE Healthcare).

Immunoprecipitation. To test antibody performance in immunopre-
cipitation, a tissue lysate was prepared from mouse neocortex by
homogenization in 20 vol of 10 mm Tris-Cl, pH 7.5, 150 mm NaCl, 1%
NP-40 in the presence of protease inhibitors (Complete protease in-
hibitor mixture; Roche) using a glass homogenizer. The homogenate
was cleared by centrifugation at 5000 X g for 10 min, and the resultant
supernatant was diluted to 1 mg/ml with IP buffer (10 mm Tris-Cl, pH
7.5, 150 mm NaCl, 0.2% NP-40, protease inhibitors). For each of the
three monoclonal ErbB4 antibodies, 5 ml of conditioned hybridoma
supernatant were incubated with 100 ul of washed protein A-Sepharose
(Santa Cruz) for 2 h at 4°C. The immobilized antibodies were washed
three times with IP buffer and then incubated for 3 h at 4°C with the
diluted lysate (1 mg of total protein). After three washes with IP buffer,
proteins were eluted in SDS sample buffer and subjected to Western
blotting. As a negative control for immunoprecipitation, a separate reac-
tion using 2 ug of normal rabbit IgG (Santa Cruz) instead of hybridoma
supernatant was included.

Cell culture and transfections. Dissociated hippocampal neurons from
E19 rat or E18 mouse fetuses were plated on poly-p-lysine- and laminin-
coated coverslips at a density of 8 X 10* cells/ml and cultured for 8 d in
vitro (DIV) in Neurobasal medium supplemented with B27 (Invitrogen)
as described previously (Brewer et al., 1993; Longart et al., 2004). For
analysis of axonal ErbB4 expression, rat neurons were transfected at DIV
7 with a vector expressing SNPHAMT-GFP (Kang et al., 2008) using
Lipofectamine 2000 (Invitrogen) and incubated for 24 h.

Immunocytochemistry and immunohistochemistry. For double immu-
nofluorescence of ErbB4 and GAD67 in cultured hippocampal neu-
rons, cells were fixed at DIV 8 with 4% paraformaldehyde (PFA),
permeabilized with 0.1% Triton X-100, and incubated with either
undiluted conditioned hybridoma supernatants or sc-283 (0.2 ug/
ml), and with mouse monoclonal anti-GAD67 (1:5000). For ErbB4/
VGAT double immunofluorescence, mouse monoclonal antibody
Ab-77 against ErbB4 (1 ug/ml) and rabbit polyclonal antibody
against VGAT (0.5 pg/ml) were used to label hippocampal neurons at
DIV 14. Primary antibody binding was visualized with secondary
antibodies conjugated to Cy3 or Alexa Fluor 594 (ErbB4) and Alexa
Fluor 488 (GAD67, VGAT), and analyzed in a Zeiss Axiovert 135 TV
fluorescence microscope at 63 X magnification.

For immunohistochemistry of hippocampal sections, adult anesthe-
tized wild-type C57BL/6] and ErbB4-KO mice (10—14 weeks) were fixed
by cardiac perfusion with 4% PFA in PBS, pH 7.4, over 15 min. Dissected
brains were postfixed overnight at 4°C and cut horizontally on a vi-
bratome (50 wm). Sections containing the hippocampus were processed
for double immunofluorescence in 0.1 M PBS, pH 7.4, as follows: two
washes in 0.1 M PBS, 10 min each; 90 min blocking in 0.1 M PBS contain-
ing 10% normal goat serum, 1% BSA, and 0.25% Triton X-100; primary
antibody incubation for 40 h at 4°C in blocking solution; three washes;
secondary antibody for 90 min at room temperature in blocking solu-
tion; three washes; and mounting in Mowiol-DABCO. Primary antibody
concentrations were as follows: mAb-6, mAb-7, mAb-10, 3 ug/ml; mAb-
77, 3 wg/ml; sc-283, 50 ng/ml; GAD67, 1:5000; neurogranin, 1:2000;
parvalbumin, 1:3000; CCK, 1:500. Control sections without primary
and/or secondary antibodies exhibited complete absence of neuronal
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staining. Sections were analyzed using a confocal microscope (Zeiss 510
Meta) at 20, 40, or 63X magnification. Images are representative for the
staining pattern and were adjusted for overall brightness and contrast
using Adobe Photoshop CS.

For immunoelectron microscopy, 5-week-old male Sprague Dawley
rats were perfused through the heart with 4% paraformaldehyde in a
phosphate buffer. Parasagittal sections were cut at 50 wm and stored
frozen in 30% sucrose in PBS. After incubation in 10% normal goat
serum (NGS), sections were incubated overnight with anti-ErbB4 anti-
body mAb-10. Antibody binding was visualized with a horseradish
peroxidase-conjugated secondary antibody using diaminobenzidine
(DAB) as substrate (Vectastain ABC kit; Vector Laboratories). After la-
beling, sections were postfixed in 2% glutaraldehyde in cacodylate buffer,
and then in osmium tetroxide, dehydrated in an alcohol series, and em-
bedded in Epon 812 for additional thin sectioning for EM. Similar results
were obtained in experiments in which the primary antibody was used at
either 4 or 3 pg/ml plus a brief preincubation in 0.3% H,O, before the
NGS block. Additionally, experiments were performed with the poly-
clonal anti-ErbB4 antibody HL5941 using DAB with and without silver/
gold toning and sections from a second rat. Results were similar to those
with the monoclonal antibody mAb-10. Control sections minus the pri-
mary antibody were included in all experiments and essentially were void
of any discernible labeling. To assess ErbB4-IR in spine synapses, numer-
ous pictures of CAl strata pyramidale and radiatum were taken and
inspected for granular reaction products in postsynaptic spine profile as
identified by their shape, asymmetric density, and straight cleft. Potential
labeling was compared based on the contrast of surrounding structures
for any particular micrograph. Spine labeling was considered definitive if
there were grains at both the postsynaptic density (PSD) and in parts of
the cytoplasm, as unlabeled PSDs by themselves tend to be darker than
their surrounding processes.

Whole-cell recordings and single-cell reverse transcription—PCR. Record-
ings were done on acute slices prepared from 2- to 3-week-old C57BL/6
mice. Electrophysiological characterization of CA1 interneurons and py-
ramidal cells was performed by whole-cell patch-clamp recording using a
potassium gluconate-based intracellular solution containing biocytin for
post hoc morphological processing of recorded cells, as described previ-
ously (Lawrence et al., 2006). At the end of the recording, the cytoplasm
of the cell was aspirated into the recording pipette while maintaining the
tight seal. Then, the pipette was carefully removed to allow outside-out
patch formation, and its contents were expelled into a test tube. Reverse
transcription (RT) was performed in a final volume of 10 ul as described
previously (Lambolez et al., 1992). Next, two consecutive rounds of PCR
using outer and nested primer sets were performed essentially as de-
scribed previously (Cauli et al., 1997). For the first PCR, all targets were
amplified simultaneously using outer primer pairs for GAD65, GAD67,
VGIuT1, ErbB4, ErbB3, and EGF receptor (EGFR) (for primer se-
quences, see supplemental Table S1, available at www.jneurosci.org as
supplemental material), 2.5 U of Taq polymerase (QIAGEN), and 20
pmol of each primer in a final volume of 100 wl. Targets were amplified
for 21 cycles, each comprising a 94°C denaturation step for 30 s, 60°C
annealing for 30 s, and 72°C extension for 30 s. Individual targets were
separately reamplified using 35 cycles of PCR as described above with 2
wl of the first PCR product as template and specific nested primer sets
(supplemental Table S1, available at www.jneurosci.org as supplemental
material). Products were assayed on 2% agarose gels stained with
ethidium bromide, using HaellI-digested ®X174-DNA as a molecular
weight marker. All primer sets were designed to span exon boundaries
and were verified on 1 ng of total RNA purified from mouse whole brain
using the RT-PCR protocol described above. Primer sequences for ErbB
receptors were additionally designed to bind to regions not reported to
undergo alternative splicing. A control for mRNA contamination from
surrounding tissue was performed by placing a patch pipette in the slice
without establishing a seal. Positive pressure was then interrupted, and
after the removal of the pipette, its content was processed as described.
No PCR product was obtained using this protocol (n = 5).
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Figure 1. Generation and characterization of rabbit monoclonal anti-ErbB4 antibodies.

A, Rabbit monoclonal antibodies against ErbB4 detect a single protein of ~180 kDa apparent mo-
lecular mass in immunoblots of adult mouse hippocampal extracts. Blots containing extracts
(50 pg/lane) from wild-type (WT) and ErbB4-KO (KO) mice were probed with the polyclonal
anti-ErbB4 antiserum 5941, monoclonal antibodies mAb-6, mAb-7, mAb-10, and sc-283 (two
different lots shown). All antibodies were used at 0.2 pug/ml. Molecular masses of reference
proteins are as indicated. B, Proteolytic processing of ErbB4 is low in the hippocampus. Crude
membrane fractions (60 r.g/lane) of mouse cortex (ctx) and cerebellum (cb) from wild-type
and ErbB4-KO mice were probed by immunoblotting with mAb-10 (1 ug/ml). The arrowhead
marks the position of the 80 kDa ErbB4-1CD fragment visible in cerebellar and, to a much smaller
extent, in cortical extracts. Note that, to detect the ErbB4-1CD, a more highly enriched protein
fraction was loaded, mAb-10 was used at higher concentrations, and exposure times were
longer than in 4. €, Monoclonal antibodies effectively bind the native receptor inimmunopre-
cipitation of ErbB4 from lysates of mouse neocortex. Lysate input, as well as flow-through
(unbound) and immunoprecipitate (pulldown) fractions obtained with ErbB4 monoclonal an-
tibodies and the normal rabbit IgG negative control (rlgG), are shown. Sample volumes were 50
and 100% for the input, 100% for flow-through fractions, and 200% for immunoprecipitates.
The Western blot was probed with polyclonal ErbB4 antibody 5941 as described in A.

Results

Generation and validation of rabbit monoclonal

ErbB4 antibodies

A 204 aa segment within the intracellular domain (ICD) of mouse
ErbB4 downstream of the tyrosine kinase domain was expressed
as a GST fusion protein to generate monoclonal antibodies (sup-
plemental Fig. S1, available at www.jneurosci.org as supplemen-
tal material). The sequence closely resembles a region previously
used to raise antibodies that identified ErbB4 receptor protein at
the neuromuscular junction and in migrating interneurons in the
developing CNS (Zhu et al., 1995; Yau et al., 2003). It also avoids
the C terminus that binds PDZ (postsynaptic density-95/Discs
large/zona occludens-1) domain-containing proteins of the
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GAD67

Neurogranin

GAD67-immunoreactive interneurons, but not pyramidal cells, express ErbB4 in CA1 of the mouse hippocampus. A, Immunofluorescence of ErbB4 in sections from wild-type (WT) and

ErbB4-KO (KO) mice using mAb-6, mAb-7, and mAb-10. All three antibodies selectively label dispersed cell bodies and dendrites in the stratum pyramidale and, to a lesser extent, in strata oriens and
radiatum. The open arrows indicate minor nonspecific labeling of cell nuclei by mAb-6, and apical dendrites by mAb-7, in both WT and KO sections. Layers are indicated (so, stratum oriens; sp,
stratum pyramidale; sr, stratum radiatum). B, sc-283 labels numerous cells in the pyramidal cell layer of ErbB4-KO mice. Overlay images show ErbB4immunofluorescence using sc-283 (green) and
mAb-77 (red) in wild-type and ErbB4-KO sections. Layers shown are the stratum pyramidale and parts of the adjacent strata oriens and radiatum. C, ErbB4-IR colocalizes with GAD67, but not with
the pyramidal neuron-selective marker neurogranin. Overlay images of ErbB4/GAD67 double immunofluorescence (top) using mAb-10 (green) and mouse monoclonal anti-GAD67 (red), and of
ErbB4/Neurogranin (bottom) using mAb-77 (green) and rabbit polyclonal anti-neurogranin (red). The arrowheads in B and Cindicate cells showing overlay of signals from both channels, whereas
the filled and open arrows indicate cells with signals only from either the red or green channel, respectively. Scale bar, 100 m.

postsynaptic density (Garcia et al., 2000; Huang et al., 2000). We
chose rabbit as the host species because it typically gives rise to
antibodies of higher affinity compared with the mouse. Based on
high ErbB4-reactive antibody titers and the lack of major cross-
reacting protein bands (Fig. 1A, left), rabbit 5941 was subjected
to splenectomy and fusion of B-lymphocytes to plasmacytoma
cells. Three hybridoma lines, mAb-6, mAb-7, and mAb-10, pro-
duced antibodies exclusively reacting with the 180 kDa apparent
molecular mass ErbB4 protein in Western blots of wild-type
mouse hippocampal extracts, as evidenced by the absence of this
band in corresponding extracts from ErbB4-KO mice (Fig. 14,
middle). No other immunoreactive bands were observed. In con-
trast, two different lots of sc-283, a polyclonal ErbB4 antibody that
has been used previously to analyze ErbB4 expression in the CNS
(Mechawar et al., 2007; Thompson et al., 2007), only weakly reacted
with ErbB4 and exhibited major cross-reactions with proteins of
~50 and 25 kDa apparent molecular mass that were present in both
wild-type and ErbB4-KO extracts (Fig. 1 A, right). This observa-
tion was additionally confirmed using two other lots of the same
antibody available at the time of this study, and a corresponding
antibody preparation from goat (sc-283G) (data not shown). The
observed pattern of sc-283 immunoreactivity was virtually iden-
tical with published Western blot results obtained with this anti-
body using mouse frontal cortex and hippocampus, and monkey
prefrontal cortex (Mechawar et al., 2007; Thompson et al., 2007).

ErbB4 isoforms containing the alternatively spliced JM-a exon
can undergo ectodomain shedding by the matrix metalloprotease
TACE (tumor necrosis factor-a-converting enzyme), resulting in
the generation of a ~80 kDa membrane-bound protein fragment
containing the ICD (Elenius et al., 1997; Rio et al., 2000). Addi-
tional intracellular processing of this fragment by y-secretase has
been shown in non-neuronal cell lines to generate a slightly
smaller soluble ICD fragment that translocates to the nucleus
(Rio et al., 2000; Zhou and Carpenter, 2000; Ni et al., 2001). The
presence of multiple immunoreactive bands and labeling of py-
ramidal neuron nuclei with sc-283 has been suggested to reflect
ErbB4 processing in monkey cortical tissue (Thompson et al.,
2007). However, as apparent from the immunoblotting results
shown in Figure 1A, no such additional bands were observed
with any of our monoclonal antibodies. By RT-PCR, JM-a iso-
form expression is low in mouse cerebral cortex but is high in
cerebellum (Elenius et al., 1997). To verify that our antibodies are
capable of detecting the ErbB4-ICD fragment, we compared
crude membrane preparations from mouse cortex and cerebel-
lum. As shown in Figure 1B, mAb-10 labeled full-length ErbB4
in both cortical and cerebellar extracts. In addition, a second
protein of ~80 kDa apparent molecular mass was detected in
wild-type but not ErbB4-KO cerebellum, consistent with it rep-
resenting the processed ErbB4-ICD. The intensity of the corre-
sponding band was much weaker in cortical extracts despite the
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Figure 3.  ErbB4 mRNA is undetectable by single-cell PCR in electrophysiologically and molecularly identified CA1 pyramidal

neurons. Representative examples of action potential discharges from a fast-spiking inhibitory (4) and a pyramidal neuron (B) in
response to 500 and 200 pA depolarizing current injections, respectively, are shown on the left. Membrane potentials were
adjusted asindicated. Results of the corresponding scPCR analyses of these neurons are shown on the right. Haelll-digested X174
DNA was used as size reference (“M,” 310 and 194 bp fragments indicated). Results from the respective population analyses are
shown below each gel image. ErbB4 was not detected in any of the 18 pyramidal cells analyzed (positive for the glutamatergic

marker VGIuT1), whereas 8 of 11 GAD65/GAD67-positive interneurons were positive.

greater abundance of full-length ErbB4 and could only be re-
vealed on prolonged film exposure. Based on these findings, we
conclude that the extent of ErbB4 processing is likely to be low in
the adult cortex.

Having shown that our monoclonal antibodies detect dena-
tured ErbB4 in immunoblotting, we next tested whether they also
effectively bind the native receptor by immunoprecipitating
ErbB4 from NP-40-solubilized mouse brain lysates. As shown in
Figure 1C, all three antibodies almost quantitatively removed
ErbB4 from the lysate, suggesting that their epitopes are accessi-
ble within the folded receptor. Additional biochemical analyses
using a series of incrementally truncated GST fusion proteins
revealed that mAb-6, mAb-7, and mADb-10 react with distinct,
non-overlapping sequences within the immunogenic ErbB4 frag-
ment (supplemental Fig. S2 A, available at www.jneurosci.org as
supplemental material). Last, we tested our antibodies for species
selectivity by immunoblotting (supplemental Fig. S2 B, available
at www.jneurosci.org as supplemental material) and found that
mAb-7 and mAb-10 reacted equally well with ErbB4 of mouse,
rat, and human origin, whereas mAb-6 reacted with mouse and
human, but not with rat ErbB4.

ErbB4 immunoreactivity in mouse CAl is restricted to
GADé67-positive interneurons

Next, we compared the ErbB4 labeling pattern of PFA-fixed hip-
pocampal sections from wild-type and ErbB4-KO mice. As
shown in Figure 2 A, all three rabbit monoclonal antibodies la-
beled the somata and neurites of numerous cells dispersed across
alllayers in CA1, with the highest densities in the strata oriens and
pyramidale. This pattern, indicative of GABAergic interneurons,
was entirely absent from the corresponding ErbB4-KO controls.

% Occurence: 100100 0 73

0 100 0
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Inspection of residual fluorescence signals
in ErbB4-KO sections revealed minor
nonspecific binding of mAb-6 to cell nu-
clei in stratum pyramidale and of mAb-7
to apical dendrites in stratum radiatum.
In contrast, mAb-10 showed no discern-
ible nonspecific binding in ErbB4-KO
sections and thus presented the most se-
lective labeling pattern toward ErbB4 in
PFA-fixed brain tissue.

sc-283 has been used in numerous
studies to analyze the cellular expression
pattern of ErbB4 in the rodent and pri-
mate brain (Gerecke et al., 2001; Mecha-
war et al., 2007; Thompson et al., 2007).

RS Q,b‘ However, as shown in Figure 1, several an-
N ) . . .
X © < tibody lots that were available at the time

of this study strongly cross-react with
other proteins, indicating possible prob-
lems with the interpretation of immu-
nohistological data derived with this
antibody preparation. Indeed, and as il-
lustrated in Figure 2B, labeling of
ErbB4-KO hippocampal sections with sc-
283 revealed some strongly and numerous
weakly immunoreactive cells in stratum py-
ramidale. Double immunofluorescence of
wild-type sections with sc-283 and an an-
tibody against the extracellular domain of
ErbB4 [mADb-77 (Chen et al., 1996); a
mouse monoclonal antibody that in our
hands selectively detects ErbB4 in PFA-
fixed sections] revealed numerous cells immunoreactive with
sc-283 but not with mAb-77, and vice versa. sc-283 also la-
beled many neurons in hippocampal cultures from ErbB4-KO mice
(supplemental Fig. S3, available at www.jneurosci.org as supplemental
material).

To analyze neuron type-specific ErbB4 immunoreactivity, we
first double-labeled hippocampal sections for ErbB4 and GAD67 us-
ing mAb-10 and a mouse monoclonal antibody for GAD67. As
shown in a representative image in Figure 2C, all ErbB4-
immunoreactive cells were also positive for GAD67. Conversely,
many, but not all, GAD67-immunoreactive neurons were ErbB4-
positive. The same relationship between ErbB4 and GAD67 im-
munoreactivity was observed in cultured DIV 8 hippocampal
neurons (supplemental Fig. S3, available at www.jneurosci.org as
supplemental material). In contrast, double immunofluores-
cence of ErbB4 and neurogranin, a marker for pyramidal cells in
the neocortex and hippocampus (Singec et al., 2004), resulted in
a pattern that was mutually exclusive with ErbB4 (Fig. 2C). To-
gether, we conclude that our antibodies faithfully identify ErbB4-
expressing interneurons and that immunoreactivity observed in
other cell types, particularly in pyramidal cells, must be cau-
tiously interpreted.

ErbB4 mRNA in functionally identified interneurons and
pyramidal neurons

To ascertain the absence of ErbB4 expression in pyramidal neu-
rons, we next tested individual glutamatergic and GABAergic
neurons from 2- to 3-week-old mice by a combination of patch-
clamp electrophysiology and single-cell RT-PCR (scPCR). In this
approach, neurons were first electrophysiologically characterized
and their cell contents were then assayed for expression of
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mRNAs encoding ErbB4 and the neuron-
type selective markers GAD65, GAD67,
and VGIuT1. CA1 putative interneurons
were identified by their nonpyramidal
morphology, and by their ability to gener-
ate high-frequency spike discharges (>40
Hz), with little accommodation and short
action potentials (McBain and Fisahn,
2001) (Fig. 3A). Interneuron identity was
further confirmed by amplification of
PCR fragments for GAD65 and GAD67,
and the absence of the corresponding
PCR fragment for the vesicular glutamate
transporter VGIuT1. Conversely, CA1 py-
ramidal neurons displayed accommodat-
ing low-frequency spike discharges and
tested positive for VGluTl but not
GADG65 or GAD67 in scPCR (Fig. 3B).
Consistent with our results obtained by
immunohistochemistry, ErbB4 mRNA
was detected in a majority of verified in-
terneurons (n = 8 of 115 73%), but not in
pyramidal cells (n = 0 of 18) (for individ-
ual results, see supplemental Table S2,
available at www.jneurosci.org as supple-
mental material). We also included ErbB3
and EGFR in these assays but were unable
to detect their mRNAs in any of the tested
neurons. Since the corresponding primer
sets reproducibly amplified their targets
from nanogram quantities of whole-brain
RNA (supplemental Fig. S4, available at
www.jneurosci.org as supplemental ma-
terial), we conclude that ErbB3 and EGFR
mRNA levels are very low in both neuron
types at the tested age. This finding is con-
sistent with the restricted expression of
ErbB3 in glial cells (Gerecke et al., 2001) and the dramatic down-
regulation of hippocampal EGFR expression after birth (Fox and
Kornblum, 2005).

g 88, 2L

Figure 4.

Subcellular distribution of ErbB4 within

inhibitory interneurons

Knowledge of the subcellular localization of ErbB4 is important
to understand which cellular functions are regulated by the ac-
tivated receptor. To address this, we used immunoelectron mi-
croscopy to examine ErbB4 expression at the ultrastructural
level. Fifty micrometer rat hippocampal sections were labeled
with mAb-10 using a peroxidase-conjugated secondary antibody
and DAB, and processed for electron microscopy. Figure 4 shows
representative images taken from area CAl at the boundary be-
tween strata pyramidale and radiatum. Interneurons, character-
ized by their aspiny dendrites, were intensely labeled. In
contrast, pyramidal cell bodies were consistently, and postsyn-
aptic spines overwhelmingly, immunonegative for ErbB4 (Fig.
4 A,E). Quantitative assessment of a semirandom sample of
218 spine synapse profiles (identified by shape, asymmetric
density, and straight cleft) revealed only two spines with mod-
erate labeling. However, these likely represent background
staining as there was no evidence of cytoplasmic labeling in
either (see also Materials and Methods). Within the same sam-
ple, we identified seven interneuron profiles with shaft syn-
apses, all of which were labeled. Within interneuron dendrites,

Vullhorst et al. @ ErbB4 Expression in the Hippocampus

Immunoelectron microscopy analysis of ErbB4 expression in rat CAT interneurons. Shown are representative images
of ErbB4-IR in the transition area between strata pyramidale and radiatum. A, Low-magpnification image of an ErbB4-positive
interneuron cell body and primary dendrite (black arrows) located adjacent to two large immunonegative pyramidal cell bodies
with prominent nuclei (white arrows). B, Cross-sectional view of an ErbB4-immunoreactive interneuron dendrite surrounded by
multiple aspiny glutamatergic synapses. Both surface and internal membranes are labeled. Surface ErbB4-IR is strongest at (arrow)
or adjacent to (arrowhead) postsynaptic sites. Similar results were obtained in longitudinally cut interneuron dendrites as exem-
plified in Cand the magnified areas (€', D). E, Example of a dendritic spine (white arrow) located next to an ErbB4-immunoreactive
dendrite. Scale bars: 4,4 um; ¢, 1 wm; B, C’, D, E, 250 nm.

ErbB4-IR was found both at the cell surface as well as in inter-
nal membranous structures, including vesicles and tubulove-
sicular structures (Fig. 4 B-E). This observation is consistent
with our previous finding of a substantial fraction of ErbB4
protein that is located in intracellular compartments of cul-
tured hippocampal interneurons (Longart et al., 2007). As
expected from the known association of ErbB4 with the
postsynaptic density, ErbB4-IR at the plasma membrane was
strong in areas juxtaposed to presumptive glutamatergic presynap-
tic terminals (Fig. 4 B-D, arrows); excitatory synapses were identi-
fied by the presence of an asymmetric density, a wide cleft, and
relatively rounded vesicles. Interestingly, dense clusters of ErbB4-IR
were also frequently observed adjacent to postsynaptic sites (Fig.
4B,C, arrowheads), suggesting that ErbB4 might also accumulate
perisynaptically, a finding that is potentially significant given the
involvement of NRG/ErbB signaling in glutamate receptor traffick-
ing (Gu et al., 2005; Kwon et al., 2005).

Together, these data provide strong support for ErbB4 immu-
noreactivity in dendrites and somata of GAD67-positive cells in
CA1 and in dissociated hippocampal neurons (Fig. 2; supple-
mental Fig. S3, available at www.jneurosci.org as supplemental
material), consistent with its postsynaptic localization at gluta-
matergic terminals (Garcia et al., 2000; Huang et al., 2000). How-
ever, recent work in the mouse prefrontal cortex has implicated
presynaptic ErbB4 in the regulation of transmitter release from
GABAergic interneurons (Woo et al., 2007). To investigate in
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Figure5. ErbB4immunoreactivity is mostly absent from axons and is undetectable in axon terminals of dissociated hippocam-
pal neurons. A-D, DIV 8 neurons were double-labeled for ErbB4 (A) and GAD67 (B) using mAb-10 and mouse mAb against GAD67.
As shown in the overlay image (€) and the magnified area in D, the GAD67-immunoreactive axon (arrow) is immunonegative for
ErbB4, in contrast to the cell body and dendrites. E-G, Representative image of ErbB4 immunofluorescence (E; red) in DIV 8
neurons expressing SNPHAMT-GFP (F; green). Colocalization of ErbB4 and SNPHAMT-GFP is apparent in soma and dendrites, but
not in the axon (arrows). Note that the distribution of SNPHAMT-GFP in axons appears dotted because of its association with
mobile mitochondria. The arrowheads indicate an axonal process that originates from a different cell. H—J, Lack of colocalization
of ErbB4 (H; red) and VGAT (/; green) immunoreactivity in GABAergic terminals (arrows). Note the ErbB4-immunoreactive dendrite
that runs across the ErbB4-negative (presumably pyramidal) neuron. The overlay image (/) additionally includes a DAPI (4',6’-
diamidino-2-phenylindole) staining of cell nuclei (blue). Scale bars, 50 m.
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Figure 6.  ErbB4 immunoreactivity is absent from basket cell terminals in CA1. Hippocampal sections were double-labeled for
ErbB4 (mAb-10; green) and PV (A—C) or CCK (D-1) (red). The boxed areas in overlay images on the left outline areas magnified in
single-channel images on the right. For CCK interneurons, an area of the subiculum containing ErbB4-immunoreactive baskets
(G-I is shown in addition to the CAT (D—F). The asterisks (*) denote cell somata of ErbB4-immunoreactive interneuron somata,
some of which are double-labeled with the respective interneuron marker; the solid arrows (=) indicate examples of baskets that
are immunonegative for ErbB4; the arrowheads (P) point to CCK interneuron baskets that coexpress ErbB4; the open arrow (=)
indicates a punctate ErbB4 signal in the subiculum that is distinct from the nearby ErbB4-immunoreactive CCK basket. Scale bars:
A,D,G,50 um; B, C,E, F, 38 um; H, 1,25 pm.
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more detail whether axonal ErbB4 expres-
sion is observed in hippocampal neurons,
we first labeled cultured dissociated neu-
rons at DIV 8 for ErbB4 and GADG67.
GADG67 immunoreactivity is present in
axon processes and accumulates at termi-
nals, as well as in cell somata and proximal
dendrites in which it is diffusely distrib-
uted (Kaufman et al., 1991). Because of
the tight correlation between GABAergic
phenotype and ErbB4 expression in cul-
tured hippocampal neurons (Longart et
al., 2007) (supplemental Fig. S3, available
at www.jneurosci.org as supplemental
material), the vast majority of GAD67-
immunoreactive axons are expected to
originate from cells that also express
ErbB4. Axons were identified by strong
GAD67 immunoreactivity throughout,
overall length, and the small diameter of
their initial segment. In a sample of 53 in-
terneurons in which axon identity could
unambiguously be established, most
(64%/34 cells) exhibited no discernible
ErbB4-1R at all (Fig. 5A-D), whereas in
some cases (36%/19 cells) ErbB4-IR ex-
tended up to four (in one case, six) cell
diameters away from the soma. However,
unlike in dendrites, ErbB4-IR never ex-
tended into distal regions and was low
even in proximal areas. We also analyzed
ErbB4-IR in hippocampal neurons ex-
pressing green fluorescent protein (GFP)
fused to a mutated form of syntaphilin
(SNPHAMT-GFP) used to label axons
(Kang et al., 2008). In a sample of 11
SNPHAMT-GFP-transfected and ErbB4-
positive cells from three independent cell
preparations, ErbB4-IR was abundant in
the somatodendritic compartment but
absent from axons (Fig. 5E-G) [i.e., the
residual fluorescence was not different
from background signals observed in
ErbB4-KO cells (supplemental Fig. S3,
available at www.jneurosci.org as supple-
mental material)].

Despite the scarcity of immunoreac-
tivity in axons, it is plausible that ErbB4
could still accumulate at presynaptic sites
if the receptor is selectively retained at
axon terminals. We therefore investigated
possible presynaptic ErbB4 expression in
DIV 14 cultured hippocampal neurons
using double immunofluorescence of
ErbB4 and VGAT as a marker of inhibi-
tory presynaptic terminals (Mclntire et
al,, 1997). Only GABAergic terminals
onto ErbB4-negative (presumably pyra-
midal) neurons were analyzed to avoid
possibly confusion with postsynaptically
expressed ErbB4. As shown in Figure 5H—],
ErbB4-IR was consistently absent from
VGAT-immunoreactive terminals. In fact,
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Table 1. Quantitative analysis of CCK/ErbB4 coexpression in pyramidal cell baskets
in selected areas of the hippocampus and the neocortex

Brain area (CK-innervated of total (%) ErbB4-IR of CCK-innervated (%)
(A1-3 78 (244/312) 0.4 (1/244)

SUB 48 (90/187) 8.9 (8/90)

EC 29 (58/199) 6.9 (4/58)

mFC 34 (80/236) 3.8 (3/80)

A total of 934 pyramidal cell baskets in four neocortical and hippocampal areas was inspected for CCK and ErbB4.
Data were collected from two C57BL/6 mice and one or two sections per animal and brain area. SUB, Subiculum; EC,
entorhinal cortex; mFC, medial frontal cortex.

in a random sample of 403 terminals from 24 neurons, none
labeled positive for ErbB4. We sought to verify these results in situ
by analyzing ErbB4-IR in GABAergic terminals in CA1 in which
the anatomical relationship between presynaptic ErbB4-
expressing interneurons and postsynaptic ErbB4-lacking pyra-
midal neurons is easier to establish than in mixed hippocampal
cultures. In particular, we focused on basket terminals from
GABAergic interneurons that surround pyramidal cell bodies
and that express either PV or CCK, as ErbB4 was reported to be
present in baskets in the prefrontal cortex (Woo et al., 2007).
Hippocampal sections were double-labeled for ErbB4 using mAb-
10, and for PV or CCK using the respective mouse monoclonal
antibodies. High-power confocal microscopy of CA1 stratum pyra-
midale revealed that PV-immunoreactive baskets were generally
immunonegative for ErbB4 (Fig. 6A—C). ErbB4-IR was some-
times found to outline pyramidal cell somata, but in these cases
the overlay with PV was poor. Likewise, we found no evidence for
ErbB4 expression in CCK-immunoreactive baskets (Fig. 6 D-F).
These findings were further corroborated by the general lack of
ErbB4-IR in presynaptic terminals as revealed by immuno-EM
(Fig. 4). However, we noticed that some CCK baskets in the sub-
iculum expressed ErbB4 in a subset of terminals (Fig. 6G-I).
These results suggest that, whereas ErbB4 expression in CA1 bas-
kets is either very sparse or absent, there appear to be regional and
interneuron type-specific differences in presynaptic ErbB4 ex-
pression. Semiquantitative analysis of CCK/ErbB4 colabeling
in different cortical areas supported this notion. As shown in
Table 1, ErbB4-IR in CCK-expressing baskets was virtually
absent in hippocampal areas CA1-3. Of 312 pyramidal cells in-
spected, 244 had CCK immunoreactive baskets, but only one was
also ErbB4 immunoreactive (<1%), whereas in the subiculum, 8
of 48 CCK-immunoreactive baskets (8.9%) were ErbB4 immu-
noreactive. We also assessed ErbB4-IR in CCK baskets in the
neocortex and found that 3.8 and 6.9% of inspected baskets were
ErbB4 immunoreactive in medial frontal and entorhinal cortices,
respectively. In contrast, PV-immunoreactive baskets were
never positive for ErbB4. Notwithstanding these regional and
interneuron-type specific differences, our data show that ErbB4 ex-
pression in baskets is generally sparse and, together with the lack of
axonal immunoreactivity in dissociated hippocampal neurons, in-
dicate that presynaptic accumulation is not an obligatory property of
ErbB4 but likely represents a regulated process.

Discussion

The major novel findings of this study are that, within the limits
of sensitivity of the immunological and molecular approaches
used here, ErbB4 expression in the CAl area of the rodent hip-
pocampus is absent in pyramidal neurons and is restricted to the
somatodendritic compartment in GABAergic interneurons.
With the development of highly selective monoclonal antibodies
against the receptor, and their stringent validation in protein
biochemical and histological applications, including the use of
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negative controls from ErbB4-KO mice, this study represents the
most rigorous analysis of ErbB4 receptor protein distribution
reported to date. Our results have important implications as they
suggest that the involvement of NRG/ErbB4 signaling in the reg-
ulation of plasticity at SC-CA1 synapses occurs at least in part via
an indirect pathway, possibly including the modulation of exci-
tatory transmission onto local ErbB4-expressing interneurons.
However, as discussed in more detail below, this does not pre-
clude the possibility that very low levels of ErbB4 receptor protein
elsewhere might contribute to NRG-mediated changes in SC—
CALI synaptic plasticity.

ErbB4 expression in area CA1 of the hippocampus

The monoclonal antibodies described here were developed to
provide a reliable and reproducible reagent for the immunode-
tection of ErbB4 by a variety of different approaches. In keeping
with stringency standards recently advocated by Rhodes and
Trimmer (2006), we tested our antibodies rigorously for specific-
ity in immunoblotting and immunofluorescence applications
against control tissues from ErbB4-KO mice, and found mAb-10
to be particularly well suited for the analysis of cellular and sub-
cellular expression of ErbB4 in histological sections using both
conventional immunofluorescence and immuno-EM histology.
Our results demonstrating ErbB4 mRNA and protein expres-
sion in hippocampal GABAergic interneurons but not pyra-
midal neurons is in agreement with previous in situ
hybridization studies in adult rodent and nonhuman primate
cortex showing scattered ErbB4 mRNA distribution in the
cortex (Lai and Lemke, 1991; Gerecke et al., 2001; Fox and
Kornblum, 2005; Thompson et al., 2007).

Recent reports have suggested a more even and widespread
expression pattern for ErbB4 protein in the human and rat cortex
including the hippocampus, based on results obtained with the
C-terminal ErbB4 antibody sc-283 (Mechawar et al., 2007;
Thompson et al., 2007). In these studies, multiple protein bands
were observed by immunoblotting, similar to the pattern we ob-
tained in the present study using the same antibody (Fig. 1). By
direct comparison with protein extracts from ErbB4-KO mice,
and through the use of three highly selective rabbit monoclonal
antibodies, we demonstrated here that, in the cerebral cortex,
ErbB4 migrates predominantly as a single protein of ~180 kDa
representing the full-length receptor. Consistent with the notion
that other bands detected with sc-283 represent cross-reacting
antigens, this antibody labeled numerous cell bodies and primary
dendrites in hippocampal sections of ErbB-KO mice. We there-
fore submit that caution needs to be exercised when interpreting
immunobhistological results obtained with this antibody [not-
withstanding this conclusion, it is important to note that, in our
hands, older lots of this antibody exhibited substantially more
selectivity for ErbB4 (Garcia et al., 2000; Gerecke et al., 2001;
Longart et al., 2007)]. Moreover, our results do not support the
interpretation of smaller immunoreactive protein bands and of
nuclear labeling of pyramidal neurons in adult rat cerebral cortex
and hippocampus obtained with sc-283 as being indicative of
receptor processing and nuclear translocation of the intracellular
domain of ErbB4 (Mechawar et al., 2007). In fact, levels of the
processed ErbB4-ICD appear to be very low in cortex and only
modestly higher in the cerebellum [likely reflecting higher ex-
pression of the JM-a isoform (Elenius et al., 1997)]. Although
these results do not necessarily indicate lack of receptor process-
ing as steady-state levels of the ErbB4-ICD depend on both the
rate of processing as well as the half-life of the processed frag-
ment, they are nevertheless consistent with our previous data
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showing no ErbB4 ectodomain shedding in cultured hippocam-
pal neurons in response to either NRG-1 or phorbol ester stimu-
lation (Longart et al., 2007).

Although ErbB4 expression in the adult hippocampus appears
to be restricted to interneurons, transient expression of ErbB4
mRNA has been noted in the developing mouse cortex and hip-
pocampus (Fox and Kornblum, 2005). At the protein level, Yau et al.
(2003) found no evidence for ErbB4 in early-born Tbrl-positive
glutamatergic projection neurons at different developmental stages,
and the receptor appears to be restricted to GABAergic interneurons
in early and mature cultured hippocampal neurons (Yau et al., 2003;
Longart et al., 2007; this study). A functional role of ErbB4 for syn-
aptic spine maturation in CAl pyramidal neurons was proposed
based on experiments using organotypic hippocampal slice cultures
from mouse neonates (Li et al., 2007), although endogenous ErbB4
expression was not directly demonstrated. Notwithstanding, re-
cent studies using ErbB2/ErbB4 double knock-outs and NRG-1
type III heterozygous mice support an involvement of the NRG/
ErbB4 pathway in hippocampal spine morphogenesis (Chen et
al., 2008; Barros et al., 2009). Our immunofluorescence and im-
munoelectron analyses revealed no ErbB4-IR in pyramidal cell
bodies and in the vast majority of spine-like structures in the
adult hippocampal CA1, whereas the receptor was readily de-
tected at and near glutamatergic synapses on interneuron den-
drites. A way to reconcile these apparent variances between
receptor function and localization is to consider the possible con-
tribution of circuit effects to altered spine densities. For example,
we recently demonstrated that parvalbumin- and nNOS (neuro-
nal nitric oxide synthase)-expressing interneurons are reduced
by 24 and 27%, respectively, in ErbB4-KO mice (Fisahn et al,,
2009; Neddens and Buonanno, 2009. It is conceivable that re-
duced glutamatergic spine density reflects a compensatory re-
sponse by pyramidal neurons to offset the resulting imbalance
between excitatory and inhibitory inputs. Alternatively, ErbB4
expression might be very low (i.e., undetectable by antibody and
scPCR) but functionally relevant in pyramidal neurons, or re-
stricted to a narrow time window critical for spine maturation.
Selective targeting of the ErbB4 gene to pyramidal neurons, ide-
ally at different times during development, will be required to
unequivocally resolve this question.

ErbB4 and synaptic plasticity

We previously implicated a dopaminergic pathway linking acti-
vation of NRG-1/ErbB4 signaling to the reversal of LTP at SC—
CA1 synapses by demonstrating that NRG-1 causes dopamine
release in the dorsal hippocampus and that activation of D, do-
pamine receptors is necessary and sufficient to mediate the effects
of NRG-1 on LTP depotentiation (Kwon et al., 2008). Our
present findings are consistent with these data as they suggest that
ErbB4 does not directly regulate synaptic strength at SC-CA1
synapses but that the proximate effect of NRG-1 is to stimulate
transmitter release from nearby dopaminergic afferents originat-
ing in the ventral tegmental area (VTA). Since NRG-1 depoten-
tiates LTP in acute hippocampal slices in which the VTA afferents
were separated from their cell bodies and in which the CA3 had
been cut off, the effects of NRG-1 are assumed to be intrinsic to
CA1l (Kwon et al., 2008). The presence of ErbB4 protein on
GABAergic interneurons favors a mechanism that involves local
inhibitory interneurons, since we were unable to detect the recep-
tor in either dopaminergic afferents in the hippocampus or their
somata in the VTA using a mouse monoclonal antibody (Kwon et
al., 2008). Consistent with this view, NRG/ErbB4 signaling has
been shown to stimulate transmitter release in GABAergic inter-
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neurons in the mouse prefrontal cortex (Woo et al., 2007) and
hippocampus (A. Buonanno and H. Bui, unpublished observa-
tions). However, expression of low levels of ErbB receptor pro-
tein in dopaminergic cells cannot be completely excluded at this
time because we (Gerecke et al., 2001), and others (Steiner et al.,
1999; Thuret et al., 2004; Abe et al., 2009), have detected ErbB4
transcripts in the rodent VTA. Future experiments using the
novel rabbit monoclonal ErbB4 antibodies described here may
help to resolve the apparent discrepancy between protein and
mRNA levels in the ventral midbrain.

ErbB4 and the control of GABAergic function

Although it is not clear to what extent NRG/ErbB4 signaling in
local GABAergic interneurons contributes to the regulation of
plasticity at SC-CAL1 synapses, their robust expression of the re-
ceptor supports the notion that ErbB4 is involved in the regula-
tion of interneuron and local circuit function. In CAl, the
accumulation of ErbB4 at, and adjacent to, glutamatergic
postsynaptic sites suggests that ErbB4 signaling modulates exci-
tatory transmission. Consistent with this notion, electrophysio-
logical and cell biological evidence indicates that acute NRG-1
treatment triggers the internalization of AMPA, NMDA, and «7
nicotinic acetylcholine receptors (Kwon et al., 2005; Gu et al.,
2005; Chang and Fischbach, 2006). In contrast, we were unable to
detect the receptor in axon terminals of cultured hippocampal
interneurons or in CA1 baskets. Although this finding suggests a
minor role for ErbB4 in directly modulating transmitter release
in CAl, evidence for ErbB4 in baskets in the prefrontal cortex
(Woo et al., 2007) and in a subset of CCK basket terminals in the
subiculum (this study) indicate that ErbB4 could modulate pre-
synaptic function in a region- and interneuron subtype-selective
manner.

Although at first glance reduced excitatory transmission onto
GABAergic interneurons would be expected to cause a reduction
in inhibitory drive, experiments in the mouse prefrontal cortex
(Woo et al., 2007) and the hippocampus (Buonanno and Bui,
unpublished observations) show that NRG-1 actually causes an
increase in the magnitude of evoked IPSCs on pyramidal neu-
rons. However, ErbB4 signaling at the cellular level does not nec-
essarily predict the net effect of ErbB4 actions at the local network
level. Rather, additional parameters that determine spatial and
temporal information processing need to be considered, such as
the extent of coexpression of ErbB4 in distinct interneuron
classes (Yau et al., 2003) (Neddens and Buonanno, 2009), their
connectivity, and the balance between inhibition of pyramidal
projection neurons and local GABAergic interneurons. Our de-
tailed analysis of cellular and subcellular patterns of ErbB4 ex-
pression in the hippocampus (this study) (Neddens and
Buonanno, 2009) should thus aid in focusing efforts to delineate
the proximate effects of NRG signaling in distinct types of neu-
rons, and to link these to the observed responses at the local
circuit, systems, and behavioral levels. Moreover, the selective
antibody reagents developed in this study should also be useful to
(re-)map ErbB4 protein expression in other cortical and subcor-
tical brain areas, and to characterize glutamatergic synapses on
inhibitory interneurons by immunoaffinity purification of
ErbB4-containing postsynaptic protein complexes.
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