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Neurobiology of Disease

Intramembranous Valine Linked to Schizophrenia Is
Required for Neuregulin 1 Regulation of the Morphological
Development of Cortical Neurons

Yachi Chen,'* Melissa L. Hancock,">* Lorna W. Role,"? and David A. Talmage?>

Departments of 'Neurobiology and Behavior and 2Pharmacological Sciences and *Center for Nervous System Disorders, State University of New York, Stony
Brook, Stony Brook, New York 11794, and “Department of Cell Biology, Harvard Medical School, Boston, Massachusetts 02115

Neuregulin 1 (NRG1) signaling is critical to various aspects of neuronal development and function. Among different NRG1 isoforms, the
type Il isoforms of NRG1 are unique in their ability to signal via the intracellular domain after y-secretase-dependent intramembranous
processing. However, the functional consequences of type III NRG1 signaling via its intracellular domain are mostly unknown. In this
study, we have identified mutations within type IIl NRG1 that disrupt intramembranous proteolytic processing and abolish intracellular
domain signaling. In particular, substitutions at valine 321, previously linked to schizophrenia risks, result in NRG1 proteins that fail to
undergo y-secretase-mediated nuclear localization and transcriptional activation. Using processing-defective mutants of type IIl NRG1,
we demonstrate that the intracellular domain signaling is specifically required for NRG1 regulation of the growth and branching of
cortical dendrites but not axons. Consistent with the role of type IIl NRG1 signaling via the intracellular domain in the initial patterning
of cortical dendrites, our findings from pharmacological and genetic studies indicate that type IIl NRG1 functions in dendritic develop-
ment independent of ERBB kinase activity. Together, these results support the proposal that aberrant intramembranous processing and
defective signaling via the intracellular domain of type IIl NRG1 impair a subset of NRG1 functions in cortical development and contrib-

ute to abnormal neuroconnectivity implicated in schizophrenia.

Introduction

The neuregulin 1 (NRG1I) encodes a family of growth factors that
interact with ERBB receptor tyrosine kinases via the epidermal
growth factor (EGF)-like domain to initiate intracellular signal-
ing cascades critical to neuronal functions (Kwon et al., 2005; Li
etal., 2007; Woo et al.,, 2007; Mei and Xiong, 2008; Zhong et al.,
2008; Barros et al., 2009; Fazzari et al., 2010; Wen et al., 2010).
The NRGI proteins are divided into six types, types I-VI. Most of
NRG1 isoforms are single-pass transmembrane proproteins with
the transmembrane domain (TMc) located at the C terminus. In
contrast, type III NRGI proproteins span the membrane twice
because of the hydrophobic cysteine-rich domain (CRD). NRG1
proproteins undergo extracellular proteolytic processing at the
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juxtamembrane region to release EGF-like domain, which then
participates in paracrine signaling involving ERBB receptors
(Falls, 2003). For type III NRGI, the cleaved ectodomain contain-
ing the EGF-like domain remains tethered to the membrane by
the CRD. Thus, type III NRG1 is believed to signal via ERBB
receptors in a juxtacrine manner (Wolpowitz et al., 2000; Leimeroth
etal., 2002; Falls, 2003). Synaptic activation, membrane depolariza-
tion, or ERBB binding triggers a y-secretase-dependent cleavage of
type III NRG1 to release the intracellular domain (NRG1-ICD)
from the membrane, which translocates to the nucleus to regulate
gene expression (Bao et al., 2003, 2004). Type III NRG1-ERBB
complexes therefore signal bidirectionally (i.e., via activation of
ERBB and via the NRG1-ICD) (Wolpowitz et al., 2000; Leimer-
oth et al., 2002; Bao et al., 2003, 2004; Falls, 2003; Hancock et al.,
2008; Zhong et al., 2008).

NRGI is a candidate schizophrenia susceptibility gene
(Stefansson et al., 2002). Studies of adult type III NrgI het-
erozygous mice have revealed defects reminiscent of schi-
zophrenia-associated endophenotypes (Chen et al., 2008).
One schizophrenia-associated NRGI single-nucleotide poly-
morphism (SNP) changes a valine to leucine within the TMc
(Walss-Bass et al., 2006). How this valine-to-leucine substitu-
tion affects schizophrenia susceptibility is unknown. We have
begun addressing this issue by studying the effects of muta-
tions within the TMc on the growth and branching pattern of
cortical dendrites and axons because abnormal cortical con-
nectivity has been implicated in schizophrenia (Rajkowska et
al., 1998; Kalus et al., 2000).
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Here, we have shown differential requirements for type III
NRG1-mediated signaling pathways in the development of den-
drites versus axons of cortical neurons. Cortical neurons of type
III NrgI knock-out (KO) embryos exhibit defects in the growth
and branching of dendrites, a phenotype that is rescued by reex-
pression of wild-type (WT) type III NRG1 but not by NRG1
mutants that are defective in y-secretase-dependent signaling,
including the mutant containing the valine-to-leucine substitu-
tion within the TMc. Whereas NRG1 signaling via the intracellu-
lar domain plays a crucial role in dendritic development, NRG1
regulates axon extension via distinct mechanisms that do not
involve intramembranous proteolytic cleavage and nuclear tar-
geting. Together, our study provides evidence for differential re-
quirements of NRG1 signaling in the development of cortical
axons versus dendrites and insights into how the schizophrenia-
associated valine-to-leucine mutation might contribute to the
disease.

Materials and Methods

Primary cell cultures. Dispersed cortical neurons were prepared from
C57BL/6 mice following previously described methods (Ghosh and
Greenberg, 1995). Neuronal cultures were maintained in r-glutamine
free basal medium Eagle media supplemented with 1% N2 supplement, 1
mM L-glutamine, 5% fetal bovine serum, 100 U/ml penicillin, and 100
ug/ml streptomycin. All reagents were purchased from Invitrogen.

Type III Nrgl and ErbB4 mutant mice. We used wild-type and knock-
out littermates of a mouse line with genetic disruption of type III Nrgl
(Nrgl tml1/Lwr) (Wolpowitz et al., 2000). To label neurons, female type III
Nrgl heterozygous mice were bred with male transgenic mice overex-
pressing yellow fluorescent protein (YFP) from the Thy-1 promoter (line
YFP-H) (Feng et al., 2000) (The Jackson Laboratory) in a subset of neu-
rons. Animals from the resulting mouse line show YFP expression in the
cortex. Male and female YFP-expressing, type III Nrgl heterozygous
mice were bred, and embryos generated from the crosses were used in the
study. For studies involving ErbB4 knock-out animals, we used ErbB4
knock-out mice that were rescued from embryonic lethality by reexpres-
sion of ErbB4 in the heart (Tidcombe et al., 2003). The ErbB4 knock-out
animals were kind gifts from Dr. G. Corfas (Harvard University, Boston,
MA). The use of the animals was approved by the Institutional Animal
Care and Use Committee of State University of New York, Stony Brook
(Stony Brook, NY).

Generation of alanine substitutions. A 622 bp BamHI and HindIII frag-
ment containing murine type III Nrgf31a sequences (position 378—1000;
GenBank accession number AY648975) was subcloned into the pAlter-
Ex1 vector (Promega). Mutant forms of type III Nrgl were generated
using the following primers and Altered Sites II In Vitro Mutagenesis
System (Promega) according to the manufacturer’s instruction: NRG1-
T307A/G308A, CTGACAATTGCTGCCATCTGTATC; NRG1-V321A/
V322A, ATCATGTGTGCGGCGGCCTACTGC; NRG1-K329A/Q330A,
AAAACCAAGGCAGCGCGGCAGAAG. Inserts containing mutated se-
quences were sequenced and reinserted into full-length Nrgl sequences
using BamHI and HindlI1I sites. To generate Gal4,, fusion proteins, the
Gal4 DNA binding domain was amplified by PCR from the pGBKT7
vector (BD Biosciences) using the following primers: forward, GG-
GAAGCTTATGAAGCTACTGTCTTCTATC; reverse, GGGAAGCT-
TCGATACAGTCAACTGTC. Gal4,,p, was subcloned in frame into the
full-length type III Nrgf1la sequences at the HindIII site (position 1000).
Type III NrgB1a-Gal4 s, was inserted into pSP72Bact (Cho etal., 1998)
under the transcription control of B-actin promoter.

Generation of valine-to-leucine substitution. Rat type IIT NrgBla se-
quences were cloned in pcDNA3.1 (D. L. Falls, Emory University, At-
lanta, GA) (Wang et al., 2001). This plasmid was used as the template for
mutagenesis. The valine residue at codon 322 of rat type III Nrgf1Ia,
which corresponds to valine 321 of murine type III Nrgf31a, was substi-
tuted to leucine by mutating the nucleic acid sequence from GTG to TTG
(custom mutagenesis by Retrogen). This valine-to-leucine substitution
was verified by DNA sequencing of the entire rat type III Nrgf1a insert
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cloned into pcDNA3.1 (DNA sequencing by Retrogen). All codon num-
bering is based on murine type III Nrgf31a sequences.

Preparation of soluble ERBB4 proteins. Media from HEK293 cells ex-
pressing the extracellular domain of ERBB4 fused to the human IgG Fc
domain (B4-ECD) (Fitzpatrick et al., 1998) were concentrated using
Microcon centrifugal filter devices (Millipore). B4-ECD fusion proteins
were purified using protein A-agarose columns and detected by immu-
noblot analysis using an antibody specific for the human IgG Fc domain
(Sigma-Aldrich). The integrity of the recombinant protein was con-
firmed by SDS-polyacrylamide gel separation. Dot blot analyses of puri-
fied ERBB4-ECD-Fc protein preparations with comparisons made to a
dose curve of human IgG were performed; blots were probed with
anti-Fc antibodies and quantified using a LI-COR Odyssey infrared im-
ager to determine fusion protein levels. B4-ECD lacks the kinase domain.
B4-ECD binds with high affinity to the EGF-like domain of NRG1
(Fitzpatrick et al., 1998) and has been used to induce NRG1 process-
ing and NRG1-ICD release from the membrane (Bao et al., 2003).

Immunofluorescence studies. Cortical cultures were fixed in 4% form-
aldehyde/4% sucrose/1X PBS for 15 min. After fixation, cells were
washed for 5 min with 1X PBS for three times. Subsequently, cells were
blocked for 30 min with a blocking solution containing 10% normal
donkey serum or 3% goat serum, depending on the secondary antibodies
used, 0.25—0.3% Triton X-100, 3% BSA, and 1X PBS. Cells were incu-
bated at 4°C overnight with primary antibodies diluted in the blocking
solution. Cells were washed three times and then incubated with second-
ary antibodies for 45 min. All fluorophore-conjugated secondary anti-
bodies were purchased from Invitrogen as 2 ug/ml stock solutions and
used at a dilution of 1:1000. Cells were washed three times before mount-
ing in ProlongGold (Invitrogen).

Subcellular localization of type III NRG1. For subcellular localization of
type ITI NRG1, dispersed cortical neurons (0.5 X 10 cells per well) were
plated on 24-well plates containing 12 mm poly-lysine-laminin-coated
glass coverslips (BD Biosciences). At the indicated day in vitro (DIV),
cells were processed for immunofluorescence studies using sheep anti-
CRD [raised against a synthetic peptide derived from human type III
NRG1 amino acid residues 92-122 (Yang et al., 1998); 1:1000; purified
IgG] as the primary antibody and Alexa Fluor 488 donkey anti-sheep IgG
as the secondary antibody. Images were captured with a Zeiss LSM 510
META scanning confocal microscope as 0.5 wm stacks at 63X magnifi-
cation. For colocalization with MAP2, the following primary and second-
ary antibody pairs were used: sheep anti-CRD and Alexa Fluor 568
donkey anti-sheep IgG; mouse anti-MAP2 ascites (1:3000; Sigma-
Aldrich) and Alexa Fluor 488 donkey anti-mouse IgG. Neurons were
counterstained with 4',6"-diamidino-2-phenylindole (DAPI) and im-
aged with a Zeiss LSM 510 multiphoton confocal microscope at 40X
magnification, 1.5X digital zoom, and 0.5 um interval. For colocaliza-
tion with VGLUT1 and MAP2, the following primary and secondary
antibody pairs were used: sheep anti-CRD and Alexa Fluor 488 donkey
anti-sheep IgG, mouse anti-MAP2 ascites and Alexa Fluor 647 donkey
anti-mouse IgG, and rabbit anti-VGLUT1 (1:250; Synaptic Systems) and
Alexa Fluor 568 donkey anti-rabbit IgG. Neurons were imaged with a
Zeiss LSM 510 META confocal microscope at 100X magnification, 1.0X
digital zoom, and 0.5 wm interval.

Axon and dendrite studies. Dispersed embryonic day 18 (E18)/E19 cor-
tical neurons (0.5 X 10° cells per well) from wild-type and type III Nrgl
knock-out animals were plated on 24-well plates containing 12 mm poly-
lysine-laminin-coated glass coverslips. A few hours after plating, cells
were transfected with pEGFP-C3 encoding enhanced green fluorescent
protein (EGFP) (0.15 ug/well; Clontech) using Lipofectamine 2000 (In-
vitrogen). For the rescue experiments, cortical neurons were transfected
with pEGFP-C3 (0.15 pg/well) alone or together with a plasmid (0.45
pg/well) encoding Gal4p,y,-tagged NRG1-WT, NRGI1-T307A/G308A,
NRGI1-V321A/V322A, NRG1-K329A/Q330A or NRGI-WT or NRG1-
V321L with no Gald, tag. Two days after transfection, cells were processed
for immunofluorescence studies. For ERBB kinase inhibitor experiments,
cells were treated with DMSO (1:1000) or 4-[(3-bromophenyl)amino]-6-
(methylamino)-pyrido[3,4-d]pyridimine (PD158780) (1 um; Calbiochem)
for ~20-24 h before fixation. Transfected neurons were double labeled
with rabbit anti-green fluorescent protein (GFP) antibodies (1:3000; In-
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vitrogen) to outline the entire neuron including processes and mouse
anti-MAP2 antibodies (1:3000; Sigma-Aldrich) to identify the somato-
dendritic regions of neurons. The fluorophore-conjugated secondary an-
tibodies used were Alexa Fluor 555 donkey anti-mouse IgG and Alexa
Fluor 488 donkey anti-rabbit IgG. Cells were mounted in ProlongGold
containing DAPI (Invitrogen).

Image stacks of GFP- and MAP2-positive neurons with intact nuclei
showing no signs of nuclear fragmentation were captured at 40X mag-
nification, 1.5X digital zoom, and 0.5 wm interval using a Zeiss LSM 510
META scanning confocal microscope. Only neurons with identifiable
axons were included in the analysis. Axons do not stain for MAP2 except
in the region very proximal to the cell body. Axons were defined as the
longest process extended from the cell body exhibiting a taper appear-
ance and maintaining about the same thickness throughout the entire
length. These features are reminiscent of those of neurons in the cortical
plate (i.e., the cell dense zone just beneath the molecular layer) in vivo.
Axons and dendrites were analyzed for the total length and number of
branch points using Zeiss LSM software.

Studies of basal dendrites of YFP-labeled cortical neurons. Brains of E19
YFP-expressing, wild-type and type III Nrgl heterozygous and knock-
out embryos were immersion fixed in 3% paraformaldehyde/1X PBS for
1 h at room temperature and sectioned into coronal sections (300 wm)
on a vibratome. Slices were immunostained with rabbit anti-GFP as the
primary antibody and Alexa Fluor 488 donkey anti-rabbit IgG as the
secondary antibody. Brain sections were mounted in ProlongGold. Im-
age stacks of YFP-labeled neurons were captured at 40X magnification,
1.5X digital zoom, and 0.5 wm interval using a Zeiss LSM 510 META
scanning confocal microscope. Basal dendrites of individual neurons
were traced through the entire image stack. Total length of all basal
dendrites and number of basal dendritic branches of each neuron were
quantified.

Luciferase reporter assays. Dispersed postnatal day 0 (P0)/P1 cortical
neurons (10° cells per well) from C57BL/6 mice were plated on poly-
lysine-laminin-coated 12-well plates and transfected at 2 DIV using Li-
pofectamine 2000. Cells were cotransfected with 0.5 ug of constructs
encoding mouse wild-type NRG1 (NRG1-WT) or different mutants of
NRGI fused with Galdp,p, (i.e., NRG1-T307A/G308A, NRG1-V321A/
V322A, or NRG1-K329A/Q330A) together with 0.5 pg of Gal4-UAS-
luciferase in p4Luc (Bao et al., 2003). To control for transfection
efficiency, cells were also transfected with phRL-CMV (Promega) encod-
ing Renilla luciferase. Twenty-four hours after transfection, cells were
treated with 6.25 ul per well of the vehicle (50% glycerol in 1X PBS) or
6.25 ul per well of B4-ECD to a final concentration of 2 nm under normal
growth condition. Cells were harvested for luciferase assays ~20 h after
treatment. Luciferase assays were performed using Dual-Glo Luciferase
Assay System (Promega) and a GloMax 96 Microplate Luminometer
(Promega). Background values for firefly and Renilla luciferase were sub-
tracted from all measurements. After background corrections, values of
firefly luciferase were normalized against those of Renilla luciferase to
control for transfection efficiency.

Nuclear localization studies of Gal4 immunoreactivity. Dispersed PO
cortical neurons (0.6 X 10° cells per well) from wild-type C57BL/6 mice
were plated on 24-well plates containing 12 mm poly-lysine-laminin-
coated glass coverslips. Cells were transfected at 1 DIV with a plasmid
(0.75 ug/well) encoding NRG1-WT or NRG1-V321A/V322A using Li-
pofectamine 2000. Two days after transfection, cells were treated with
10% DMSO in water (1:2000) or the <y-secretase inhibitor (5S)-(t-
butoxycarbonylamino)-6-phenyl-(4 R)hydroxy-(2 R)benzylhexanoyl)-
L-leu-L-phe-amide (L685458) (1 um; Sigma-Aldrich) for 1 h followed by
a 20 min treatment with 3.75 ul per well of 50% glycerol/1X PBS or 3.75
ul per well of B4-ECD to a final concentration of 2 nm. Subsequently,
cells were processed for immunofluorescence studies using the following
primary and secondary antibody pairs: mouse anti-Gal4 (1:200; Abcam;
or 2 ug/ml; Zymed) together with Alexa Fluor 488 donkey anti-mouse
IgG; sheep anti-CRD (1:500; purified IgG) together with Alexa Fluor 568
donkey anti-sheep IgG. Confocal image stacks were captured with a Zeiss
LSM 510 multiphoton confocal microscope at 100X magnification and 1
wm interval. The single optical section through the nucleus of individual
neuron was selected for analysis using NIH Image]. To determine the
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amount of nuclear Gal4,,5,-tagged NRG1-ICD immunoreactivity, we
measured the mean pixel value of Gal4,p, fluorescence intensity within
the DAPI-stained nucleus. All measurements were normalized against
those of vehicle-treated (i.e., 10% DMSO in water followed by 50% glyc-
erol/1X PBS) NRG1-WT-expressing cells.

Statistical analysis. The results were analyzed by performing the non-
parametric Mann—Whitney rank sum test for comparisons between two
groups or Kruskal-Wallis test for multigroup comparisons using Sig-
maStat (SPSS). Statistically significant differences between control and
experimental conditions are specified in the text.

Results

Type III NRG1 regulates dendritic development of cortical
neurons in vivo

To investigate functions of type III NRGI signaling in the devel-
opment of neuroconnectivity in cortex, we began by studying the
growth and branching of basal dendrites of cortical neurons from
YFP-expressing, type III Nrgl knock-out (KO/YFP ™) mice as
well as their wild-type (WT/YFP ™) littermates. The expression of
YFP from Thy1-YFP transgene has been shown to label only py-
ramidal neurons in the mouse cortex (Feng et al., 2000) (supple-
mental Fig. 1, available at www.jneurosci.org as supplemental
material). In addition, the morphology of cortical pyramidal
neurons is outlined by YFP localizing to cell bodies and projec-
tions (Wang et al., 2006). Confocal image stacks of YFP-labeled
cortical pyramidal neurons were analyzed for the total length and
number of branches of basal dendrites. We studied the basal den-
drites of 60 WT/YFP * and 55 KO/YFP * cortical pyramidal neu-
rons. Our results revealed that basal dendrites of cortical neurons
from KO/YFP * mice (i.e., KO/YFP " neurons) showed a signif-
icant 52% reduction ( p < 0.001) in the total length and a 44%
decrease (p < 0.001) in the number of branches (Fig. 1). In
contrast, KO/YFP * mice show no apparent defect in the cortical
plate thickness (supplemental Fig. 2, available at www.jneurosci.
org as supplemental material), and this is consistent with normal
development of cortical cell layers in mice lacking ERBB2/ERBB4
(Barros et al., 2009). In sum, type III NRGI signaling is required
for full elaboration of the basal dendritic arbors of cortical pyra-
midal neurons.

Type III NRG1 function is essential for the elaboration of
both dendrites and axons of cortical neurons in vitro

To delineate the molecular signaling mechanisms involved in
type III NRGI1 function in the development of cortical connec-
tivity, we performed additional experiments in cortical neuronal
cultures. We began by examining the subcellular distribution of
type III NRGI in cortical neurons in culture using an antibody
recognizing the CRD, which is present only in type III NRGI
(Yang et al,, 1998) (supplemental Fig. 3, available at www.
jneurosci.org as supplemental material). Type III NRG1 was de-
tected throughout the soma and along both dendrites (MAP2-
positive processes) and glutamatergic axons (VGLUT1-positive
but MAP2-negative processes) of cortical neurons (Fig. 2A-C).
These results are consistent with the somatodendritic and pre-
synaptic localization patterns of NRG1 isoforms in human pre-
frontal cortical neurons (Law et al., 2004) as well as type I NRG1
function in the development of cortical connectivity in vivo.

To study whether type III NRGI regulates the growth and
complexity of dendrites and axons of developing cortical neu-
rons, we compared the total length and extent of branching of
dendrites and axons of cortical neurons cultured in vitro from
WT and type III Nrgl KO mice. Cortical neurons were plated at
equal densities and transfected with a plasmid encoding EGFP to
outline the entire neuron including processes. Cells were immu-
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Figure 1. Type lll NRG1 regulates dendritic development of cortical neurons in vivo. Confocal

image stacks of YFP-labeled neurons in the cortical plate of E19 type lll Nrg 7 knock-out (KO/YFP )
mice as well as their wild-type (WT/YFP ) littermates were captured and analyzed for the total
length and number of basal dendritic branches. 4, Shown are images from collapsed image stacks of
WT/YFP * and KO/YFP  cortical neurons. YFP expression is shown in green. KO/YFP * cortical neu-
ron shows decreased complexity of basal dendrites. B, €, Results from KO/YFP ™ neurons were com-
pared with that of WT/YFP * neurons. KO/YFP ™ neurons had reduced total basal dendritic length
and fewer basal dendritic branches. The results are based on three independent experiments: WT/
YFP ™ neurons (60 neurons, 5animals), KO/YFP * neurons (55 neurons, 3 animals). Scale bar, 10 um.
Values represent means == SEM. **p << 0.001.

nostained for EGFP and MAP2, a somatodendritic marker of
neurons. Cortical neurons maintained in vitro are polarized with
distinguishable dendrites versus axons (see Materials and Meth-
ods). Moreover, dendrites stain positive for MAP2, whereas ax-
ons do not stain for MAP2 except in the region very proximal to
the cell body. Confocal image stacks of EGFP- and MAP2-
positive neurons were analyzed for the total length and number
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of branch points of dendrites and axons. This method of GFP
labeling of the neuronal processes of mouse cortical neurons has
been previously used to study a number of morphological param-
eters including total dendritic length and the number of branch
points per cell (Whitford et al., 2002).

We quantified total dendritic length and the number of den-
dritic branch points for 47 WT cortical neurons and 64 KO cor-
tical neurons; KO neurons had a significant reduction in total
dendritic length and number of branch points (length, 258.2 *
22.5 vs 130.9 * 9.8 wm; branch point, 7.5 £ 1.3 vs 3.4 = 0.5
branch points; p < 0.05) (Fig. 2D—F). We also quantified axonal
length and number of axonal branch points for 39 WT cortical
neurons and 88 KO cortical neurons, and found that the total
axonal length of KO neurons was significantly decreased
(668.2 £ 72.7 vs 443.2 = 36.5 um; p < 0.05) (Fig. 2G). The
number of axonal branch points was not significantly different
between WT neurons versus KO neurons (19.9 = 2.5vs 18.2 =
1.7 branch points) (Fig. 2 H). Collectively, our results indicate
that type III NRGI signaling is critical to the elaboration of both
dendrites and axons in the cortex.

Alanine substitutions at residues 321/322 in the C-terminal
transmembrane domain abolish y-secretase-dependent type
III NRG1 signaling via the intracellular domain

After synaptic activation, membrane depolarization or ERBB
binding, type III NRG1 undergoes 7y-secretase-dependent in-
tramembranous cleavage to release the intracellular domain
(NRG1-ICD) from the membrane (Bao et al., 2003, 2004) (Fig.
3A). The released NRG1-ICD translocates to the nucleus to reg-
ulate gene expression (Bao et al., 2003, 2004) (Fig. 3A). To study
whether NRG1 signaling via the intracellular domain contributes
to the development of dendrites and axons, we began by identi-
fying type III NRG1 mutants defective in processing and there-
fore signaling to the nucleus. We generated alanine mutations in
the C-terminal transmembrane domain and the nuclear localiza-
tion signal (NLS) of type III NRGI (Fig. 3B). Subsequently, the
ability of mutant forms of NRG1 to translocate to the nucleus was
assayed by measuring transcriptional activation of a luciferase
reporter gene in the nucleus. Cortical neurons were transiently
cotransfected with constructs encoding full-length type IIl NRG1
(NRG1-WT) or one of three mutant forms of NRG1 (i.e., NRG1-
T307A/G308A, NRG1-V321A/V322A, and NRGI1-K329A/Q330A)
fused to Gal4 DNA-binding domain (Gal4,5p,), together with a
luciferase reporter gene containing the Gal4-UAS promoter con-
trolled by Gal4,5p. Under control conditions, neither wild-type
nor mutant forms of NRGI fused with Galdpp, induced the
Gal4-UAS promoter and the transcription of the luciferase re-
porter (Fig. 3C). Previous studies demonstrated that treatment of
cells with soluble ERBB4 containing only the extracellular domain
fused to the Fc domain of human IgG (B4-ECD) (Fitzpatrick et al.,
1998) leads to NRG1 proteolytic processing, nuclear transloca-
tion, and transcriptional activation (Bao et al., 2003). Treatment
of NRG1-WT-expressing cells with 2 nm B4-ECD induced lucif-
erase expression approximately threefold, indicating release and
nuclear targeting of Gal4,5,-tagged NRG1-ICD (1 = 4 vector, 6
NRG1-WT plus B4-ECD; p < 0.05) (Fig. 3C). ERBB binding
similarly induced luciferase expression in NRG1-T307A/G308A-
expressing neurons (n = 4 NRG1-T307A/G308A plus B4-ECD;
p < 0.05) (Fig. 3C). Thus, mutations at residues 307/308 had no
effect on NRGI processing, nuclear translocation, and transacti-
vation. In contrast, in neurons expressing NRG1-V321A/V322A
or NRG1-K329A/Q330A, the levels of luciferase activity after
ERBB binding were similar to vector control (n = 5 NRGI-
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Figure 2.  Type Il NRG1 is expressed in cortical neurons and functions in the development of dendrites and axons in vitro. A, Cortical
neurons (9 DIV) from E18 WT mice were processed forimmunostaining of type Il NRGT (green). Endogenous type Il NRG1 expression was
detected in the cell bodies and neuronal processes (arrowheads). A single optical section through the center of the z-stack is shown. B,
Dispersed PO WT cortical neurons (3 DIV) were immunostained with antibodies for type Il NRG1 (red) and the somatodendritic marker
MAP2 (green). The nuclear morphology is revealed by DAPI staining (blue). Collapsed images of z-stacks are shown. Type I NRGT is present
in the cell bodies as well as MAP2-positive processes (arrowheads) of cells. C, Dispersed cortical neurons (3 DIV) from an E19 type Ill Nrg7
heterozygous mouse were immunostained with antibodies against type lll NRG1 (green), MAP2 (blue), and the glutamatergic axonal
marker VGLUTT (red). Type Il NRG1 was detected in the axonal branches (i.e., MAP2-negative but VGLUT1-positive processes; yellow
arrows) and the dendritic branches (i.e., MAP2- and VGLUT1-positive processes; white arrowheads). Collapsed images of z-stacks are
shown. D—H, EGFP (green) was transiently expressed in dispersed WT and KO neurons. Dendrites and axons of EGFP/MAP2 positive neurons
were analyzed for the total length and number of branch points. KO neurons showed shorter total dendritic length (D, E), fewer dendritic
branch points (D, F),and shorter total axonal length (G) than WT neurons. Axonal branch point numbers (H) were not significantly different
between WT versus KO neurons. Only partial view of the axon (i.e., the longest branch) is shown in D. Note that the total length and number
of branch points of dendrites or axons of WT versus KO neurons are also shown in Figure 4. See Figure 4 legend for additional information.
Scale bars, 10 um. Values represent means == SEM. *p << 0.05; n.s., not significant.
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neurons, we stimulated cortical neur-
ons expressing a construct encoding
NRG1-WT or NRG1-V321A/V322A with
B4-ECD in the absence or presence of a
y-secretase inhibitor (L685458) and quan-
tified immunoreactive Gal4y,-tagged
NRG1-ICD in the DAPI-labeled nucleus.
The following results are from the analysis
of nuclear Gal4 staining in a total of 101
cells from two independent experiments.
In vehicle-treated NRG1-WT-expressing
cells, Galdps, (green) was detected in
soma and processes and weakly in nuclei
(blue), indicating low levels of nuclear tar-
geting of NRG1-ICD in the basal state
(Fig. 3D; each panel is from a single opti-
cal section through the center of individ-
ual nucleus). Stimulation of processing
and translocation via B4-ECD treatment
resulted in a 1.6-fold increase in nuclear
Gal4 staining in NRGI1-WT-expressing
cells, indicating enhanced nuclear local-
ization of Gal4py-tagged NRGI-ICD
(Fig. 3D,E). This B4-ECD-stimulated
NRGI-ICD nuclear localization in NRG1-
WT-expressing cells was blocked by in-
hibiting y-secretase activity (Fig. 3E). This
result is consistent with previously re-
ported nuclear translocation of NRGI-
ICD mediated by y-secretase in 293T cells
(Bao et al., 2003). However, B4-ECD
failed to stimulate the nuclear transloca-
tion of NRGI-ICD in NRGI1-V321A/
V322A-expressing cells (Fig. 3D, E). More-
over, the y-secretase inhibitor had no ad-
ditional effect on the nuclear level of
NRGI-ICD in NRGI1-V321A/V322A-
expressing cells, further implicating valine
residues 321 and 322 in +y-secretase-me-
diated NRG1 processing (Fig. 3E). In sum,
the valine residues at positions 321/322 in
the C-terminal transmembrane domain
are essential for vy-secretase-dependent
NRGI1-ICD nuclear translocation and tran-
scriptional activation.

Rescue of defective dendritic
phenotypes of type ITI Nrgl knock-out
cortical neurons by full-length type III
NRGI requires valine residues within
the C-terminal transmembrane domain
and nuclear localization signal

Defects in the complexity of dendrites and
the outgrowth of axons of cortical neu-
rons in type III Nrgl mutant mice (Figs. 1,
2) indicated that aspects of type IIl NRG1
signaling contribute to the morphological

V321A/V322A plus B4-ECD, 5 NRG1-K329A/Q330A plus B4-
ECD) (Fig. 3C), indicating that alanine substitutions at these
residues interferes with B4-ECD-induced NRG1 processing, nu-
clear targeting, and transcriptional activation.

To confirm that valine residues 321/322 are required for
y-secretase-dependent type III NRG1 signaling in cortical

development of cortical neurons. Type III NRG1-ERBB com-
plexes can signal via activation of ERBB kinases and via the intra-
cellular domain of NRG1 (Bao et al., 2003, 2004; Mei and Xiong,
2008). As such, we first tested whether NRG1 signaling via the
intracellular domain contributes to the development of dendrites
and axons. We analyzed the growth and branching pattern of
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dendrites and axons of type III Nrgl KO
neurons expressing NRG1-WT or NRG1
mutants defective in processing and intra-
cellular domain signaling. KO neurons
expressing NRG1-WT had total dendritic
length and number of dendritic branch
points that were similar to that of WT
neurons and were significantly higher
than those of KO neurons (n = 40
NRG1-WT neurons) (Fig. 4A—C) (also see
Fig. 4D,E) (35 NRG1-WT neurons; p <
0.05). Thus, restoring type III NRG1 ex-
pression in KO neurons rescued dendritic
defects in a cell-autonomous manner. Ex-
pression of NRG1-T307A/G308A re-
stored dendritic length and branch points
of KO neurons (n = 51 NRG1-T307A/
G308A neurons; p < 0.05) (Fig. 4B,C). In
contrast, the total dendritic length and
number of branch points of NRGI-
V321A/V322A-expressing KO neurons
were comparable with that of KO neu-
rons, indicating that the NRG1-V321A/
V322A mutant failed to rescue the dendritic
defects of KO neurons (n = 43 NRGI-
V321A/V322A neurons) (Fig. 4A—C). There-
fore, the ability of type III NRGL to restore
normal dendritic phenotypes when ex-
pressed in KO neurons requires specific
valine residues within the C-terminal trans-
membrane domain, but not the nearby
amino acids 307/308.

To directly demonstrate the importance
of nuclear translocation of the NRG1-ICD
in the regulation of dendritic development
of cortical neurons, we assessed the effects of
alanine substitutions of the NLS (Bao et al.,
2003, 2004) on the ability of NRGI to re-
store normal dendritic phenotypes of KO
neurons. As expected, full-length NRG1 ex-
pression restored the total dendritic length
and branch points in KO neurons (n = 16
WT neurons, 48 KO neurons, 35 NRG1-
WT neurons; p < 0.05) (Fig.4 D, E). How-
ever, we found that the total dendritic
length and number of branch points
of NRG1-K329A/Q330A-expressing KO
neurons were comparable with that of KO
neurons demonstrating that the NLS mu-
tant, NRG1-K329A/Q330A, failed to res-
cue the dendritic defects of KO neurons
(n = 37 NRG1-K329A/Q330A neurons)
(Fig. 4D, E). Collectively, our results indi-
cate that NRGI mutants defective in
y-secretase-dependent signaling are un-
able to promote dendritic growth and
branching of cortical neurons.

Type III NRG1 regulation of axonal
growth of cortical neurons requires
different aspects of NRG1 signaling
Stimulated by our findings that the elabo-
ration of dendrites requires type IIl NRG1
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tivation. 4, Type lllNRGT undergoes proteolytic cleavage (yellow arrows), first in the extracellular juxtamembrane region and subsequently
in the TMc. The second cleavage is -y-secretase dependent and releases NRG1-ICD from the membrane. N, N-terminal; C, C-terminal; CRD,
cysteine-rich domain; EGF, EGF-like domain; TMc, C-terminal transmembrane domain; ICD, intracellular domain. B, Schematic of chimeric
wild-type NRGT (NRG1-WT) and mutant NRG1 Galdyg, fusion constructs used in the study. Positions of alanine substitutions are shown.
NLS, Nuclear localization signal. ¢, NRG1-WT, NRG1-T307A/G308A, NRG1-V321A/V322A, or NRGT-K329A/Q330A Gal4,g, chimera was
coexpressed with a luciferase reporter construct to assay nuclear localization and reporter gene expression in cortical neurons. Cells were
treated with vehicle or the extracellular domain of ERBB4 (B4-ECD). Firefly/Renilla luciferase luminescence ratios were determined. Lumi-
nescence values (means == SEM) based on four individual experiments are shown: n = 4vector, 6 NRG1-WT plus B4-ECD, 4 NRG1-T307A/
G308A plus B4-ECD, 5 NRG1-V321A/V322A plus B4-ECD, 5 NRG1-K329A/Q330A plus B4-ECD. AU, Arbitrary units. *p << 0.05; n.s., not
significant. D, E, NRG1-WT or NRG1-V321A/V322A was transiently expressed in cortical neurons. Cells were treated with vehicle or B4-ECD
inthe absence or presence of a -y-secretase inhibitor (L685458), processed forimmunofluorescent localization of Galdyg, (Gal4; green),and
nuclear stained with DAPI (blue). Transfected neurons were identified based on Gal4 staining. Confocal image stacks of Gal4yg, localization
were acquired. In D, a single optical section through the nucleus of a vehicle-treated NRGT-WT-expressing, a B4-ECD-treated NRGT-WT-
expressing, or a B4-ECD-treated NRG1-V321A/V322A-expressing cellis shown in each panel. In vehicle-treated NRG1-WT-expressing cells,
Gal4 immunoreactivity was detected in the soma and processes and weakly in nuclei. Treatment with B4-ECD enhanced nuclear Gal4
staining in NRG1-WT-expressing cells but notin NRG1-V321A/V322A-expressing cells. Nuclear Gal4immunoreactivity was quantified in 30
and 71 neurons in two independent experiments, and results are presented in E. Within each experiment, the mean Gal4 intensity from all
analyzed neurons per condition was first determined and then normalized against that of vehicle-treated NRG1-WT-expressing cells to
obtain “fold induction of nuclear Gal4 intensity.” The average of two values of fold induction from two experiments is plotted in the graph.
Stimulation of type Il NRG1 processing and translocation via B4-ECD treatment resulted in 1.6-fold increase in the nuclear localization of
Galdpg,-tagged NRG1-ICD. In NRGT-WT-expressing cells, this increase in the nuclear localization of Gal4pg,-tagged NRG1-ICD in response
to B4-ECD was eliminated by the -y-secretase inhibitor. In NRG1-V321A/V322A-expressing cells, ERBB binding via B4-ECD treatment failed
to stimulate nuclear translocation of Gal4,-tagged NRG1-ICD in the absence or presence of the y-secretase inhibitor. Scale bar, 10 wm.
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Figure 4. The development of cortical dendrites but not axons specifically requires nuclear

targeting of the intracellular domain of type IIl NRG1. EGFP (green) was transiently expressed in
dispersed WT and KO neurons. Rescue was assessed by coexpression of wild-type and mutant
forms of NRGT with EGFP. A, KO neurons show shorter dendritic length and fewer branch points
than WT neurons. Coexpression of NRGT-WT in KO neurons rescued dendritic growth and
branching pattern. In contrast, coexpression of mutant NRG1-V321A/V322Ain KO neurons does
not restore normal dendritic phenotypes. Only partial view of the axon (i.e., the longest branch)
is shown. B-G, EGFP/MAP2-positive neurons were analyzed for total dendritic length (B, D),
number of dendritic branch points (C, E), total axonal length (F), and number of axonal branch
points (G). Expression of NRG-WT or mutant NRG1-T307A/G308A in KO neurons rescued den-
dritic length (B, D), number of dendritic branch points (C, E), and axonal length (F). Mutant
NRG1-V321A/V322A expression failed to restore the dendritic phenotypes of KO neurons (B, €)
but rescued the axonal length (F). Similarly, expression of NRG1-K329A/Q330A in KO neurons
failed to rescue the total dendritic length (D) and number of branch points (E) but restored the
axonal length (F). WT neurons, KO neurons, and KO neurons expressing either wild-type or
mutant forms of NRG1 exhibited comparable axonal branch points (G). Where indicated in D
and E, NRGT-WT-expressing KO neurons were treated with PD158780, an ERBB kinase inhibitor
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signaling via the intracellular domain, we asked whether axonal
growth also involves NRGI signaling via the intracellular do-
main. To address this question, we assessed the ability of wild-
type versus mutant forms of type III NRGI to rescue the axonal
phenotypes of KO neurons. In KO neurons expressing full-length
type III NRGI, the total axonal length was similar to that of WT
neurons demonstrating the ability of NRG1 to restore normal
axonal growth of KO neurons (n = 65 NRG1-WT neurons) (Fig.
4 F). Furthermore, this ability of NRG1 to restore normal axonal
growth was not affected by mutations of the transmembrane
domain, or of the NLS; KO neurons expressing type III NRG1
mutants showed comparable total axonal length as WT neurons
(n=45NRG1-T307A/G308A neurons, 34 NRG1-V321A/V322A
neurons, and 17 NRG1-K329A/Q330A neurons) (Fig. 4 F). Nei-
ther wild-type nor mutant forms of type III NRG1 affected the
number of branch points of KO neurons (Fig. 4G). In contrast to
dendritic development, type III NRG1 therefore regulates axonal
growth in a cell-autonomous fashion that does not require the
transcriptional functions of the NRG1-ICD.

Rescue of dendritic morphology of cortical neurons is
independent of ERBB kinase activity

NRG1 binding to ERBB receptor kinases initiates intracellular
signaling cascades that are critical to neuronal functions (Meiand
Xiong, 2008). Previous studies have implicated NRG1-ERBB sig-
naling in the morphological development of hippocampal neu-
rons and dendritic development of cerebellar granule cells
(Gerecke et al., 2004; Rieff and Corfas, 2006). In cortical neurons,
it remains unclear whether NRG1 signaling via ERBB kinase ac-
tivation contributes to the growth and branching of dendrites.
We therefore assessed the ability of full-length type III NRGI to
restore normal dendritic phenotypes when expressed in KO neu-
rons in the presence of an ERBB kinase inhibitor, PD158780. This
inhibitor blocks ligand-induced activation of ERBB tyrosine ki-
nases and prevents subsequent tyrosine phosphorylation of
ERBB intracellular domain (supplemental Fig. 4, available at
www.jneurosci.org as supplemental material). We found that the
total dendritic length and number of branch points were compa-
rable between untreated and ERBB kinase inhibitor-treated
NRGI1-WT-expressing KO neurons (n = 48 ERBB inhibitor-
treated NRG1-WT neurons) (Fig. 4D,E) (also see Fig. 5C,D)
(n = 30 ERBB inhibitor-treated NRG1-WT neurons). Hence, the
rescue of dendritic growth and branching by type III NRG1 does
not require ERBB kinase activity.

<«

(ERBB inhibitor). Expression of NRG1-WT in KO neurons restored dendritic length (D) and num-
ber of branch points (E) even in the presence of the ERBB kinase inhibitor. The dendrite results
presented in B and Care based on three independent transfections: WT neurons (47 neurons, 3
animals), KO neurons (64 neurons, 5 animals), NRG1-WT-expressing KO neurons (40 neurons, 3
animals), NRG1-T307A/G308A-expressing KO neurons (51 neurons, 5 animals), and NRG1-
V321A/V322A-expressing KO neurons (43 neurons, 4 animals). The dendrite data shown in D
and E are based on two independent transfections: WT neurons (16 neurons, 2 animals), KO
neurons (48 neurons, 4 animals), NRG1-K329A/Q330A-expressing KO neurons (37 neurons, 4
animals), NRG1-WT-expressing KO neurons (35 neurons, 4 animals), and ERBB inhibitor-treated
NRG1-WT-expressing KO neurons (48 neurons, 4 animals). The axon results presented in F and
Garebased on four independent transfections: WT neurons (39 neurons, 3 animals), KO neurons
(88 neurons, 6 animals), NRGT-WT-expressing KO neurons (64 neurons, 6 animals), NRG1-
T307A/G308A-expressing KO neurons (45 neurons, 5 animals), NRG1-V321A/V322A-
expressing KO neurons (34 neurons, 4 animals), and NRGT-K329A/Q330A-expressing KO
neurons (17 neurons, 2 animals). Scale bar, 10 .em. Values represent means == SEM. *p << 0.05;
n.s., not significant.
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view of the axon (i.e., the longest branch) is shown. Expression of NRG1-WT but not NRG1-V321Lin KO neurons restored the total dendritic length (€) and the number of dendritic branch points (D).
The presence of an ERBB kinase inhibitor (ERBB inhibitor), PD158780, did not affect the ability of NRG1-WT to rescue dendritic phenotypes of KO neurons (€, D). The total dendritic length (€) and the
number of dendritic branch points (D) of £rbB4 knock-out cortical neurons (B4KO) were not significantly different from that of WT neurons. Expression of NRG1-WT or NRG1-V321L in KO neurons
restored axonal length (E). The total axonal lengths (E) of WT neurons versus B4KO neurons were comparable. WT neurons, KO neurons, KO neurons expressing either NRG1-WT or NRG1-V321L, and
B4KO neurons were not significantly different in the number of axonal branch points (F). The dendrite data shown in Cand D are based on two independent transfections: WT neurons (42 neurons,
3 animals), KO neurons (51 neurons, 4 animals), NRG1-WT-expressing KO neurons (29 neurons, 2 animals), ERBB inhibitor-treated NRG1-WT-expressing KO neurons (30 neurons, 2 animals),
NRG1-V321L-expressing KO neurons (34 neurons, 2 animals), and B4KO neurons (24 neurons, 2 animals). The axon results presented in £ and F are based on three independent transfections: WT
neurons (31 neurons, 2 animals), KO neurons (54 neurons, 8 animals), NRGT-WT-expressing KO neurons (27 neurons, 3 animals), NRG1-V321L-expressing KO neurons (35 neurons, 3 animals), and

B4KO neurons (24 neurons, 2 animals). Scale bar, 10 um. Values represent means == SEM. *p << 0.05; n.s., not significant.

Cortical neurons of ErbB4 knock-out embryos show normal
development of dendrites and axons

The results of our pharmacological studies indicate that type III
NRG1 might regulate the morphological development of cortical
neurons independent of ERBB kinase activity in vivo. To test this
possibility, we analyzed the growth and branching pattern of den-
drites and axons of cortical neurons of ErbB4 knock-out embryos
rescued from early embryonic lethality by cardiac expression of
ERBB4 (Tidcombe et al., 2003). The total dendritic length and
number of dendritic branch points of ErbB4 knock-out cortical
neurons (B4KO neurons) were not significantly different from
that of WT neurons (n = 24 B4KO neurons) (Fig. 5C,D). Our
analysis also revealed that B4KO neurons had normal axonal
length and branch points (n = 24 B4KO neurons) (Fig. 5E, F).
Thus, the development of dendrites and axons of cortical neu-
rons does not require ERBB4. Collectively, our results from phar-
macological and genetic studies indicate that type III NRGI
signaling regulates growth and branching of cortical dendrites
and axons in a cell-autonomous manner that does not require
ERBB kinase activity.

The intramembranous valine residue 321 is required for type
III NRG1 function in the development of dendrites but not
axons of cortical neurons

Our results indicate that the ability of type III NRGI to restore
normal dendritic phenotypes of KO neurons requires specific
valine residues within the C-terminal transmembrane domain
critical to intramembranous processing and nuclear transloca-
tion. A SNP that has been linked to increased risk for developing
schizophrenia results in a leucine substitution for one of these
valines (i.e., valine 321) (Walss-Bass et al., 2006). We therefore
tested the effects of the comparable valine-to-leucine substitution
of this residue (i.e., valine 321) on the ability of type IIl NRG1 to
support normal dendritic development in KO neurons (Fig. 5A).
As before, the expression of wild-type type III NRG1 in KO neu-
rons restored the dendritic length and branch point number to
levels of WT neurons (n = 42 WT neurons, 51 KO neurons, 29
NRG1-WT neurons; p < 0.05) (Fig. 5C,D). However, the total
dendritic lengths and branch points were similar between KO
neurons and KO neurons expressing the NRG1-V321L mutant,
demonstrating that the mutant failed to rescue dendritic defects
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of KO neurons (n = 34 NRG1-V321L neurons) (Fig. 5B-D).
Thus, the highly conserved valine residue in the C-terminal trans-
membrane region is critical to the ability of type III NRGI1 to
regulate dendritic phenotypes in cortical KO neurons.

We also assessed the ability of NRG1-V321L mutant to sup-
port normal axonal growth. As before, the expression of full-
length type III NRG1 in KO neurons restored total axonal length
to levels comparable with that of WT neurons (n = 31 WT neu-
rons, 54 KO neurons, 27 NRG1-WT neurons) (Fig. 5E). NRG1-
V321L mutantalso restored axonal growth (n = 35 NRG1-V321L
neurons) (Fig. 5E). In addition, WT neurons, KO neurons, and
KO neurons expressing either NRG1-WT or NRG1-V321L are
not significantly different in axonal branch points (Fig. 5F). We
conclude that the highly conserved valine 321 involved in type III
NRGTI signaling via the intracellular domain plays an important
role in NRGI regulation of dendritic development but is not
required for NRG1 function in axonal growth.

Discussion

Our results reveal that type III NRG1 plays a crucial role in the
normal development of both dendrites and axons of cortical neu-
rons. Type III NRGI regulation of dendritic complexity requires
v-secretase-dependent signaling via the NRG1 intracellular do-
main. Our pharmacological and genetic studies further indicate
that type III NRGI signaling via the intracellular domain regu-
lates cortical dendritic development independent of ERBB kinase
activity and, more specifically, ERBB4 function per se. These re-
sults not only reflect the ability of type III NRG1 to function as a
receptor but also demonstrate the importance of type III NRG1
signaling via the intracellular domain in the development of cor-
tical connectivity. In contrast to dendritic development, type III
NRG1 regulation of axon extension does not involve y-secretase-
dependent signaling via the intracellular domain and is likely to
be related to y-secretase-independent type IIl NRG1 activation of
PtdIns 3-kinase signaling in axons (Hancock et al., 2008). In sum,
our results clearly demonstrate differential requirements for type
III NRGI-mediated signaling pathways in the growth and
branching of dendrites versus axons in the developing cortex.

A substitution of valine residue 321 to leucine is associated
with schizophrenia (Walss-Bass et al., 2006). In cells expressing
NRGI mutant containing this valine-to-leucine substitution as
well as in cells deficient in y-secretase, there is an increase in the
levels of partially processed NRG1 (Dejaegere et al., 2008). These
findings demonstrate that the valine mutation or a lack of
y-secretase results in ineffective NRG1 processing, thereby impli-
cating a role of valine 321 in y-secretase-mediated intramembra-
nous cleavage. We show here that the valine substitution
abolishes type IIT NRG1 signaling via the intracellular domain
and leads to dendritic defects of cortical neurons presumably by
disrupting y-secretase-dependent intramembranous processing.

Type III NRGI rescue of the dendritic defects of type III Nrgl
KO cortical neurons does not require ERBB kinase activity. In
addition, cortical neurons from mice lacking ERBB4 do not have
altered dendritic phenotypes. Therefore, type III NRG1 appears
to regulate cortical dendritic development independent of ERBB
kinase activation, and ERBB4 function per se. Clearly, our results
in cortical pyramidal neurons are distinct from demonstrations
for NRG1 function via ERBB kinase signaling in the morpholog-
ical development of hippocampal neurons and cerebellar granule
cells (Gerecke et al., 2004; Rieff and Corfas, 2006) as well as in
promoting the maturation of dendritic spines (Barros et al.,
2009). It remains unclear as to why NRG1 signaling via ERBB
kinases plays a role in the morphological development of hip-
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pocampal neurons and cerebellar granule cells but not in cortical
neurons. The differences in NRG1 versus ERBB requirement
might reflect differences in their expression patterns. In the ro-
dent hippocampus and cortex, ERBB4 expression has recently
been shown to be selectively expressed in interneurons and not
pyramidal neurons (Vullhorst et al., 2009; Fazzari et al., 2010;
Neddens and Buonanno, 2010). In cerebellum, ErbB4 mRNA is
expressed only in mature granule cells and not in other neuronal
types (Elenius et al., 1997).

The lack of dendritic phenotypes in cortical neurons from the
ErbB4 mutant embryos raises the question of how NRG1 signaling is
stimulated. Synaptic activation and membrane depolarization have
been shown to stimulate y-secretase-dependent cleavage of type III
NRGI as well as other substrates (Bao et al., 2003, 2004; Inoue et al.,
2009). There is mounting evidence for activity-dependent regulation
of dendritic development of neurons (Chen and Ghosh, 2005; Flavell
and Greenberg, 2008) and the presence of spontaneous activity in
cultured cortical neuronal networks (Kamioka et al., 1996; Lin et al.,
2002). Neuronal activity may thus represent a critical signal for trig-
gering type III NRG1 proteolytic processing and signaling during
cortical development.

In summary, we demonstrate that type III NRGI plays an
essential role in the development of cortical connectivity. The
current study also uncovers a signaling mechanism for type III
NRGI that is specifically required for the development of den-
drites but not axons of cortical neurons and provides insights into
the ERBB kinase activity-independent mechanisms that control
the early growth and patterning of cortical dendrites. Valine 321,
which is required for NRG1 proteolytic cleavage, nuclear trans-
location, and function in dendritic development, is associated
with increased risk for developing schizophrenia (Walss-Bass et
al., 2006). This raises the intriguing possibility that altered NRG1
intramembranous processing and defective signaling via the
intracellular domain of NRG1 contribute to abnormal devel-
opment of neuroconnections implicated in the etiology of
schizophrenia.
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