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Selective populations of hippocampal interneurons express
ErbB4 and their number and distribution is altered in ErbB4
knockout mice

Jorg Neddens and Andrés Buonanno
National Institutes of Health, NICHD, Section on Molecular Neurobiology, Bethesda, USA

Abstract

Neuregulins (NRGs) are ligands of ErbB receptor tyrosine kinases. The NRG1-ErbB4 pathway has
been shown to modulate hippocampal synaptic plasticity and network oscillations in the adult rodent
brain. In order to identify cells that mediate these effects here we determine the expression pattern
of ErbB4 in four functionally distinct classes of interneurons that represent the majority of all
inhibitory neurons in the hippocampus. Based on data from 15 mice and 25,000 cells, we show that
ErbB4 is expressed in cells that are positive for cholecystokinin (CCK, 54%), parvalbumin (PV,
42%), or neuronal nitric oxide synthase (nNOS, 39%) in a layer-specific and region-specific manner,
whereas cells expressing somatostatin (SOM) are rarely immunoreactive for ErbB4 (1%). We next
compared the numerical density (cells/mm?) and the distribution of interneurons between ErbB4—/
— mice and wildtype controls. Based on data from 25 mice and 56,000 cells, we detected reductions
of PV-positive and nNOS-positive cells in knockouts (—24% and —27%, respectively) but only a
minor reduction of CCK-positive cells; no changes in SOM-positive cells were observed. The overall
reduction of interneurons was verified by quantification of GAD67-immunoreactive cells (—24% in
ErbB4—/— mice). The reduction of interneurons along the dorsoventral axis was more severe in
intermediate and ventral portions than in the dorsal hippocampus, and regional reductions occurred
in the CA1-3 regions and subiculum, whereas we found no significant changes in the dentate gyrus.
The expression by different populations of interneurons suggests that ErbB4 can modulate several
microcircuits within the hippocampus and mediate the previously reported effects of NRG1 on
network oscillations and synaptic plasticity. The selective reduction of GABAergic cells in ErtbB4
—/— mice is consistent with the role of NRG-ErbB4 signaling in the generation and migration of
interneurons during development, and with neuronal and behavioral functional deficits in adult ErtbB4
knockouts.
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INTRODUCTION

ErbB4 is a receptor tyrosine kinase that is expressed by a variety of neurons throughout the
brain. Neuregulinl-3 (NRG1-3) that exert their biological activity via an epidermal growth
factor-like domain are major ligands for this receptor (Buonanno and Fischbach, 2001). High-
level ErbB4 expression is widespread in embryonic tissues, and the important role of ErbB4
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during development is further highlighted by the fact that ErbB4 knockout mice die on
embryonic day 10.5 due to malformation of the heart (Gassmann et al., 1995). Mice that are
genetically rescued from embryonic lethality by transgenic expression of human ErbB4 in the
heart (ErbB4—/— HER4P€a™ here referred to as ErbB4—/—) show impairment of the mammary
gland (Tidcombe et al., 2003). In the nervous system, lack of NRG1 causes hypomyelination
of peripheral nerves, but its role in myelination of the brain is controversial (Roy et al., 2007,
Brinkmann et al., 2008; Taveggia et al., 2008). NRG1 stimulates the proliferation of neural
progenitor cells (Liu et al., 2005), and ErbB4 is expressed in germinal zones during
development (Kornblum et al., 2000). Distinct populations of cortical GAB Aergic interneurons
are generated in the medial, lateral and caudal eminences of the subpallidum during
development (rev. (Flames and Marin, 2005)), and it has been shown that interneuron
precursors from the medial and lateral ganglionic eminences express high levels of ErbB4
(Yau et al., 2003). A recent study suggests that NRG1 is chemoattractant for neurons that were
generated in the medial ganglionic eminence and that NRG1-ErbB4 signaling guides
tangentially migrating inhibitory interneurons from the subpallium to the developing cortex;
consequently, the GABAergic innervation is impaired in adolescent ErbB4—/— mice (Flames
et al., 2004). Cortical GABAergic cells express ErtbB4 RNA (Lai and Lemke, 1991; Gerecke
etal., 2001; Fox and Kornblum, 2005) and protein (Yau et al., 2003; Longart et al., 2007), and
the highest levels within the brain are found in interneurons of the hippocampal formation.

The ErbB4 ligand NRG1 is expressed by hippocampo-septal projection neurons (Corfas et al.,
1995) and by hippocampal pyramidal cells (Chenetal., 1994; Eilam et al., 1998), and is released
in an activity-dependent fashion (Loeb et al., 2002; Ozaki et al., 2004). Both NRG1 and ErbB4
have been genetically and functionally associated with schizophrenia (Stefansson et al.,
2002; Hahn et al., 2006; Hall et al., 2006; Li et al., 2006; Norton et al., 2006). Recent studies
have provided evidence for a role of this signaling pathway in the power of network-dependent
hippocampal gamma oscillations (Fisahn et al., 2009), in the regulation of cortical NMDA
receptor surface expression (Gu et al., 2005), and in the modulation of long-term potentiation
(LTP) at CA3-to-CA1 glutamatergic synapses (Huang et al., 2000; Kwon et al., 2005;
Bjarnadottir et al., 2007; Pitcher et al., 2008). Of importance for understanding how NRG1
modulates LTP, and its proposed association with schizophrenia, we recently reported that
locally applied NRG1 increases in vivo dopamine release in hippocamp CA1 and that its
depotentiating effect on LTP is dopamine D4 receptor-dependent in acute hippocampal slices
(Kwon et al., 2008). We suggested that the effects of NRG1 on dopamine release and
depotentiation are likely to be mediated by local hippocampal interneurons, because we could
not detect ErbB4-immunoreactivity on cells in the ventral tegmental area or on dopaminergic
fibers in the hippocampus. ErbB4 immunoreactivity was also absent from pyramidal cells, but
is abundant on many hippocampal interneurons.

Taken together, these studies suggest a developmental role for the NRG-ErbB4 pathway in the
generation of interneurons, their migration, and differentiation in the neocortex and
hippocampus. Moreover, this pathway is apparently directly involved in neuronal signal
processing in the adult brain by modulating synaptic plasticity and oscillations (see above).
Both aspects provide biological plausibility for an association of NRG-ErbB signaling with
schizophrenia, since the number of interneurons is reduced in several cortical areas, and signal
processing and oscillations are impaired in schizophrenia (reviewed in (Lewis and Hashimoto,
2007; Lisman et al., 2008)).

Despite the recent progress in elucidating the functions of NRG1-ErbB4 in the adult brain, it
has proven difficult to delineate local circuit-based models that can sufficiently explain the
different modulatory actions of this signaling pathway. The major obstacle towards this goal
is that comprehensive data on the cellular and subcellular localization of ErbB4 are still
missing, partly because widely used commercial antibodies show poor specificity. Given the
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manifold functional classes of hippocampal interneurons, information on the expression of
ErbB4, or lack thereof, in distinct classes of interneurons is crucial for a better understanding
of modulatory effects of NRGs on the hippocampal network and for the generation of adequate
models. The current study was therefore designed to provide crucial data by identifying and
quantifying the cellular expression of ErbB4 in four functionally different populations of
interneurons that represent the majority of all inhibitory cells in the adult hippocampus
(Kawaguchi and Kondo, 2002). These interneurons are identified by largely non-overlapping
markers ((Jinno and Kosaka, 2002; Jinno and Kosaka, 2004); reviewed in (Somogyi and
Klausberger, 2005; Jinno and Kosaka, 2006)). Cholecystokinin (CCK) and parvalbumin (PV)
are preferably expressed in interneurons that target perisomatic regions of pyramidal cells and
coordinate their activity during network oscillations (reviewed in (Mann and Paulsen, 2007)),
somatostatin (SOM) is expressed in cells that provide feedback inhibition to distal portions of
pyramidal cell dendrites in stratum lacunosum moleculare (Katona et al., 1999), and neuronal
nitric oxide synthase (nNOS) is expressed in small interneurons that innervate pyramidal cells
as well as other interneurons in apical layers of the hippocampus (Seress et al., 2005).

Given the manifold functions of GABAergic interneurons in the dynamic regulation of
hippocampal network properties (McBain and Fisahn, 2001), the aim of the present study is
twofold: First, to present a comprehensive and systematic analysis of ErbB4 expression in
distinct subpopulations of interneurons. Second, to investigate whether the lack of ErbB4
during development and maturation interferes with inhibition in the adult hippocampus. We
show, using highly specific and well-characterized mouse anti-N-ErbB4 (Chen et al., 1996)
and novel rabbit anti-C-ErbB4 antibodies (Vullhorst et al., submitted), that ErbB4 is expressed
in a substantial percentage of CCK-, PV-, and nNOS-immunoreactive neurons in an area-
specific and layer-specific manner, whereas ErbB4 expression in SOM-immunoreactive cells
is negligible. Moreover, we report a selective reduction of nNOS- and PV-positive cells in
ErbB4—/— mice, whereas the numerical densities of CCK- and SOM-positive cells show no
major changes. These findings suggest that NRG-ErbB4 signaling may play a major role in
many hippocampal microcircuits that mediate different functional properties, such as synaptic
plasticity and oscillatory network activity.

MATERIALS AND METHODS

Animals

Immunohistological experiments used adult mice (12-16 weeks); n=14 C57BL/6 wildtype
mice (Jackson Laboratories, MA) and n=12 heart-rescued ErbB4—/— mice (Tidcombe et al.,
2003) that were backcrossed for >15 generations into C57BL/6. Animals were raised under a
12h light/12h dark cycle with food and water provided ad libitum. All procedures were
approved and followed the NIH Guidelines for the Care and Use of Laboratory Animals.

Immunohistology

Animals were anaesthetized with brief exposure to gaseous isoflurane and subsequent i.p.
injections of Avertin (2,2,2 tribromoethanol, 250mg/kg) and perfused through the left cardiac
ventricle with 15ml PBS (0.1M, pH 7.0, 21°C), followed by 60ml 4% paraformaldehyde in
PBS (pH 7.4) over 15min. After dissection, brains were postfixed overnight at 4°C and cut
horizontally on a vibratome (50um). All hippocampal sections were subsequently collected on
12-well tissue-culture plates in PBS with 15mM sodium azide and stored at 4°C. This collection
scheme generated 12 systematic random sets of 5-7 sections per well that covered the whole
dorsoventral extent of the hippocampal formation. For each interneuron marker and each
animal, one set of sections (600um section interval) was processed for double-
immunofluorescence, and two sets (300pm section interval) for immunohistochemistry, in
0.1M PBS pH7.4 as follows: 2x10min washes in 0.1M PBS; (only immunohistochemistry:
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30min in PBS with 1% H;0,, followed by 3x10min washes); 90min blocking in 0.1M PBS
containing 10% normal donkey serum, 0.25% Triton-X100; primary antibody incubation for
40h at 4°C in blocking solution; 3x10min washes; secondary antibody for 90min at room
temperature in blocking solution; 3x10min washes. Immunofluorescence sections were
mounted in Mowiol-DABCO and stored at 4°C. Immunohistochemical sections were stained
with diaminobenzidine (DAB Black Kit, Zymed, Carlsbad, CA) for Smin at room temperature,
followed by 3x10min washes, air-dried, dehydrated with ethanol, cleared with 3x10 min
xylene, and mounted in Permount. As controls, sections without primary and/or secondary
antibodies exhibited only low-intensity general background fluorescence. The specificity of
the mouse monoclonal (epitope in extracellular domain) and rabbit polyclonal (epitope in
intracellular domain) ErbB4 antibodies was additionally tested by double-immunofluorescence
that resulted in almost perfect overlay (Fig.1). Application of both mouse and rabbit anti-ErbB4
antibodies on tissue of ErbB4—/— mice resulted in low-intensity general background staining.
The rabbit polyclonal anti-ErbB4 antibody (Serum 5941) has undergone stringent tests for
specificity in a variety of applications that include Western blotting, immunoprecipitation, and
immunolabeling of cultured hippocampal neurons (Vullhorst et al., submitted).

Primary antibodies: rabbit polyclonal anti-parvalbumin (1:3000; Swant, Bellinzona,
Switzerland); rabbit polyclonal anti-neuronal nitric oxide synthase (1:4000; Zymed, San
Francisco, CA); rabbit polyclonal anti-somatostatin (1:500) and mouse monoclonal anti-
cholecystokinin (1:500; Digestive Diseases Research Center, UCLA, Los Angeles, CA); rabbit
polyclonal anti-GAD67 (1:3000; Chemicon, Temecula, CA); rabbit polyclonal anti-ErbB4
(Serum 5941, 0.5pg/ml); mouse monoclonal anti-ErbB4 (AB-1; 1:300, NeoMarkers, Fremont,
CA). Secondary antibodies: donkey anti-rabbit Cy3 (1:1000), donkey anti-rabbit HRP (1:1000)
and donkey anti-mouse HRP (1:500; Jackson ImmunoResearch, West Grove, PA); donkey
anti-mouse Alexa-488 (1:500; Molecular Probes, Eugene, OR). All secondary antibodies were
highly pre-adsorbed to minimize cross-reactivity.

Microscopy and cell quantification

Immunofluorescence was analyzed using a confocal microscope (Zeiss 510 Meta) at 10x, 20x
and 40xOil magnification. Diaminobenzidine staining was visualized on a Nikon SMZ-U
binocular microscope, equipped with a digital camera, at 5x magnification. Single images were
assembled to image arrays that cover the entire hippocampal formation using the
Photomerge function in Adobe Photoshop CS. The presented images are representative for the
staining patterns, and were adjusted for overall brightness and contrast using Adobe Photoshop
CS.

As evident from our images, the immunolabeling was very good on the surface of sections.
However, the antibody penetration was insufficient even after prolonged incubations of up to
five days; we therefore did not use an unbiased stereological approach. Coexpression of ErbB4
with markers for interneurons was determined by counting only neurons that were clearly, and
independently, identifiable in both the red and green color channels, rather than solely on
appearance of yellow pixels in the superimposed images. It is, therefore, unlikely that we
overestimated the number of neurons that coexpress ErbB4 and one of the interneuron markers;
our data rather indicate the lower boundary of the range of coexpression. The positive cells
were identified, assigned to the appropriate area and layer, individually labeled with a graphic
tool and counted separately in each of the two color channels. Thereafter, the two color channels
were merged and double-labeled cells counted. For immunohistochemistry, 11-14 sections per
animal that covered the entire dorsoventral extent of the hippocampus were each assigned to
the appropriate of five dorsoventral levels and the data from 2-3 sections within each level
were pooled. The areas (mm?2) of layers within hippocampal subregions were quantified using
Zeiss image analysis software (LSM5 Image Browser), and the numerical density (ND, cells/
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mm?) was calculated using the focal sampling range of confocal images, section thickness,
number of analyzed sections, and section interval as variables. During all procedures the
investigator was unaware of the genotype of individual mice.

Data Analysis and Statistics

For the four interneuron-markers, the number of animals per genotype was n=3 for double-
immunofluorescence (except CCK: n=4), and n=4 for all five immunohistochemistry
experiments, including GAD67. Possible differences between genotypes in total numerical
density of hippocampal interneurons were analyzed with two-tailed unpaired Student’s t-test,
and preceded by an F-test to verify equal variance. The distribution of interneurons across
areas, layers, or dorsoventral levels was analyzed with two-way ANOVA and post-hoc
Bonferroni tests. The significance level for all tests was set to p=0.05. All data are presented
as means + S.EM.

RESULTS

ErbB4 is specifically immunolabeled in interneurons

We began by investigating the expression of ErbB4 in interneurons versus pyramidal cells
because the cellular location of ErbB4 is a matter of ongoing debate (Lai and Lemke, 1991;
Yau et al., 2003; Li et al., 2007; Longart et al., 2007; Mechawar et al., 2007), partly because
of poor specificity of commercially available antibody preparations (Vullhorst et al.,
submitted). We used double-immunofluorescence for ErbB4 and the interneuron marker
GADG67 (Fig.1A-C) and found that the majority of GAD67-immunoreactive somata coexpress
ErbB4. In contrast, ErbB4 immunoreactivity was not detected on pyramidal cells. This result
was verified by double-immunofluorescence labeling of ErbB4 and neurogranin (Fig.1D),
which is a marker for principal cells but is not expressed in interneurons (Singec et al., 2004).
The specificity of the two anti-ErbB4 antibodies that were raised in mouse or rabbit and that
target epitopes in either the extracellular or the intracellular domain, respectively (see Materials
and Methods), was tested by double-immunofluorescence. The application on tissue from
ErbB4—/— mice resulted in low-level general background fluorescence (Fig.1E). We also
performed double-immunofluorescence on wildtype tissue and found that the anti-ErbB4
antibodies consistently co-labeled somata and dendrites of interneurons (Fig.1F-H). These
tests, together with a comprehensive analysis of the specificity of the rabbit anti-ErbB4
antibody in various applications (Vullhorst et al., submitted) validated the reliability of these
reagents for the subsequent quantitative investigation of ErbB4 expression on different
subpopulations of hippocampal interneurons.

ErbB4 expression in CCK-positive cells

We started the analysis by double-immunofluorescence labeling of ErbB4 and CCK, and
quantified the percentages of coexpression in cells of both populations. ErbB4 is expressed in
a large number of interneurons that cover all areas and all layers of the hippocampal formation
whereas the number of CCK-immunoreactive cells is much lower (Fig.2A). Strong axonal
CCK-expression is evident in the inner third of stratum moleculare of the dentate gyrus (DG)
and in stratum lucidum of CA3. While our study focuses on immunoreactive somata, it is worth
mentioning that CCK-immunoreactivity in stratum moleculare of DG has consistently been
observed with different antibodies in rats and mice (Jinno and Kosaka, 2003;Matyas et al.,
2004;Hefft and Jonas, 2005). In contrast, the labeling of stratum lucidum occurs only in mice
(Jinno and Kosaka, 2003;Hefft and Jonas, 2005) and is most intense with the mouse anti-CCK
antibody that we have used. High power microscopic analysis has revealed that CCK-
immunoreactivity is locally concentrated within mossy fiber terminals (Jinno and Kosaka,
2003). Our single channel images show coexpressing cells in strata pyramidale and radiatum
of CAl, as well as cells being immunoreactive for only one marker (Fig.2B,C). We found that,
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throughout the entire hippocampus (n=4), on average 54+3% of CCK-positive cells coexpress
ErbB4 (“Total” in Fig.2D). The amount of coexpression showed little difference between
hippocampal areas and layers with the exception of DG where coexpression in CCK cells was
above 80% in both granule cell layer and hilus. The average coexpression of CCK in ErbB4-
positive cells was 8.8+0.2% (Fig.2E). The regional variability was much higher, ranging from
2.34+0.9% in stratum moleculare of DG to 21+5% in stratum radiatum of CA1l.

ErbB4 expression in PV-positive cells

We next investigated PV-immunoreactive neurons, which are mostly located in the principal
cell layers of all hippocampal areas, and in stratum oriens of CA1-3 and hilus of DG (Fig.3A).
Both coexpressing cells and cells single-labeled for either PV or ErbB4 are evident in stratum
pyramidale (Fig.3B,C). On average 42+2% of all hippocampal PV cells coexpressed ErbB4
(n=3), and there was little variation between areas and layers (Fig.3D). The average percentage
of PV-coexpressing ErbB4 cells across the entire hippocampus was 35+8% (Fig.3E). In
contrast to PV cells, the regional amount of coexpressing ErbB4 interneurons varied
substantially from almost 60% in the granule cell layer of DG to 1.5% in stratum lacunosum
moleculare of CA3. However, this is simply due to the distribution pattern of PV cells, which
are almost absent from upper stratum radiatum and stratum lacunosum moleculare. Taken
together, our results show similar patterns of substantial ErbB4-coexpression in both
populations of basket cells, PV- and CCK-positive cells, suggesting that activation of the
NRG1-ErbB4 pathway is likely to influence both pathways that provide perisomatic inhibition
within the hippocampal network.

Lack of ErbB4 expression in SOM-positive cells

SOM-immunoreactive cells are mostly located in the hilus and in strata oriens and pyramidale,
but sparsely in apical layers. In CA1, they are mostly confined close to the alveus, whereas in
CA3 they are also frequently found in stratum pyramidale and the lower half of stratum
radiatum. SOM cells in hippocampus are mostly O-LM cells and the innervation of stratum
lacunosum moleculare is clearly visible in CA1 (Fig.4A). Single channel images reveal that
most SOM-positive cells do not coexpress ErbB4 (Fig.4B,C). This result is verified by the
quantification of coexpression (n=3), showing that less than 1% of the populations of SOM
cells and ErbB4 cells coexpress both markers (Fig.4D,F).

ErbB4 expression in nNOS-positive cells

nNOS-immunoreactive somata are located in all hippocampal areas and layers. Axonal staining
is evident in the inner third of stratum moleculare in DG and in all layers of CA1 except of
stratum lacunosum moleculare (Fig.5A). In DG and CA1-2, nNOS appears to be exclusively
expressed in interneurons; in CA 1, however, nNOS-immunoreactivity is clearly detectable in
pyramidal cells, but it is weaker than in interneurons. A cluster of pyramidal cells in the
subiculum (SUB) that project to CA1 pyramidal cells (Seress et al., 2002) is strongly
immunoreactive. Higher magnification imaging shows that not all nNOS-positive cells
coexpress ErbB4 (Fig.5B, C), in contrast to an earlier study that reported 100% coexpression
in nNOS cells of the hippocampus of adult rats (Yau et al., 2003). Quantification (n=3) reveals
that 39+2% of nNOS-positive cells in DG and CA1-3 coexpress ErbB4 (Fig.5D). The lowest
amounts of coexpression were found in principal cell layers and hilus (20+2% in hilus), whereas
the highest coexpression occurred in the apical molecular layers (60+4% in CA1). Due to the
additional expression of nNOS in numerous pyramidal cells that are always immunonegative
for ErbB4, the pyramidal layer of SUB shows coexpression in only 6.8+1.1% of all nNOS-
positive cells. Since our analysis focuses on interneurons we excluded SUB from calculating
the percentage of coexpressing cells across the hippocampus. “Total” coexpression is 29+2%
in all nNOS-positive cells (Fig.5D), and coexpression within the population of all ErbB4-
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positive cells is 30+1% across all layers of DG and CA1-3 (Fig.5E). The lowest percentage of
coexpressing ErbB4-positive cells was found in principal cell layers (11.3+0.7% in sp of CA1)
and the highest coexpression in upper molecular layers (81+5% in sim of CA3).

Summary of ErbB4 expression in interneurons

Figure 6A summarizes our data on the distribution of ErbB4-positive cells and the coexpression
with markers for the four subpopulations of hippocampal interneurons. The analysis of regional
coexpression indicates that the four populations of interneurons account for most of ErbB4-
positive cells, even with our conservative method of defining coexpression that likely
represents the lower limit of the actual range (see Materials and Methods). There are, however,
pronounced regional differences in the percentage of unidentified ErbB4-immunoreactive
cells, ranging from less than 8% in stratum granulosum of DG to almost 54% in stratum
moleculare of SUB. We find the highest numerical densities (ND, cells/mm?3) of ErbB4-
immunoreactive cells consistently in principal cell layers of all hippocampal areas and in the
hilus, whereas molecular layers show distinctly lower NDs. Across all regions of the
hippocampus, the ND is 1414+114 in wildtype mice (n=9). We also analyzed the distribution
of ErbB4-immunoreactive somata along the dorsoventral extent of the hippocampus (Figure
6B). Consistent with numerous reports of a dorsoventrally increasing GABAergic cell density
(reviewed in (Moser and Moser, 1998; Jinno and Kosaka, 2006)) we found that the ND of
ErbB4-positive cells is 1104+68 in the most dorsal part, 1576+135 in the intermediate part,
and 1591£171 in the ventral hippocampus. The dorsoventral gradient is significant (n=9, 5
dorsoventral levels, one-way ANOVA, F=7.106, p=0.0003), which is attributable to the first
level being significantly lower than levels 3-5 (all p<0.01, Bonferroni post-hoc tests).

Analysis of interneuron density in adult wildtype versus ErbB4-/- mice

It has been indicated that the GAB Aergic system may be compromised in the hippocampus of
adolescent (P20) ErbB4—/— mice (Flames et al., 2004), but it is unknown whether this
impairment is general or might be different between interneuron subtypes. We hypothesized
that the interneuron populations that exhibit substantial levels of coexpression with ErbB4,
namely CCK, PV and nNOS, would be more susceptible to lack of ErbB4 than SOM-positive
cells. Therefore, we next investigated this question with immunohistochemical staining and
brightfield microscopy because this procedure allowed us to easily quantify large amounts of
neurons, and determined the ND of immunoreactive cells in four subareas (DG, CA3, CAl,
SUB) at five different levels of the dorsoventral axis of the hippocampus of C57BL6 and ErbB4
—/— mice (n=4 each).

Area-specific reduction of nNOS-immunoreactive cells in ErbB4-/- mice

Our analysis reveals that the ND of nNOS-positive cells is severely reduced across the
hippocampal regions of ErbB4—/— mice (Fig.7C; n=4 each, 4 regions, 2-way ANOVA,
F=18.76, p=0.0002). This reduction is attributable to CA3 (—37%, p<0.01) and SUB (-32%,
p<0.05; Bonferroni post-hoc test), the areas with the highest ND in wildtype animals. The total
reduction in the entire hippocampus is 27% (n=4 each, 2-tailed t-test, p=0.049). The distribution
of nNOS-positive cells across layers is changed in DG (n=3 each, 3 layers, 2-way ANOVA,
F=9.853, p=0.003) and SUB (F=10.01, p=0.013) but not in any other area in ErbB4—/— mice
(Fig.7D). Finally, the ND is significantly decreased across the dorsoventral axis of the
hippocampus (n=4 each, 5 dorsoventral levels, 2-way ANOVA, F=19.46, p=0.0001), but post-
hoc analysis shows that this is not attributable to any of the five levels (Fig.7E). The results
indicate a severe reduction of the ND of nNOS-positive cells in CA3 and SUB that occurs
along the entire dorsoventral extent of the hippocampus.
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Homogeneous reduction of PV-immunoreactive cells in ErbB4—/— mice

Our analysis showed a significant reduction of PV-immunoreactive cells in the hippocampal
formation of ErbB4—/— compared to C57BL6 mice (n=4 each, 4 regions, 2-way ANOVA,
F=9.492, p=0.005). Despite a consistent trend in all four regions (Fig.8C), the reduction was
not attributable to any specific region according to the Bonferroni post-hoc test. We did not
detect any changes in the distribution of PV cells across hippocampal layers (Fig.8D).
However, we found a significant reduction along the dorsoventral axis of the hippocampus
(n=4 each, 5 dorsoventral levels, 2-way ANOVA, F=11.76, p=0.002). Post-hoc analysis
revealed that this was not due to significant changes in any of the five levels (Fig.8E). These
results indicate a uniform reduction of PV-immunoreactive somata in ErtbB4—/— mice (—24%)
across the entire 3-dimensional extent of the hippocampus.

Minor reduction of CCK-immunoreactive cells in ErbB4-/- mice

The comparison of CCK-positive somata shows a uniform but non-significant trend towards
areduction in all four areas of the hippocampus of ErtbB4—/—mice (Fig.9C; n=4 each, 4 regions,
2-way ANOVA, F=2.075, p=0.163). The distribution of immunoreactive cells across layers is
also not significantly altered (Fig.9D), with the exception of SUB where a higher percentage
of cells is located in stratum moleculare of ErbB4—/—mice (n=4 each, 2 layers, 2-way ANOVA,
F=40.70, p<0.0001). Post-hoc analysis showed that the percentages of CCK cells are
significantly altered in both strata pyramidale and moleculare of SUB (p<0.01, Bonferroni
test). Analysis of the ND along the dorsoventral axis of the hippocampus revealed a significant
reduction in ErbB4—/— mice (Fig.9E; n=4 each, 5 dorsoventral levels, 2-way ANOVA,
F=5.553, p=0.025) albeit this was not attributable to a significant change in any of the five
dorsoventral levels (Bonferroni post-hoc test). These results suggest that lack of ErbB4 has
only minor effects on the population of hippocampal CCK-positive basket cells.

No change in the number of SOM-immunoreactive cells in ErbB4-/- mice

SOM-immunoreactive somata are most abundant in SUB (1.8 x103 cells/mm3) and show a
lower density of 1.0-1.2 x103 cells/mm? in all other hippocampal areas (Fig.10C). The ND of
wildtype animals is not significantly different from ErbB4—/— mice (n=4 each, 4 subregions,
2-way ANOVA, F=1.589, p=0.220) and we did not detect any changes in the distribution across
hippocampal layers (Fig.10D). Consistently, the ND across the dorsoventral axis is also not
significantly different between genotypes (Fig.10E; n=4 each, 5 dorsoventral levels, 2-way
ANOVA, F=2.403, p=0.132). We conclude that the ND of SOM-positive cells is not altered
in the hippocampus of ErbB4—/— mice.

GAD67-immunoreactive cells are reduced in ErbB4-/— mice

Given the significant reduction of immunoreactive somata in three of the four populations of
interneurons we asked whether there might be an actual loss of GABAergic cells in ErbB4—/
— mice or rather a down-regulation of the marker proteins, because at least PV-expression is
well known to be activity-dependent and highly variable (Scotti et al., 1997; Suzukawa et al.,
1999). We therefore went on to compare the ND of GAD67-immunoreactive cells in the
hippocampus of WT and ErbB4—/—mice. The images from wildtype and ErbB4—/— mice show
a high density of GAD67-positive somata in most hippocampal regions with some exceptions,
such as the DG hilus (Fig.11A,B). This staining pattern indicates that interneurons in the hilus
express only low levels of GAD67; similarly, lack of either GAD67 or GABA-
immunoreactivity have been reported before in several types of interneurons (Aika et al.,
1994; Jinno et al., 1998). Therefore, our quantitative analysis shows that the ND in wildtype
animals ranges from 1.50 + 0.13 x103 in DG to 2.80 + 0.11 x103 in SUB, with an average of
2.14 +0.07 x103 across all subareas, which is in line with other data from mice (Aika et al.,
1994), but lower than the sum of the NDs of CCK, PV, SOM, and nNOS cells.
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We found that GAD67-positive cells are significantly reduced throughout the hippocampal
subareas in ErbB4—/— mice (n=4 each, 4 subregions, 2-way ANOVA, F=46.11, p<0.0001).
Post-hoc analysis revealed that the result is attributable to significant reductions in CA3, CA1l,
and SUB (CA3: —21%, p<0.05; CA1l: —26%, p<0.01; SUB: —34%, p<0.001; Bonferroni test).
The reduction throughout the entire hippocampus (“Total” in Fig. 11C) was 24% (n=4 each,
p=0.0021, t-test). Immunoreactive somata were also significantly reduced along the
dorsoventral axis (n=4 each, 5 dorsoventral levels, 2-way ANOVA, F=50.61, p<0.0001). The
reduction is substantial in medial and ventral regions but was not significant in the most dorsal
level of the hippocampus (Fig. 11D; Level 2: 29%, p<0.05; level 3: 37%, p<0.001; level 4:
26%,p<0.01;level 5:26%, p<0.01; Bonferroni test). The reduction in GAD67-immunoreactive
somata is consistent with our results on the diminished cell density of nNOS- and PV-
immunopositive interneurons and indicates a loss of GABAergic cells rather than the down-
regulation of nNOS and PV expression in interneurons of ErbB4—/— mice.

DISCUSSION

Here we report for the first time the precise cellular localization of ErbB4 in distinct classes
of interneurons of wildtype mice, and the subtype-specific regional reduction of interneurons
in adult ErtbB4—/—mice. These data are crucial for a better understanding of modulatory effects
of NRGs on the hippocampal network and for the generation of adequate models. Since ErbB4
—/— mice are increasingly used as a tool to elucidate the significance of the NRG-ErbB4
signaling for hippocampal functions, the characterization of differences between wildtype and
ErbB4—/— mice is important for the interpretation of electrophysiological and neurochemical
experiments, because it may allow to differentiate effects that are attributable to the acute
absence of ErbB4 on a given cell from effects being due to long-term adaptive changes of entire
neural circuits that include this cell.

We report that CCK-immunoreactive basket cells express ErbB4 in the hippocampal formation
(54% of total). We also found that 42% of PV cells, 1% of SOM cells, and 39% of nNOS cells
express ErbB4 in adult C57BL6 mice, whereas a previous study reported coexpression of 82%,
12%, and 100%, respectively, in Wistar rats (Yau et al., 2003). In addition to possible species
differences between mice and rats several other reasons may account for the difference. While
adult animals were used in both studies, the age of the rats is not known. However, the major
difference is the sample size obtained by Yau et al. who derived their data from a much smaller
number of cells. Finally, the substantially higher amount of coexpression in hippocampal SOM
cells (Yau et al. 12% vs. 1% here) might be partially attributable to the fact that both the ErbB4
and the SOM antibodies in the earlier study were rabbit IgGs that were sequentially visualized
by tyramide signal amplification and conventional immunofluorescence labeling, respectively.
While generally valid, this approach can result in false positive identification of coexpression
under adverse circumstances and requires stringent controls.

The other major finding we report is the reduction of inhibitory interneurons in adult ErtbB4—/
—mice. We show that the reduction of interneurons is not general, but rather is region-specific
and preferentially affects populations that coexpress ErbB4 in a high percentage of cells. This
result is in line with recent data from young (P20) ErbB4—/— mice (Flames et al., 2004); it is
also consistent with high levels of ErbB4 expression on migrating and developing GABAergic
cells (Yau et al., 2003; Ghashghaei et al., 2006) and the role of NRG1-ErbB4 signaling in
promoting cell proliferation, migration, and survival (Erlich et al., 2001; Flames et al., 2004;
Liu et al., 2005; Di Segni et al., 2006). As we will discuss below, the selective reduction of
certain subtypes of interneurons will likely result in specific deficits of signal processing in the
adult hippocampus that are different from a general impairment of hippocampal network
inhibition (see Fig.12).
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ErbB4 expression in basket and axo-axonic cells

CCK-positive cells show the highest percentage of ErbB4 coexpression (54%) among the four
types of interneurons in the present study, and 42% of PV-immunoreactive cells are positive
for ErbB4. CCK or PV are expressed in interneurons that innervate intermediate and distal
dendrites, but in contrast to other markers also in interneurons that provide powerful inhibition
to perisomatic regions of their target cells. Recent studies suggest that PV- and CCK-positive
cells are engaged in parallel pathways that provide inhibition to perisomatic targets in a
complementary way: Fast-spiking PV cells heavily innervate each other, are electrically
coupled by gap-junctions (Baude et al., 2007), and, due to their innervation of more than 1500
pyramidal neurons each (Sik et al., 1995), are thought to synchronize the activity within the
entire network during hippocampal oscillations, and especially during gamma oscillations
(Klausberger et al., 2005). In contrast, CCK-expressing basket cells integrate synaptic stimuli
over a much longer period and fire at lower frequencies than PV-positive cells (Glickfeld and
Scanziani, 2006). They have been suggested to coordinate the firing of smaller neuronal
assemblies within the hippocampal network during theta oscillations (Klausberger et al.,
2005). Exogenously applied CCK increases inhibition from PV-positive cells onto pyramidal
cells, while reducing GABA release from CCK-positive basket cells via retrograde activation
of the presynaptic CB1 receptor (Foldy et al., 2007), indicating again the complementary
organization of perisomatic inhibition. Importantly, our results suggest that NRG1-ErbB4
signaling has the potential to strongly influence the population-firing pattern of hippocampal
neurons through both pathways, with likely different effects on network function.

Reduction of perisomatic inhibition in ErbB4-/- mice

CCK cells show the highest percentage of ErbB4 coexpression of all populations of
hippocampal interneurons, but disruption of the NRG1-ErbB4 signaling pathway surprisingly
has only minor effects on their number, in contrast to PV-immunoreactive cells that are
substantially reduced throughout the entire hippocampus. This result indicates that the relation
between ErbB4 expression in adult wildtype animals and a reduction of interneurons in ErbB4
knockouts could be more complicated than previously thought (Flames et al., 2004). Cortical
interneurons that are generated in the medial ganglionic eminence during development, such
as PV cells and the majority of SOM-positive cells, express high levels of ErbB4 during
migration and are chemoattracted by NRG1 (Flames et al., 2004). Unfortunately, little is known
about the origin of CCK-positive cells compared to other populations of interneurons such as
SOM, PV or nNOS-expressing cells (Xu et al., 2004; Flames and Marin, 2005). A recent study
by Rakic and coworkers indicates, however, that CCK cells derive from the caudal ganglionic
eminence (Morozov et al., 2009), and this finding is supported by indirect evidence (Lopez-
Bendito et al., 2004; Vitalis et al., 2007). CCK cells may therefore depend less on
developmental ErbB4 signaling than was shown for cells that arise from the medial ganglionic
eminence.

Taken together, the lack of major changes in the number and distribution of CCK-positive cells
in ErbB4 knockouts suggests that are unlikely to substantially contribute to the increased
generation of epileptiform activity in ErbB4—/— mice (A.B. and A. Fisahn, unpublished data).
In contrast, the significant reduction of fast-spiking hippocampal PV-positive cells is entirely
consistent with both an increased susceptibility to epileptiform activity, due to diminished
perisomatic inhibition, and with a significant reduction of the power of kainate-induced
gamma-oscillations in ErbB4 knockouts, due to reduced temporal coordination of pyramidal
cell activity ((Fisahn et al., 2009); see also Fig.12B). The reduction of PV-immunoreactive
cells is also reminiscent of similar findings in cortical areas from post-mortem studies of
schizophrenic patients (Zhang et al., 2002; Lewis et al., 2005; Torrey et al., 2005). While ErbB4
—/—mice, like all other single knockouts, are most likely not a suitable model for schizophrenia,
these results support the notion that changes or impairments of NRG-ErbB4 signaling during
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development may have biological relevance for some aspects of the etiology underlying
schizophrenia.

nNOS-positive cells: expression of ErbB4 and reduction in ErbB4-/- mice

We found that 39% of nNOS-positive cells in DG and CA1-3 express ErbB4, suggesting that
NRGs can exert a considerable effect on these interneurons. Despite recent progress in
characterizing nNOS-immunoreactive interneurons (Jinno and Kosaka, 2002) the amount of
data on the source of their synaptic input and their postsynaptic targets continues to be limited.
These interneurons likely provide feedforward-inhibition primarily onto the apical dendrites
of principal cells in DG and CA3 (Seress et al., 2005). Other nNOS cells, defined by
coexpression of neuropeptide Y and the al subunit of the GABA 5 receptor, were recently
identified as slow-spiking interneurons that provide feedback inhibition to pyramidal cells
(Fuentealba et al., 2008). Indirect evidence, such as small cell size and localization in s/m and
sr, suggests that some of the nNOS cells in CA1-3 may belong to the group of interneuron-
selective type-2 cells (Freund and Buzsaki, 1996; Freund and Gulyas, 1997; Somogyi and
Klausberger, 2005). Taken together, ErbB4 expression in a substantial percentage of nNOS
cells opens the possibility that NRGs could modulate both feedforward and feedback inhibitory
loops that converge onto hippocampal pyramidal neurons. However, due to the limited amount
of available data, it is currently impossible to hypothesize what impact the reduction of 27%
of nNOS cells might have on network properties in ErbB4—/— mice.

SOM-positive interneurons: an inhibitory pathway independent of NRG-signaling?

O-LM cells provide local feedback-inhibition that is driven by glutamatergic input from
pyramidal cells, and they target also interneurons in sim (Katona et al., 1999). SOM-expressing
O-LM cells are thought to exhibit inhibitory control over lateral perforant path afferents
(Yanovsky et al., 1997), and a recent study suggests that O-LM cells may be able to shift the
balance between feedforward and feedback inhibition of pyramidal cells (Elfant et al., 2008).
The lack of substantial ErtbB4-expression in both SOM cells and pyramidal cells indicates that
the bisynaptic O-LM-pyramidal neuron feedback loop might be the only pathway within the
hippocampal network that could work independently from any direct NRG effect. Despite the
fact that SOM cells are generated in the medial ganglionic eminence and presumably express
substantial levels of ErbB4 during migration and maturation, their number is not affected in
adult hippocampus of ErtbB4—/— mice, indicating again that embryonal ErbB4 expression does
not sufficiently predict whether or not interneurons in the adult hippocampus will be affected
by the disruption of NRG-ErbB4 signaling.

Functional implications of ErbB4 distribution in hippocampal interneurons

Our analysis shows that several functionally distinct populations of hippocampal interneurons
express ErbB4, with the notable exception of SOM-positive cells. Figure 12 summarizes these
data, showing the location of ErbB4 within local circuits, and the afferent fiber systems that
provide external drive to CA 1. Furthermore, Figure 12 includes likely sources of NRGs, namely
the entorhinal cortex via the lateral perforant path (Pinkas-Kramarski et al., 1994), CA3
Schaffer collaterals (Eilam et al., 1998), and cholinergic axons from the medial septum (Corfas
etal., 1995). For increased clarity we focus on CA1 circuitry; however, it is worth mentioning
that NRG-expression has also been reported in granule cells of DG (Eilam et al., 1998), in
addition to release from the medial perforant path (Roysommuti et al., 2003). It should also be
noted that NRG2 and NRG3 mRNA levels are higher in the brain as compared to NRG1, both
postnatally (Anton et al., 2004) and in adulthood (Longart et al., 2004), and NRG2 expression
in vitro has been reported not in axons but in dendrites (Longart et al., 2004). Figure 12 is
therefore meant to primarily summarize our present results rather than provide a comprehensive
overview of all possible NRG-ErbB signaling pathways. Of importance for the interpretation
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of functional roles of ErbB4, we report only partial overlay with any of the four interneuron
markers. This result is not surprising because none of these markers is sufficient to delineate
a homogeneous population of interneurons. In fact, using different parameters such as firing
properties, morphology, connectivity, and coexpression of several marker proteins, dozens of
subpopulations of interneurons have been suggested (Markram et al., 2004; Somogyi and
Klausberger, 2005; Ascoli et al., 2008).

The high degree of coexpression in three of the four populations of interneurons suggests that
NRGs could modulate different microcircuits within the hippocampal network (Fig.12A).
Since the release of NRGs and the successful activation of ErbB receptors seem to depend on
synaptic activity, it seems likely that only a subset of these microcircuits is activated at any
given time, depending on the actual functional state of the network. For example, we have
recently shown that NRG1 dramatically increases the power of gamma oscillations in CA3 of
acute hippocampal slice preparations (Fisahn et al., 2009). Since network synchronization is
crucial in order to generate and maintain high frequency oscillations, PV-positive basket cells
have been suggested to play a critical role (Bartos et al., 2007;Fuchs et al., 2007), and we show
that almost half of PV-positive cells express ErbB4. These results suggest that NRG1-ErbB4
signaling during gamma oscillations increases the recruitment of PV-positive fast-firing basket
cells that synchronize CA3 pyramidal cells. Moreover, PV-positive cells are reduced in ErbB4
—/— mice, and we have reported that the power of kainate-induced gamma oscillations is
reduced by 60% in ErbB4—/— mice (Fisahn et al., 2009). It is worth noticing, however, that
additional types of interneurons, such as bistratified and trilaminar cells, are also known to
contribute to gamma oscillations (Gloveli et al., 2005), suggesting that different local circuits
might coexist that could modulate the generation of gamma oscillations under specific
circumstances (Middleton et al., 2008). A similar model could be useful to explain our finding
that NRG1 selectively increases the power of kainate-induced, but not carbachol-induced,
hippocampal gamma oscillations (Fisahn et al., 2009).

We also provide a simplified model of possible functional differences between wildtype and
ErbB4—/— mice (Fig.12B). The reduction of PV-positive cells throughout the entire
hippocampus will likely result in hyperactivity of principal cells. SOM-positive O-LM cells
provide an inhibitory feedback loop onto CA1 pyramidal cells that is thought to prevent
hyperactivity within the circuit. The increased occurrence of epileptiform activity in sections
from ErbB4—/— hippocampus suggests, however, that this feedback loop is insufficient to
overcome the reduced inhibition provided by PV-positive and nNOS-positive interneurons. It
therefore seems plausible that Schaffer collaterals could deliver increased excitatory drive onto
CA1 pyramidal cells and Schaffer collateral-associated interneurons, such as CCK- and PV-
positive cells. The decrease in PV-positive basket cells suggests, however, that the excitation-
to-inhibition ratio will be increased and that the coordination of pyramidal cell firing will be
impaired, resulting in temporally disorganized activity and, consequently, reduced oscillatory
power in the gamma frequency band (see above). On the other hand, the reduction of nNOS-
positive interneurons that receive excitatory input from the entorhinal cortex via the lateral
perforant path is likely to weaken signal processing in the hippocampus and reduce the
coordination between both brain areas, resulting in functional impairment of spatial orientation
and memory tasks.

In conclusion, our results suggest that NRGs can affect several inhibitory microcircuits in the
hippocampus via ErbB4. It is known that the expression and release of NRGs are regulated by
neuronal activity, and recent reports indicate that the effects of NRG1 on network oscillation
and synaptic plasticity are also activity-dependent. It is, however, as of yet unclear how NRG-
ErbB4 signaling modulates the activity of individual cells and whether or not these cells will
react in a uniform manner or, again, dependent on their subtype and present state of activity.

Importantly, our results showing the interneuron type-specific reduction of GABAergic cells
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in ErbB4—/—mice suggest that any differences between genotypes in response to experimental
challenges should be interpreted with caution because they cannot exclusively be attributed to
the acute lack of ErbB4 on individual cells.
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Figure 1. ErbB4 is expressed in hippocampal interneurons

Double-immunofluorescence reveals that the majority of GAD67-immunoreactive cells
strongly express ErbB4 (A-C, arrowheads). However, some cells show higher
immunoreactivity for either ErbB4 (arrow) or GAD67 (open arrow). The cell morphology
suggests that ErbB4 is exclusively expressed in interneurons. We verified this with
immunofluorescence labeling of ErbB4 and neurogranin (D); the immunoreactive cell
populations are non-overlapping. The specificity of the mouse (msErbB4) and rabbit (rbErbB4)
antibodies against ErbB4 was tested on ErbB4—/— sections (E), and by double-
immunofluorescence labeling of wildtype tissue (F-H). Most cells showed similar strong
staining with both antibodies (arrowheads), and the immunofluorescence intensity was also
similar in cells with lower ErbB4 expression (arrows). Abbreviations: (so) stratum oriens,
(sp) str. pyramidale, (sr) str. radiatum, (s/m) str. lacunosum moleculare. Scale bar = 100um.
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Figure 2. The majority of CCK cells coexpress ErbB4

A compound double-immunofluorescence image shows the distribution of a low number of
CCK-positive somata and numerous ErbB4-positive somata in all regions of the hippocampal
formation (A). Note the dense axonal staining for CCK in DG (inner third of sm) and CA3
(sD). Single channel images from CA1 (B-C; location indicated by dashed rectangle in A) show
coexpression (arrowheads) and expression of either CCK (open arrow) or ErbB4 (arrow). The
punctae surrounding immunonegative somata in sp are basket terminals (B). Quantification
(n=4) of coexpession in CCK cells (D) and ErbB4 cells (E); “Total” is the percentage of
coexpression across the entire hippocampus. Abbreviations: (so) stratum oriens, (sp) str.
pyramidale, (sr) str. radiatum, (s/m) str. lacunosum moleculare, (sm) str. moleculare, (ki) hilus,
(sg) str. granulosum, (DG) dentate gyrus, (CA1-3) cornu ammonis areas 1-3, (SUB) subiculum.
Scale bar = 290um (A), 100um (B,C).
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Figure 3. ErbB4 is expressed by half of PV-immunoreactive neurons

PV-positive somata are almost exclusively located within and below principal cell layers and
a high number of cells coexpress ErbB4 as indicated by yellow pixels (A). Consistent with the
functional role of PV cells in providing perisomatic inhibition, the principal cell layers (sp,
sg) show the highest overall staining intensity. Single channel images (B,C) from the border
of CA1-3 (dashed line in B) show coexpression (arrowheads) and expression of either PV (open
arrows) or ErbB4 (arrows). Quantification (n=3) of coexpession in PV cells (D) and ErbB4
cells (E); “Total” is the percentage of coexpression across the entire hippocampus. Note that
the large error bars in (D) are due to the very low number of PV cells in the upper layers s,
sm and slm, resulting also in low percentages of coexpression in these layers in (E).
Abbreviations: see Fig.2. Scale bar = 290um (A), 100um (B,C).
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Figure 4. SOM cells do not express ErbB4

(A) The distribution of SOM-immunoreactive somata is similar to PV cells; they are mostly
confined to layers so, sp, and hi. In CA3 close to DG, however, SOM cells are also frequently
found in sr. Note the dense fiber plexus in s/m of CA1 that is the terminal field of O-LM cell
projections. Single channel images (B-C) show that most somata are immunoreactive for either
SOM (open arrows) or ErbB4 (arrows); however, one cell in sr coexpresses both markers
(arrowhead). The quantitative analysis (n=3) reveals that the maximum coexpression is 2% in
both SOM cells (D) and ErbB4 cells (E). The overall frequency of coexpression in the entire
hippocampus is below 1% for both cell populations (“Total” in D-E). Abbreviations: see Fig.
2. Scale bar = 290um (A), 100um (B,C).
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Figure 5. One third of nNOS-positive interneurons express ErbB4

nNOS-immunoreactive somata are located in all hippocampal areas, with the highest densities
in hi, and in sp of CA1-3 and SUB (A). Immunoreactivity for nNOS is evident on neurites in
the inner third of sm in DG, and in all layers of CA1. The highest density of nNOS-ErbB4
coexpressing cells is in slm of CA3. Note the cluster of strongly immunoreactive pyramidal
cells in SUB (arrows in A) that are consistently negative for ErbB4. Single channel imaging
in CA1-3 (B-C) shows cells that express either nNOS (open arrows) or ErbB4 (arrows), as
well as double-immunoreactive somata (arrowheads). Regional analysis of coexpression (n=3)
in all nNOS-positive cells (D) and all ErbB4-positive cells (E). Please note that “Total”
represents only coexpression in DG and CA1-3; in order to focus on interneurons SUB was
excluded to avoid bias towards the high number of nNOS-positive/ErbB4-negative pyramidal
cells in sp of SUB. Abbreviations: see Fig.2. Scale bar = 290um (A), 100um (B,C).
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The four classes of interneurons account for most of hippocampal ErbB4-immunoreactive cells
(A). Numbers below the graphs give the numerical density (cells/mm?) of ErbB4-positive
neurons + S.E.M. for each layer in each area. The four interneuron-markers were sufficient to
identify the majority of hippocampal ErbB4-positive cells, covering more than 50% in 12 of
13 regions, and more than 70% in 6 regions. The legend shows the number of coexpressing
cells and the total cell count for each interneuron marker in immunofluorescence experiments
from wildtype animals; note that the number of animals that contributed to the total cell count

is different for the markers (CCK: n=4; PV, SOM, nNOS: n=3; ErbB4: n=9). ErbB4-

immunoreactive cells show a gradient of increasing cell density (+50%) along the dorsoventral

axis (B). Abbreviations: see Fig.2.
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Figure 7. nNOS-expressing interneurons are substantially reduced in ErbB4—/— mice
Representative images of immunohistochemically labeled nNOS-expressing cells shows their
occurrence in all regions of wildtype hippocampus (A), and indicate a reduction of the cell
density in CA3 and SUB of ErbB4 knockouts (B); note also the almost complete absence of
staining in lateral entorhinal cortex (upper right corner in B). Quantification (n=4) confirms a
significant reduction of nNOS cells in areas CA3 and SUB (C), as well as in the entire
hippocampus (“Total”). The distribution across layers (D) is altered in DG and SUB; the change
in DG is due to an increased percentage of cells located in i but is not attributable to any
specific layer in SUB. The ND of nNOS cells is equally reduced along the entire dorsoventral
axis (E). Scale bar = 500um.
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Figure 8. PV-immunoreactive somata are reduced in ErbB4—/— mice

In comparison to wildtype hippocampus (A) the density and distribution pattern of PV-positive
interneurons is changed (B). The images are representative in that they show a large area in
CA1 and proximal SUB that is almost devoid of PV cells; this pattern of local depletion is
typical, rather than widespread general reduction of cell density. The ND (n=4) is significantly
reduced in hippocampus of ErbB4—/—mice (C) without changing the distribution of cells across
layers (D). We also detected a significant reduction of PV cells along the dorsoventral axis
(E). Scale bar = 500um.
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Figure 9. Minor reduction of CCK-positive cells in ErbB4—/— mice

Immunohistological staining of hippocampus is similar between wildtype (A) and ErbB4—/—
mice (B). The ND (n=4) of CCK-immunoreactive somata is consistently, but not significantly,
lower in all areas of ErbB4—/—/ mice (C). The distribution of cells is not different between
genotypes, with the exception of SUB where less cells are located in sp of knockouts (D). The
ND of CCK cells is significantly higher in wildtype animals across the dorsoventral axis;
however, this is not attributable to significant differences at any specific level. Scale bar =
500pum.
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Figure 10. No difference in the number of SOM-positive interneurons

Immunohistochemistry of SOM cells shows no obvious differences between wildtype (A) and
knockout mice (B). Quantitative analysis (n=4) confirms the lack of changes in all hippocampal
areas (C), for the distribution of somata across layers (D), and the ND along the dorsoventral
axis (E). Scale bar = 500um.
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Figure 11. Reduction of GAD67-positive cells in ErbB4—/— mice

Analysis of GAD67 immunoreactivity in wildtype (A) and knockout mice (B) reveals
significant reductions (n=4) in all hippocampal areas except DG, and in the entire hippocampus
(C). The reduction occurs along the dorsoventral extent of the hippocampus, with the exception
of the most dorsal level (D). Scale bar = 500um.
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Figure 12. Localization and function of NRGs and ErbB4 within the hippocampal circuitry

(A) Simplified diagram of afferent/efferent connections of, and internal microcircuits within,
area CA1. Only the most frequent cell types are shown for clarity. The perisomatic region of
pyramidal cells (PCs; black and grey) is innervated by basket terminals from PV (red) and
CCK (orange) cells. Both PV and CCK cells receive excitatory feedforward input from CA3
PCs via Schaffer collaterals (sc; light blue), and feedback input from CA1 PCs (black lines).
CCK cells are also targeted by cholinergic axons from the medial septum (ACh; light green),
and CCK is expressed also in sc-associated interneurons that innervate apical dendrites of PCs.
PV cells are strongly interconnected and additionally electrically coupled via dendritic gap
junctions, and they innervate most PCs within their vicinity; this arrangement synchronizes
the entire network during fast oscillations. CCK cells, in contrast, innervate fewer PC targets
and thus coordinate activity within smaller neuronal ensembles during theta band activity.
Reciprocal connections between PV and CCK cells can shift the activity between these two
complementary pathways. Either basket cell type shows somatodendritic expression of ErbB4
(green dots), which can presumably be activated by NRG from all three afferent fiber systems
(sc, ACh, PC recurrents; dashed axons). The left side shows SOM-positive/ErbB4-negative O-
LM cells (brown) that provide feedback inhibition to apical dendrites of CA1 PCs. O-LM cells
also target nNOS/ErbB4-coexpressing cells (pink) in s/m. Both nNOS cells and dendrites of
PCs are innervated by glutamatergic lateral perforant path fibers (Ipp; blue) from the entorhinal
cortex that are NRG-positive. This connectivity enables nNOS interneurons, depending on the
present level of activity in CAl, to regulate the corticohippocampal excitation of PCs via
shunting currents in s/m PC dendrites. nNOS cells presumably also innervate other interneurons
(IN; grey); whether IN express ErbB4 is not known. Therefore, NRG-ErbB4 signaling is
positioned to modulate many major microcircuits within CA1, with the notable exception of
the PC-SOM feedback pathway. (B) Comparison of CA1 microcircuits in wildtype and ErbB4
—/— mice. nNOS and PV cells provide feedforward inhibition to pyramidal cells from EC and
CA3 driven by the excitatory lpp and sc pathways, respectively, that also directly innervate
PCs (wildtype, left side). The severe reduction of nNOS and PV cells in ErtbB4—/— mice (right
side) increases the excitation-to-inhibition ratio in PCs, leading to increased firing of PCs and
simultaneously to a decrease in oscillatory power due to decreased temporal coordination of
individual neuron activity, as indicated by the traces below PCs. In addition, the overall
reduction of inhibition increases the likelihood to generate epileptiform activity.
Abbreviations: see Figure 2; acetylcholine (ACh), entorhinal cortex (EC), lateral perforant path
(Ipp), Schaffer collateral (sc).
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