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Neurobiology of Disease

Type III Neuregulin-1 Is Required for Normal Sensorimotor
Gating, Memory-Related Behaviors, and Corticostriatal

Circuit Components
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Neuregulin-1 (Nrgl)/erbB signaling regulates neuronal development, migration, myelination, and synaptic maintenance. The Nrgl gene
is a schizophrenia susceptibility gene. To understand the contribution of Nrgl signaling to adult brain structure and behaviors, we
studied the regulation of type III Nrgl expression and evaluated the effect of decreased expression of the type III Nrgl isoforms. Type III
Nrglistranscribed by a promoter distinct from those for other Nrgl isoforms and, in the adult brain, is expressed in the medial prefrontal
cortex, ventral hippocampus, and ventral subiculum, regions involved in the regulation of sensorimotor gating and short-term memory.
Adult heterozygous mutant mice with a targeted disruption for type Il Nrgl (Nrgl "™"'"*"*/~) have enlarged lateral ventricles and
decreased dendritic spine density on subicular pyramidal neurons. Magnetic resonance imaging of type III Nrgl heterozygous mice
revealed hypofunction in the medial prefrontal cortex and the hippocampal CA1 and subiculum regions. Type III Nrg1 heterozygous mice
also have impaired performance on delayed alternation memory tasks, and deficits in prepulse inhibition (PPI). Chronic nicotine
treatment eliminated differences in PPI between type III Nrgl heterozygous mice and their wild-type littermates. Our findings demon-
strate a role of type III Nrgl signaling in the maintenance of corticostriatal components and in the neural circuits involved in sensori-

motor gating and short-term memory.
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Introduction

The Neuregulin-1 (Nrgl) gene encodes a family of signaling pro-
teins mediating cell—cell interaction in the brain and other organs
by signaling through erbB receptor tyrosine kinases (Buonanno
and Fischbach, 2001; Falls, 2003). Functions of Nrgl on the cel-
lular and synaptic levels of the nervous system have been assessed
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by stimulating or interfering with Nrgl/erbB signaling. Addition
of recombinant Nrgl protein to neurons in vitro alters glutama-
tergic, GABAergic, and cholinergic synaptic transmission as well
as inducing structural changes of hippocampal and cerebellar
neurons (Ozakietal., 1997; Yang et al., 1998; Rieff et al., 1999; Liu
etal., 2001; Okada and Corfas, 2004; Gu et al., 2005; Kwon et al.,
2005; Woo etal., 2007). Ablation of presynaptic Nrgl or postsyn-
aptic erbB signaling prevents cholinergic and glutamatergic syn-
apse maturation and plasticity (Yang et al., 1998; Li et al., 2007).
Genetic deletion of components of Nrgl/erbB signaling results in
transformation of radial glial cells into astrocytes (Schmid et al.,
2003), loss of interneurons or sensory and motor neurons (Wol-
powitz et al., 2000; Bao et al., 2003; Flames et al., 2004), decreased
myelination (Chen et al., 2003; Michailov et al., 2004; Taveggia et
al., 2005; Roy et al., 2007), and aberrant axonal projections (Wol-
powitz et al., 2000; Lopez-Bendito et al., 2006).

More than 15 Nrgl isoforms are generated from the Nrgl gene
through distinct promoter usage and alternative splicing (Falls,
2003; Steinthorsdottir et al., 2004). Different Nrgl isoforms are
expressed in disparate areas in the brain and play discrete, some-
times complementary, roles in neural development (Meyer et al.,
1997; Anton et al., 2004; Flames et al., 2004; Michailov et al., 2004;
Taveggia et al., 2005; Lopez-Bendito et al., 2006) (for review, see
Falls, 2003). Highly expressed throughout embryonic and post-
natal brain development (Meyer et al., 1997; Anton et al., 2004;
Longart et al., 2004), type III Nrgl isoforms interact with erbB
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receptors on neighboring neurons or glia in a juxtacrine manner
(Wang et al., 2001; Falls, 2003; Taveggia et al., 2005). Moreover,
juxtacrine signaling between type III Nrgl and erbB receptors is
bidirectional, mediating neuronal survival and activity-
dependent synaptic plasticity (Bao et al., 2003, 2004).

The importance of type III Nrgl in the nervous system has
been revealed by studies on isoform-specific knock-out mice.
Complete loss of type III Nrgl expression leads to widespread
failure to maintain peripheral synapses, degeneration of sensory
and motor neurons, and defective neuronal and axonal migra-
tion in the telencephalon (Wolpowitz et al., 2000; Flames et al.,
2004; Lopez-Bendito et al., 2006). Type III Nrgl heterozygous
mice have hypomyelination (Michailov et al., 2004; Taveggia et
al., 2005). Studies using cells derived from type III Nrgl mutant
mice have also established the importance of these isoforms in
neuronal survival, presynaptic targeting of a7-containing nico-
tinic acetylcholine receptors, and the establishment of certain
glutamatergic synapses (Bao et al., 2003) (C. Zhong, M. Hancock,
C.Du, S. Singer, M. Mertz, L. Role, and D. Talmage, unpublished
observations). To further elucidate the physiological functions of
type III Nrgl in the development and maintenance of neural
circuits of particular importance for schizophrenia, we assessed
the regulation of type III Nrgl expression and the effects of het-
erozygous disruption of the type III Nrgl gene.

Materials and Methods

Animals

Type III Nrgl heterozygous mutant mice (Nrgl ™"''*%) and their wild-
type littermates were generated by crossing heterozygotes, yielding a ratio
of two heterozygotes and one wild type, because homozygous mutant
mice die at postnatal day 0 (P0) (Wolpowitz et al., 2000). Heterozygous
crossing has been practiced for >20 generations, resulting in animals
with a homogeneous genetic background for most genes except for the
type III Nrgl gene locus. Genotypes were determined by PCR as de-
scribed previously (Wolpowitz et al., 2000). Animals were maintained on
a 12 h light/dark cycle and provided with food and water ad libitum.
Animal testing was conducted in accordance with the Principles of Labo-
ratory Animal Care and the guidelines of the National Institutes of Health
and the Institutional Animal Care and Use Committee.

Rapid amplification of 5'-cDNA end analysis

Rapid amplification of 5'-cDNA end (5'-RACE) analysis was performed
by following the manufacturer’s instruction (Invitrogen). Total RNA was
isolated from PO mouse whole brain using TRIzol (Invitrogen) and
RNeasy Mini kit (QIAGEN). Two micrograms of total RNA were re-
versed transcribed (50 min; 50°C) using gene-specific primer a. First-
strand cDNA was purified with S.N.A.P. column, and then the cDNA end
was end-labeled with terminal transferase and dCTP. Gene-specific
primer b was used in the first PCR amplification with abridged anchor
primer (AAP), which recognized poly(C) sequences of the cDNA tails.
The PCR products were used as templates for nested PCR with gene-
specific primer ¢ and abridged universal amplification primer (AUAP).
Nested PCR products were purified and subcloned into the pBSSK (—)
vector and inserts from four to approximately six clones were sequenced.
Both AAP and AUAP are provided by the 5'-RACE kit. Sequences of each
of the primers were as follows: primer a for exon 2, 5'-CTGCCTTCTT-
TGCGCTCAGA-3'; primer b for exon 2, 5'-GGTGTCTCGGGGCTA-
CTCT-3’; primer c for exon 2, 5'-cgggatccTTGGACGCAGGCGCTC-
CTCCTT-3'; primer a for exon 7, 5'-AAGGGCTTCTAGCAACTATG-
3'; primer b for exon 7, 5'-CCAAACCATCCCGGTTGGTTCA-3';
primer c for exon 7, 5'-cgggatccGTATCCCAAACTGAAAGGCATGT-
3’. The capital letters are sequences from exons, whereas the lowercase
letters are sequences with BamHI site designed for cloning.

In situ hybridization
Mouse i situ probes for type III Nrgl and ErbB4 were from 607 to 1206
nt of GenBank accession number AF045654 and 30883957 nt of acces-
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sion number L07868, respectively. In situ hybridization results were ob-
tained using nonradioactive, digoxigenin (DIG)-UTP-labeled probes
(sense and antisense) according to manufacturer’s instructions (Roche).
Mice (P3-P14) were fixed in 4% paraformaldehyde by transcardial per-
fusion, and brains were removed and postfixed overnight at 4°C. After
cryoprotection in 30% sucrose, brains were embedded in OCT, and 12
pum coronal sections were cut and collected on slides. Sections were
treated with 4% paraformaldehyde for 20 min and washed in PBS. Then
they were treated with acetic anhydride solution (295 ml of H,O with 4
ml of triethanolamine, 0.525 ml of concentrated HCIl, and 0.75 ml of
acetic anhydride) and washed with PBS. The sections were placed in a
slide mailer containing prehybridization solution (50% formamide, 1X
Denhardt’s, 0.1% Tween 20, 250 wg/ml Escherichia coli MRE 600 tRNA,
500 ug/ml herring sperm DNA) and incubated at room temperature for
2 h. Hybridization was done at 70°C overnight with DIG-UTP-labeled
RNA probes (sense or antisense) in the prehybridization solution at a
concentration of 1 ng/ul. The next day, the sections were washed at 70°C
with 5X SSC for 10 min and 0.2X SSC for four times (30 min each).
Another 0.2X SSC wash at room temperature was followed by a TBS
wash (0.1 m Tris, pH 7.5, 0.15 M NaCl). The sections were blocked with
10% sheep serum in TBS for 1 h at room temperature before incubating
with an alkaline phosphatase-conjugated anti-DIG antibody (Roche;
1:4000; in TBS with 10% sheep serum and 0.1% Triton X-100) overnight
at 4°C. Sections were then washed with TBS containing 0.1% Triton
X-100 three times for 45 min total. For the color development, sections
were equilibrated with buffer containing 0.1 m Tris, pH 9.5, 0.1 M NaCl,
50 mm MgCl,, 0.1% Triton X-100, and 0.24 mg/ml levamisole for 10 min
before applying NBT/BCIP (nitroblue tetrazolium/5-bromo-4-chloro-
3-indolyl phosphate) (Roche; 20 ul/ml in the above buffer) and incu-
bated at 37°C for 4—6 h. After color development, sections were mounted
and photographed without counterstaining.

Lateral ventricle measurement

Brains from wild-type and type III Nrgl heterozygous sibling mice (age-
matched animals from P1, P22, 3 months, 6 months, 7 months, and 16
months) were fixed with 4% paraformaldehyde by transcardial perfusion
and postfixed overnight at 4°C. After cryoprotection in 30% sucrose for
24 h, brains were embedded in OCT and serial coronal brain sections (20
pum thickness) were mounted on slides and stained with hematoxylin to
reveal gross morphology. The parameters used to assess the regions of
lateral ventricle areas measured include the following: (1) identification
of three structural landmarks (genu of the corpus callosum, anterior
commissure, and the fimbria of the hippocampus), (2) gross morphol-
ogy of surrounding tissue, and (3) a minimum of five (400 um to 1 mm
apart) serial sections per animal.

Golgi impregnation and dendritic spine analysis

Five wild-type and five heterozygous age-matched (6 months of age)
littermate pairs were killed by exposure to CO,. The brains were removed
and processed with a modification of the Golgi-Cox method (Glaser and
Van der Loos, 1981). Sections were cut from Parlodion (nitrocellulose)
blocks at a thickness of 200 wm.

Neurons in the inner pyramidal cell layer of the ventral subiculum
were chosen for tracing by systematic random sampling. To ensure ac-
curate analysis, we required that at least 150 uwm of length of the main
shaft of the apical dendrite be included in the section, and we excluded
neurons whose dendrites were obscured by stained bodies of other cells.
One to six neurons were traced from each section containing the subic-
ulum area, and at least four neurons were analyzed per animal.

Neurons were observed on an Axioplan2 microscope (Carl Zeiss) us-
ing a C-APOCHROMAT 63X water immersion objective (numerical
aperture, 1.2). Real-time images were obtained by a digital video camera
(Digital Video Camera Company) and cells were traced on a computer
monitor by an observer, blind to genotype, using Neurolucida software
(MBEF Bioscience). For each cell traced, the software quantified dendritic
structure. Concentric three-dimensional shells of increasing radius (in
10 wm increments) were centered on the soma of the neuron. The num-
bers of spines, and total dendritic length between adjacent shells were
determined separately for the apical dendrite and the combined basilar
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dendrites of each neuron. The spine density between adjacent shells was
calculated by dividing spine numbers by dendritic length. The analyses
for the apical dendrites were restricted from 0 to 380 wm away from
soma, because there are only a few neurons with apical dendrites longer
than 350 wm. The average lengths are ~325 um for both genotypes. After
the analyses were completed, genotypes were unmasked. Effects of geno-
type were analyzed using nonparametric analyses [Kolmogorov—Smir-
nov tests (K-S tests)].

In vivo imaging

To assess cortical and hippocampal function with in vivo imaging, we
used a high-resolution magnetic resonance imaging technique that esti-
mates regional cerebral blood volume (CBV) (Moreno et al., 2006), a
validated correlate of neuronal function (Small, 2003). Mice (six +/+
and nine +/—; 6 months of age) were imaged with a 9.4 T Bruker scanner
(AVANCBYV 400WB spectrometer; Bruker NMR) by following a previ-
ously described protocol (Pereira et al., 2007). Briefly, axial T2-weighted
images were optimally acquired with a fast sequence (time to repeat/
effective echo time, 2000/70 ms; 30 mm inner diameter birdcage radio
frequency probe; shielded gradient system, 100 g/cm; rapid acquisition
with relaxation enhancement factor, 16; field of view, 19.6 mm; acquisi-
tion matrix, 256 X 256; number of slices, 8; slice thickness, 0.6 mm; slice
gap, 0.1 mm; number of excitations, 28). Four sets of images were ac-
quired sequentially, each requiring 16 min. The first set was precontrast.
Gadodiamide was then injected (13 mmol/kg, i.p.) through a catheter
placed intraperitoneally before imaging. The last three sets corresponded
to the postcontrast images. To prevent head motion and reduce anxiety,
the animals were anesthetized with isoflurane gas [1.5% (v/v) for main-
tenance at 1 liter per minute of air flow] via a nose cone. Monitoring of
the heart rate, respiratory rate, and oxygen saturation was performed
during the whole procedure. Relative CBV was mapped as changes of the
transverse relaxation rate (AR %) induced by the contrast agent. When the
contrast agent reaches uniform distribution, CBV maps can be measured
from steady-state T2-weighted images as CBV ©AR?> = In(S,e/Spose)/
TE, where TE is the effective echo time, S,,,. is the signal before the
contrast administration, and S, is the signal after the contrast agent
reaches steady state. To control for differences in levels of contrast ad-
ministration, cardiac output, and global blood flow, the derived maps
were normalized to the maximum 4 pixel signal value of the posterior
cerebral vein. Visualized anatomical landmarks were used together with
standard atlases to identify the localization of regions of interest. Regions
of interest included the five hippocampal subregions (dentate gyrus, the
CA3 subfield, the CA1 subfield, subiculum, and the entorhinal cortex);
the nucleus accumbens; the medial prefrontal cortex including medial
orbital cortex, prelimbic cortex, and infralimbic cortex; and finally, lat-
eral prefrontal cortex including sensory and motor cortex. The normal-
ized CBV measurements [regional cerebral blood volume (rCBV)] from
each subregion were used for group data analyses.

Behavioral analyses

Behavioral studies were conducted on either sibling male mice (5-7
months of age; T-maze) or age-matched male animals [3—8 months of
age, prepulse inhibition (PPI) assay; 8—11 months of age, PPI assay with
nicotine administration] as described by Glickstein et al. (2002) and
Stefansson et al. (2002). Mice were acclimated to the behavioral testing
room for 1 week before the test.

Locomotor activity in a novel open field. For locomotor activity in a
novel open field, each mouse was placed in a square open field box (17 X
17 X 12 inches) in a dark room for 30 min as described previously
(Stefansson et al., 2002). Photocell beam measurements of open-field
locomotion can evaluate total amount of movement, rate of movement,
and type of spontaneous activity. Activity data were collected in 5 min
intervals (bins) over the 30 min test period and were analyzed with
ANOVA. Mice are age-matched wild-type and type III Nrgl heterozy-
gous mice (5-7 months).

Continuous delayed alternation test in a T-maze. For the continuous
delayed alternation test in a T-maze, we adapted the method using an
apparatus similar to that described previously (Glickstein et al., 2002).
Animals were food deprived for 2 weeks until body weight reached 80%
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of initial value (2.5 g of food per animal per day). Daily feedings were
subsequently adjusted so that each animal maintained body weight at
~80% of the starting weight. For all experiments, the T-maze apparatus
was located at the same position in a quiet room. All experiments were
conducted between 2:00 and 4:00 P.M. (for training and short-delay
periods) or 12:00 and 6:00 P.M. (for long-delay periods).

Training was as follows: Animals were introduced to T-maze with both
arms baited with food (honey nut cereal) for 3 consecutive days, followed
by 3 d of “forced alternation choice.” In this phase, animals could enter
either arm (both left and right arms were open and baited with food; “L/R
choice”) and eat for 12 s before they were replaced in the holding cham-
ber. In subsequent trials (forced choice), animals were barred from entry
of the arm just visited and open to the opposite (baited) arm of the
T-maze, training the animals to alternate choices to obtain the reward.
During the final training phase (2-3 weeks), each day began with one
forced choice followed by 10 free-choice trials. In free-choice trials, both
arms were open but only the arm opposite to the arm baited on the
previous trial was baited. During training, there was a 7 s delay time
between trials when the animals remained in the holding chamber. If the
animals made the wrong choice (i.e., entered the arm visited in the pre-
vious trial), they would be kept in the arm for 12 s before being placed
back to the holding chamber. In this case, the baited arm for the next trial
would not be changed (i.e., the bait remained in the opposite arm).
Because wild-type and type IIT Nrgl heterozygous animals did not differ
in their acquisition of the rule, the training session ended when the
average percentage of correct trials of all animals reached 80% on 3
consecutive days.

In the first series of tests, nine wild-type and nine type III Nrgl het-
erozygous littermates (4 months of age at the start of testing) were sub-
jected to one delay for all trials within a day, and with the following delays
used on successive test days: 15, 20, 30, 45, 60, and 120 s. On each day, the
animals were tested at the indicated delay time for 10 continuous trials.
For the 15 and 60 s delay shown in Figure 6, A and B, we used 2 d averages
of the first five trials for individual animals. In the second series, 9 wild-
type and 13 type III Nrgl heterozygous littermates (6—7 months at the
start of testing) were subjected to a mixture of different delay periods
across 12 continuous trials each day. The animals were acclimated to the
mixed-delay paradigm with six trials of 5 s delay and six trials of 15 s delay
(in a sequence of 15-15-5-5 for three times). Animals were next tested
with four trials of 15 s delay, four trials of 30 s delay, and four trials of 60 s
delay (in a sequence of 60-15-30 for four times). Two day averages of
performance were obtained for individual animals at 15 s delay and at
60 s delay from the 60-15-30 mixed-delay tests as shown in Figure 6, A
and B.

Prepulse inhibition. For PP, mice were placed in acoustically isolated
startle chambers (MED Associates). The test started with a 10 min accli-
mation followed by three sessions of trials. Background noise was 70 dB
throughout the acclimation and trial periods. Sessions 1 and 3 included
10 trials of startle stimuli (120 dB; 40 ms). Session 2 consisted of 56 trials
in which startle response magnitude (the area under curve), peak latency,
and onset latency to each stimulus were obtained for trials in which the
startle stimulus was presented alone or preceded by 100 ms with a 15 ms
prepulse. The prepulse amplitude was 2, 4, or 8 dB above background
(Stefansson et al., 2002). The startle response was defined as changes in
force on the floor (i.e., “displacement”) between 30 and 70 ms after the
onset of the startle stimulus. Animals failing to emit a reliable baseline
startle response of at least 100 arbitrary units were excluded (Stefansson
etal.,, 2002), resulting in an exclusion of approximately one-third of both
WTs and Nrg 1 type III heterozygotes. PPI was calculated as 1 — (ppr[x]/
st), where ppr[x] is the average startle response across trials presenting a
prepulse of amplitude x, and sr is the average startle response across trials
in which the startle stimulus was presented alone. Data were analyzed by
mixed-model repeated-measures ANOVA with genotype as an indepen-
dent variable and prepulse amplitude as the repeated measure.

Nicotine treatment paradigm. We began nicotine administration 6
weeks after initial PPI testing (mice were 8—11 months of age) by inclu-
sion in the drinking water of (—)-nicotine and 2% sucrose. The concen-
trations of nicotine were stepped up progressively from 25 to 100 pg/ml
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AGLAGGCAGA GGCAAGGGGAL AGGGCAAGAA GAAGGACCGG GGATCCCGCG JTGGATAATGG CCTTGGACTT GGGTGCCTTA TCGATTTCCC CCTTCAAGAT
GGRAGCCCGC GCCCGCCGAA GGCGACCCGA GCCCAGGTGA GTGCCAGCCG GCTGTATCAT TTGGTTGGGG GGAGCTCTGC ATGGTAATGC ACTGTGAGAG
AGGCCGGGCC TTCTGGAGGT GATCCGGATG GAGATTTATC CCCCAGACAT
GTCTGAGGGA GCTGGCGGGA GGTCCTCCAG CCCCTCCACT CAGCTGAGTG
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Figure 1. Neuregulin 1 gene and protein structures and the transcriptional start sites for type | and type Il Nrg1 isoforms. A, The Nrg1 gene structure on mouse chromosome 8 (top) and the

domain organization of three major types of Nrg1 proteins (bottom). Top, The colored blocks indicate individual exons. The approximate sizes of the introns are also indicated (not drawn to scale).
AllNrg1 proteins share the EGF-like domain necessary for binding ErbB receptors. Each major type of Nrg1 protein is encoded by a distinct N-terminal exon: exon 2 (type ), exon 1 (type Il), and exon
7 (type Ill), respectively. Three additional 5" exons found in humans that encode type IV, V, and VI are shown as hatched boxes. C-terminal to the EGF domain, Nrg1 proteins either exist as soluble
(B3) or transmembrane proteins (the B1a variant is depicted). Nrg1 heterozygous mutant mice that are described in supplemental Table 2 (available at www.jneurosci.org as supplemental
material) are labeled to indicate regions (isoforms) that are disrupted in each mutant mouse. S, Spacer; CRD, cysteine-rich domain; EGF, EGF-like domain; TM, transmembrane domain. B,
Transcriptional start sites for type | and type Il Nrg1 mRNA were identified by sequencing multiple PCR products amplified using a standard 5"-RACE protocol. The identified 5" ends of type | (left)
and type Il (right) transcripts are underlined and colored (red and blue, respectively). All type | products originated at nucleotide — 542 relative to the translational initiation codon in exon 2 (bold
ATG). Four distinct 5" ends for type IIl transcripts were identified 593, 705, 716, and 722 nt 5" to the first coding ATG in exon 7 (the black letters indicate noncoding sequences, and the colored letters
indicate coding sequences). The dashed lines with arrows pointing the orientation indicate primers (I-a, -b, -c; CRD-a, -b, -) used in 5"-RACE (see Materials and Methods). The sequence information
is extracted from Celera locus cra_cmgc_G 307972 BP.

an independent variable), 0.32 (genotype), and 0.57 (between treatment
by genotype).

at the first week, and then maintained at 200 pg/ml until retesting in PPI
assay (6 weeks later).

Statistical analysis

Data obtained from some of the morphological analyses and behavioral
experiments were distributed with multimodal and/or skewed normal
profiles (as assessed by Tukey’s stem and leaf). Such data were analyzed

Results
Promoter analysis of Nrgl and type III Nrgl mRNA
expression in the perinatal brain

using mixed-model and/or nonparametric (Kolmogorov—Smirnov)
analyses to test for statistical significance. The data of lateral ventricle
volume were subjected to log-linear transformation followed by ANO-
VAs. All other data were subjected to standard ANOVAs followed by the
use of Tukey’s post hoc comparisons or Student’s ¢ tests for planned
comparisons. The results of power analyses for each ANOVA are re-
ported in the supplemental material (available at www.jneurosci.org).
Data were analyzed with StatView Software (SAS Institute) or SPSS. The
power for each of the ANOVA analyses is as follows: genotype as an
independent variable: lateral ventricle (LV), 0.69; functional brain imag-
ing, 0.97 [subiculum (SUB)], 0.78 (CA1), 0.73 [medial prefrontal cortex
(mPFC)], 0.57 (CA3); locomotor activity, 0.15; startle response, 0.11;
PPJ, 0.59. For the nicotine effects on PPI, the power is 0.19 (treatment as

The Nrgl gene encodes three major groups of isoforms that are
defined by their first coding exon (Fig. 1A) (Falls, 2003). Type I
Nrgl and type II Nrgl both contain an Ig domain N-terminal to
the EGF domain, whereas type III Nrgl contains a cysteine-rich
domain N-terminal to the EGF-like domain. Genetic and cell
biological studies reveal that different Nrg1 isoforms play discrete
and sometimes complementary roles in neural development
(Meyer et al., 1997; Wolpowitz et al., 2000; Falls, 2003; Flames et
al., 2004; Michailov et al., 2004; Taveggia et al., 2005; Lopez-
Bendito et al., 2006). Generation of multiple isoforms of Nrgl
likely results from a combination of differential promoter usage
and alternative splicing (Falls, 2003). To investigate the molecu-
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Figure2.  Expression of type lll Nrg1in the brain. In situ hybridization with a sense (A, D) or
an antisense RNA probe (B, €, E, F) specific for type Il Nrg1 revealed prominent expression
(arrowheads) in corticolimbic regions of perinatal mouse brains including the following: the
medial prefrontal cortex, anterior cingulate (Cg), prelimbic cortex (PrL), infralimbic cortex (IL),
and forcepts minor of corpus callosum (fmi) (B, €, €'); hippocampal formation, particularly CA3
and ventral subiculum (vSUB) (E, F, F'). Cand F are enlarged views of the boxes delineated in B
and E. The insets (C’, F’) in Cand F are enlarged views of areas delineated by white boxes. G,
ErbB4 mRNA is expressed throughout the ventral striatum, which receives type Il Nrg1-positive
projections from PFCand ventral hippocampus. ac, Anterior commissure. Scale bars: B (for 4, B),
E (for D, E), 800 um; C, F, G, 200 wm; €', F', 20 wm.

lar mechanisms regulating the expression patterns of type III-
versus type I-containing Nrgl isoforms, we asked whether dis-
tinct promoters control Nrgl transcription. 5'-RACE identified
multiple transcriptional start sites continuous with, and within 1
kb of the type III Nrgl coding region (Fig. 1B), indicating that a
unique type IIT Nrgl core promoter lies immediately adjacent to
the first exon of type III Nrgl.

The importance of type III Nrgl in the nervous system is
supported by studies of isoform-specific knock-out mice (Wol-
powitz et al., 2000; Bao et al., 2003; Flames et al., 2004; Michailov
et al., 2004; Taveggia et al., 2005; Lopez-Bendito et al., 2006). To
investigate roles of type III Nrgl in postnatal brain development,
we examined RNA expression of type III Nrgl and one of its
receptors, ErbB4 in mice. Type III Nrgl mRNA is expressed in
medial prefrontal cortex and hippocampus (Fig. 2 B,C,E, F), ar-
eas associated with attention, executive function, and memory
(Naber et al., 2000; Vinogradova, 2001; Dalley et al., 2004). In the
medial prefrontal cortex, type III Nrg1 is highly expressed in layer
5 in the cingulate cortex, prelimbic, and infralimbic cortices (Fig.
2B, C). In the hippocampus, type III Nrgl is predominantly seen
in the CA3 and the subiculum (Fig. 2 E, F). Fewer cells are positive
for type III Nrgl mRNA in the CA1 region, although the strength
of expression is high (Fig. 2E). ErbB4 expression is detected in
projection fields of the prefrontal cortex and ventral hippocam-
pus, including the ventral striatum (Fig. 2G). As such, Nrgl/
ErbB4 signaling might be required for the maintenance of normal
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cortical and hippocampal structures and may influence corti-
colimbic circuits and related behaviors.

Decreased type III Nrgl results in enlarged lateral ventricles
and decreased dendritic spine density on subicular neurons
To investigate the possible role of type III Nrgl in adult brain
organization and in the performance of specific behaviors, we
compared adult type III Nrgl heterozygous mutant mice (+/—)
with wild-type (+/+) siblings [the homozygous mutants die at
birth (Wolpowitz et al., 2000)]. Examining overall anterior brain
morphology in coronal sections from +/+ and +/— sibling pairs
revealed enlarged lateral ventricles in +/— animals. Serial sec-
tions were aligned by major landmarks [e.g., genu of the corpus
callosum (cc); anterior commissure (ac)] (Fig. 3A) to permit
comparisons between genotypes of the area indicated in Figure
3A. Starting with sections at the most anterior limb of the corpus
callosum (section S1) to sections including the hippocampal for-
mation (section S10), the lateral ventricular volume of +/— mice
ranged from 1.2 to 25 times larger than in comparable sections
from +/+ littermates (Fig. 3 B, C). Analysis of age-matched ani-
mals revealed statistically significant differences in total LV vol-
ume between +/+ and +/— animals (Fig. 3D) (n = 13 +/+ vs 18
+/—; p < 0.02). Thus, reduced type III Nrgl signaling has a
significant effect on gross morphology of adult brains, an effect
that is more pronounced in older animals (Fig. 3D).

Nrgl/ErbB signaling contributes to synaptic plasticity and
maturation at glutamatergic synapses (Bao et al., 2004; Li et al.,
2007). Acute treatment with Nrgl protein induces neurite out-
growth, extension, and branching in hippocampal neurons in
vitro (Gerecke et al., 2004). Knockdown of ErbB4 with RNA in-
terference in CA1 pyramidal neurons leads to decreased dendritic
spine density in the CA1 pyramidal neurons (Li et al., 2007). The
abundant expression of type III Nrgl in the subicular region
suggests a possible role in the synaptic plasticity of pyramidal
neurons, in which proper dendritic arborization and spine den-
sity are required for accurate integration and processing of the
convergent information from the hippocampus and extrahip-
pocampal inputs. To analyze the dendritic spine density of sub-
icular pyramidal neurons, brains from five pairs of +/+ and type
III Nrgl +/— sibling mice were processed with modified Golgi
methods (see Materials and Methods). We focused our analysis
on coronal sections containing the ventral subiculum, where type
III Nrgl is highly expressed (Fig. 4A). The entire dendritic field
(branches and spines on the apical dendrites and basilar den-
drites) of individual, randomly chosen pyramidal neurons (n =
30 neurons for +/+; n = 44 neurons for +/—) from the inner
layer of the subiculum were traced and analyzed. Two represen-
tative tracings of +/+ and +/— neurons are shown in Figure 4 B.
Compared with their +/+ littermates, type III Nrgl +/— mice
have significantly lower spine densities within the proximal apical
dendrites of the pyramidal neurons (~50-210 wm from the cen-
ter of the soma) (Fig. 4C,D). Nonparametric Kolmogorov—Smir-
nov test using genotype as an independent variable and averaged
apical spine density as an dependent variable revealed significant
difference between genotype (x> = 48.9; Pgenotype < 0.0001). The
difference in spine density was significant along multiple 10 wm
bins (K-S test: p < 0.05 at 50, 80, 140, 180, 190, 200, and 270; p <
0.01 at 70, 100, 150, 170, and 230) (Fig. 4 D). Similarly, the spine
density on the basilar dendrites of pyramidal neurons was lower
from 40 to 100 wm away from the soma in type III Nrgl +/—
than in +/+ mice, although none of the 10 wm bins reached
statistical significance (data not shown). There were no statisti-



Chen etal. @ Type lll Nrg1 and Corticolimbic Circuits

J. Neurosci., July 2, 2008 - 28(27):6872— 6883 * 6877

lum (Groenewegen et al., 1987; Jay and
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1993; Barbas and Blatt, 1995; Carmichael
and Price, 1995). Assessment of rCBV in
+/+ versus +/— mice revealed signifi-
cantly lower rCBV in the medial prefrontal
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cortex (ANOVA test: F = 7.61, p < 0.02),
but not in the nucleus accumbens of +/+
controls (Fig. 5C) (ANOVA test: mPFC,
F = 7.61, p < 0.02; nucleus accumbens,
F = 0.5, p = 0.49). There were no signifi-
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cally significant differences in dendritic intersections or dendritic
lengths between genotypes (data not shown).

Decreased type III Nrgl leads to hypofunction in subregions
of the hippocampus and the medial prefrontal cortex
Dendritic spines are the sites of most excitatory synaptic inputs
and are known to be formed or eliminated in response to sensory
experiences and neural activities (Engert and Bonhoeffer, 1999;
Zuo et al., 2005; Holtmaat et al., 2006; Sheng and Hoogenraad,
2007). To determine whether structural alterations in hippocam-
pal pyramidal neurons are translated into functional alterations,
we compared rCBV, an indicator of brain metabolism and neu-
ronal function (Gonzalez et al., 1995; van Zijl et al., 1998; Small,
2003), of type IIT Nrgl +/— mice versus +/+ controls (n = 6
+/+ vs 9 +/—) (Fig. 5A-D). Compared with +/+ littermates,
type III Nrgl +/— mice have significantly lower rCBV in CA3,
CALl, and the subiculum of the hippocampus (Fig. 5B, C) (differ-
ences between genotype using ANOVA test: SUB, F = 16.2, p <
0.002; CAl, F = 8.5, p < 0.02; CA3, F = 5.4, p < 0.04). The
functional activity of the dentate gyrus and the entorhinal cortex,
major input pathways to the hippocampal trisynaptic circuit,
were not significantly different between genotypes (Fig. 5B,C)
(differences between genotype using ANOVA test: entorhinal
cortex, F = 1.7, p = 0.21; DG, F = 2.4, p = 0.15). Medial pre-
frontal cortex (medial orbital cortex, prelimbic cortex, and a frac-
tion of the infralimbic cortex) as well as the ventral striatum
(nucleus accumbens) receive inputs from CAl and the subicu-

Enlarged lateral ventricles in type lll Nrg1 heterozygous mice. A, Diagram of coronal brain section, landmarks, and
areas of lateral ventricle measured from wild-type (+/+) and type lll Nrg1 heterozygous (+/—) sibling pairs. Scale bar: 300
m. c¢, Corpus callosum; LV, lateral ventricle; ac, anterior commissure. B, €, Representative results obtained from adult sibling
pairs previously tested in T-maze and prepulse inhibition assays (Figs. 7, 8 A). B, Hemisections from representative anterior
regions measured. Top, Wild type (+/-); bottom, heterozygote (+/—). Hipp, Hippocampus; fi, fimbria. C, LV volume (in cubic
micrometers) calculated from serial coronal sections and plotted from most anterior () to posterior (S10) regions of wild-type
() versus heterozygous () mice. D, Plot of LV volume (at level of $3) from 13 wild-type and 18 heterozygous mice (age-
matched +/+ and +/— cases are connected with lines). Note that y-axis is discontinuous. There was a statistically significant
difference of LV volume between wild-type and heterozygous animals (ANOVA for LV volume after log transformation, F; , =

cant differences between +/+ and +/—
mice in rCBV of the lateral frontal cortex
(sensory/motor cortex) (Fig. 5C) (ANOVA
test: F = 2.8, p = 0.12). Calculation of the
Pearson’s correlation coefficient showed a
significant positive correlation between
rCBV in the medial prefrontal cortex and
in the subiculum (Fig. 5D) (the Pearson’s
correlation coefficient is 0.743; p = 0.002;
R*=0.552).

Decreased type III Nrgl results in
impaired performance in short-term
memory tasks and deficits in
sensorimotor gating

The expression of type III Nrgl in cortical
areas, the anatomical phenotypes, as well
as the decreased function in these regions
led us to ask whether behaviors subserved
by these regions are altered in type III Nrgl
heterozygous animals.

We first examined general activities of
+/— animals in a novel open field. Dur-
ing a period of 30 min, +/+ and +/—
animals (n = 17 +/+ and 21 +/—) ex-
hibited equivalent locomotor activities in the novel open field
(Fig. 6). Total distances traveled were computed every 5 min,
and the total numbers of rears, jumps, and repetitive behaviors
were recorded (Fig. 6 A, B). There was no significant difference
between +/+ and +/— animals.

In rodents, a delayed alternation task in a T-maze tests short-
term and working memory and is sensitive to disruption of pre-
frontal cortical (PFC) and/or ventral hippocampal connectivity
(Masuda et al., 1992; Shaw and Aggleton, 1993; Beracochea and
Jaffard, 1995; Verma and Moghaddam, 1996; Glickstein et al.,
2002; Le Marec et al., 2002; Lipska et al., 2002). The role of type I11
Nrgl in short-term and working memory function was assessed
by comparing +/+ (n = 18) and type III Nrgl +/— (n = 22)
male siblings in a continuous, delayed-alternation T-maze task
(Glickstein et al., 2002). The memory load of this task is increased
by imposing increasing delay times between trials. The ability of
the mice to initially learn the rule of the task was not significantly
affected by type III Nrgl genotype (data not shown), nor were
differences seen after small increases of the delay time between
trials from 5 s (training interval) to 15 s (Fig. 7A). Although +/+
animals sustained their performance with delays up to 60 s, as
reported by others (Masuda et al., 1992; Beracochea and Jaffard,
1995; Jentsch et al., 1997; Kitabatake et al., 2003), the perfor-
mance of type III Nrgl +/— mice deteriorated precipitously (Fig.
7B) (p < 0.008). Quantification of the change in performance
between the short- and the long-delay period for each animal
tested underscored the selective effect of increased delay time on
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Type Il Nrg1 heterozygous mice have decreased spine densities within proximal regions of apical dendrites of hippocampal pyramidal neurons compared with that of wild-type

littermates. A, Diagram of a section (bregma, 3.40—3.64) containing the ventral subiculum (diagonal crossed lines) and a representative coronal section (Golgi stain) from which the pyramidal
neurons were chosen (dashed line) and analyzed. Scale bar, 800 m. B, Two wild-type neurons (+/+) and two heterozygous neurons (+/—) traced by Neurolucida program and reconstructed
as three-dimensional structures are shown here as two-dimensional. Scale bar, 100 wm. ¢, Montages of photomicrographs of apical dendrites of a pyramidal neuron from +/+ or +/— animal.
The proximal and distal parts of the apical dendrites are indicated (shown here are dendrites 50~210 rm away from the center of the cell body). There are many more spines (examples indicated
by white arrows) on dendrites from +/+ than from +/— mice. Scale bar, 10 um. D, Spine densities were plotted against increasing shell radius from the center of the soma. The results are from
30neurons of five +/+ (shownin blue) and 44 neurons of five +/— (shownin red) animals. Heterozygous mice have significantly lower spine densities at the 50 —200 shell radius compared with
+/+ animals (nonparametric Kolmogorov—Smirmov test; *pyanorype << 0.05 and **py .00 < 0.01, respectively). Error bars indicate SEM.

the performance of heterozygous mice (Fig. 7C) (difference of
performance at 15 and 60 s, p < 0.003 for +/—).

PPIis an operational measure of sensorimotor gating (Braff et
al,, 2001), the process by which a weak sensory event can inhibit
(“gate”) the motor response to a very salient sensory event. The
most common paradigm is the inhibition of the startle reflex of a
loud tone by the presentation of a barely audible tone (the pre-
pulse) just before the loud tone. Lesions and local pharmacolog-
ical studies have shown that PPI is regulated by limbic temporal
cortical inputs to the ventral striatum (Geyer et al., 2001; Swerd-
low et al., 2005). To probe the importance of type III Nrgl in
these circuits, we assessed baseline acoustic startle and auditory
PPIinadult +/+ (n = 30) and +/— (n = 51) sibling animals. In
the absence of a prepulse stimulus, there was no significant dif-
ference of the startle response amplitude between +/+ and type
III Nrgl +/— mice (ANOVA using genotype as an independent
variable, F(; 79) = 0.03, poenorype = 0.87). A mixed ANOVA (re-
peated measure = prepulse level) showed a main effect of pre-
pulse intensity (F(, 55y = 29.03; p < 0.0001). As shown in sup-
plemental Table 1 (available at www.jneurosci.org as
supplemental material), PPI increased with prepulse loudness.
The analysis also revealed a main effect of genotype. Type III
Nrgl +/— mice had significantly less PPI than their +/+ litter-
mates (Fig. 8A) (ANOVA, F; 79) = 4.93, Pyenotype < 0.03). There

was no significant interaction between prepulse intensity and
genotype (two-way ANOVA, F, 55, = 0. 33, p = 0.72).

Type III Nrgl is important for the generation and maintenance
of cholinergic neurons (Wolpowitz et al., 2000). Cholinergic modu-
lation is important for integrating cortical information processing in
the sensorimotor gating circuits (Liu et al., 2001; Ma et al., 2004;
Sarter et al., 2005). Thus, baseline PPI was measured in a new group
of mice (six of each genotype; 8—11 months of age) that were then
administered nicotine (200 ug/ml added to drinking water) for 6
weeks after which PPI was measured again (Fig. 8 B). A mixed
ANOVA showed that, although neither the main effect of genotype
(F1,10) = 2.8; p = 0.12) nor nicotine treatment (F; ;o) = 1.5 p =
0.24) was significant, there was a significant interaction of genotype
and nicotine treatment (Fyeraction (1,100 = 5.6; p << 0.04). Post hoc
pairwise comparisons using the Tukey method revealed that before
nicotine, —/+ mice showed significantly lower PPI than +/+ ( p.,-
rected < 0.05), but after nicotine treatment there was no effect of
genotype ( p > 0.7). Consistent with this, the orthogonal compari-
son showed that nicotine significantly increased PPI in heterozy-
gotes ( Peorrected < 0.05) but not in wild-type mice ( p > 0.9).

Discussion
In the current study, we showed that (1) expression of type Il and
type I Nrgl are controlled by distinct promoters; (2) type III Nrgl
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Figure 5.  Type Il Nrg1 heterozygous mice have lower function in subregions of hippocampus and in the medial prefrontal
cortex. A, Horizontal brain sections (Paxinos and Franklin, 2004) (top panels) at the level of hippocampal subregions (marked and
an enlarged view at the right panel): the entorhinal cortex (EC), the CA3 and CA1 subfields, the dentate gyrus (DG), and the
subiculum (SUB). T2" axial MR images at similar anatomical positions as the top panels are shown at the bottom panels.
Individual areas are circled according to their respective anatomical locations and used to determine the r(BV for each region. B,
MR images of one representative wild-type animal and one heterozygous animal (+/+ and +/—) with the hippocampal
subregions color coded such that warmer colors reflect higher r(BV values. Note the lower rCBV observed in the CA1 and
subiculum subfields of the heterozygous, and higher rCBV observed in the wild-type animals. C, Basal measures of r(BV, a
hemodynamic correlate of oxygen metabolism, were obtained from each hippocampal subregion, as well as medial prefrontal
cortex, sensory and motor cortex, and the nucleus accumbens. Global decreases of r(BV were found in the CA1, subiculum, medial
prefontal cortex, and to a lesser degree to the CA3 subfield in heterozygous mice (red) compared with their wild-type (blue)
littermates (7 = 6 +/+ and 9 +/—; ANOVA test; *Pyenotype < 0.05 and **pyqngepe << 0.01). Error bars indicate SEM. D,
Subiculum functions are correlated with medial prefrontal function. Blue indicates +/+, and red indicates +/— animals.
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Figure 6.  Locomotor activity of age-matched wild-type and type Il NrgT heterozygous mice. A, Locomotor activity (mean =

SEM) was measured as total distance traveled (in centimeters). B, Total rears, total jumps, and total stereotypy in a novel open
field. Seventeen WT mice (+/+) versus 21 type Il Nrg1 heterozygous (+/—) mice were indistinguishable in general activity
patterns within 30 min of being placed in the novel open field (5 min bins) (ANOVA: F; 36 = 0.94, Pyenorype = 0.34).
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gating deficits. Chronic nicotine treatment
increases PPI in type III Nrgl +/— mice.
We demonstrate that reduction in type
III Nrgl/ErbB signaling results in specific
defects from the cellular level to behavioral
tests of frontal and temporolimbic cortico-
striatal circuits. Such specificity is evident
in each set of data. For example, there were
decreased spine densities in the proximal
apical dendrites of subicular pyramidal
neurons in type III Nrgl +/— mice, but
dendritic intersections, dendritic lengths,
and distal spine densities were unchanged.
This suggests that the effects of decreased
type III Nrgl may interact with synaptic
contacts or other mechanisms that main-
tain spines of apical dendrites relatively
proximal to the soma of subicular pyrami-
dal neurons. The ventral subiculum serves
as a major output pathway for cortical out-
puts of hippocampus (Naber et al., 2000;
Witter, 2006). Neurons within the subicu-
lum act as recipients and comparators re-
ceiving signals from prefrontal association
cortices as well as thalamus (Lisman and
Grace, 2005). The proximal apical den-
drites of subicular pyramidal neurons re-
ceive inputs from the CA1; the distal apical
dendrites receive inputs from the entorhi-
nal cortex. Processed information is sent
back from subicular pyramidal neurons to
the entorhinal cortex, medial prefrontal
cortex, ventral striatum, and other limbic
structures (Naber et al., 1999, 2000, 2001).
Interestingly, we found that functional ac-
tivity, as measured by rCBV, of CAl, sub-
iculum, and the medial prefrontal cortex
are coordinately downregulated in type III
Nrgl +/— mice, whereas functional activ-
ity in the dentate gyrus, entorhinal cortex,
ventral striatum (nucleus accumbens), and
sensory/motor cortex are unchanged. The
decreased functional profile is consistent
with decreased spine density of the proxi-
mal regions of subicular pyramidal neu-
rons (inputs from the CAl) and un-
changed spine density in the distal regions
(inputs from the entorhinal cortex) in type
III Nrgl +/— mice and is in agreement
with the expression pattern of type III Nrgl
as well as its requirement for proper senso-
rimotor gating and short-term memory
performance, both of which are sensitive to
disruption in the prefrontal cortex and the

is expressed in regions of the mouse brain that play critical roles
in attention, sensorimotor gating, and working/short-term
memory; (3) adult type III Nrgl +/— mice have specific, quan-
tifiable defects in CNS morphology and in behavior: type III Nrgl
+/— mice have increased lateral ventricular volume and de-
creased spine densities on ventral subicular pyramidal neurons.
Cerebral blood volume is decreased in the medial prefrontal cor-
tex, CA1, and subiculum. Type III Nrgl +/— mice are impaired
in a working/short-term memory task and have sensorimotor

ventral hippocampus (Caine et al., 1992; Lipska et al., 1995, 2002;
Swerdlow et al., 1995; Moore et al., 2006).

Polymorphisms in the Nrgl gene are associated with psychi-
atric disorders, such as schizophrenia, bipolar disorder, and late-
onset Alzheimer’s disease with psychosis (Stefansson et al., 2002;
Go et al.,, 2005; Green et al., 2005; Harrison and Weinberger,
2005; Harrison and Law, 2006; Thomson et al., 2007). It has been
proposed that altered expression of the NRG1 gene underlies the
molecular mechanism by which polymorphisms in the NRGI
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Figure7. TypelllINrg1 heterozygous mice have impaired delayed alternation memory performance. 4, B, Performance (percentage of correct trials) of 18 wild-type (+/+) and 22 heterozygous

(+/—)animals in a continuous delayed alternation test using 155 (4) or 60 s (B) as the delay time. Each point represents the average performance of 2 d testing from individual animals. The bold
linesindicate the median (50th percentile). The dashed line indicates chance performance. There is asignificant deterioration in performance of +/— animals with 60 s delay (Kolmogorov—Smirnov
test, x2 =111, Pgenotype < 0.008), whereas there is no difference between the performance of +/4- and +/— mice with brief intertrial intervals (15 s delay: K-S test, x2=120, Pgenotype =
0.72).**p << 0.01. €, Scatter plots of the change in performance at 15 versus 60 s delay times for each animal. Positive values reflect better performance at 60 s compared with that at 15 5; negative
values reflect worse performance at 60 versus 15s. In +/+ animals, increasing the intertrial interval to 60 s resulted inlittle change in performance  pys, rime = 0.8 for wild type). In contrast, the
sameintertrial interval shiftin +/— animals resulted in decreased performancein 17 of the 22 +/— mice. Heterozygote animals had a significant decrease in performance with increased intertrial

time (Kolmogorov—Smirnov test: x> = 11.3; Pielay time < 0-003). **p < 0.01.

locus lead to schizophrenia susceptibility
(Stefansson et al., 2002; Harrison and
Weinberger, 2005; Harrison and Law,
2006). Postmortem analyses demonstrate
increased levels of type I or type IV Nrgl
transcripts in the dorsolateral prefrontal
cortex (DLPFC) and the hippocampus
(Hashimoto et al., 2004; Harrison and
Law, 2006; Law et al., 2006) and altered
levels of erbB4 splice variant transcripts in
the DLPFC (Law et al., 2007), although it
was also documented that neither Nrgl
nor ErbB4 protein was changed in post-
mortem tissues (Hahn et al., 2006). Brain
slices from schizophrenics exhibited hy-
perresponsiveness to recombinant Nrgl
and hyporesponsiveness to glutamate re-
ceptor agonists (Hahn et al., 2006). It re-
mains to be determined whether the
downstream effects of increased type
I/type IV expression, hyperresponsive
ErbB4 signaling, and reduced type III Nrgl
expression converge to produce functional
alterations associated with psychiatric dis-
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Figure 8. Type lll Nrg1 heterozygous mice have prepulse inhibition deficits that are not seen if they have been treated with
nicotine. 4, PPl (mean == SE) for wild-type (open bar; n = 13) and type Il Nrg1 heterozygous (filled bar; n = 22) mice (4-8
months of age). PPl was calculated as percentage change between the responses to the startle stimuli with and without a
prepulse. The PPl s presented at each prepulse intensity (2, 4, and 8 dB above the background of 70 dB, as indicated by +2, +4,
+8 dB). A mixed-model, repeated-measure ANOVA indicated a statistically significant effect of prepulse intensity (F, ;54 =
29.03;p << 0.0001) and that there was a significant difference between genotypes (F; 76) = 4.93; Pgenotype < 0.03). B, Bar plot
of PPlin wild-type and type Il Nrg1 heterozygous mice (n = 6/genotype) before (baseline) and after 7 weeks of chronic nicotine
treatment (nicotine; 200 wug/ml). Note that this experiment was run with a separate cohort of mice with the same prepulse and
startle stimuli as used in A. Therefore, the result of the baseline PPl in both genotypes was an independent replication of A to
detect the effects of chronic nicotine in both genotypes. A mixed ANOVA revealed a significant genotype by nicotine treatment
effect (F; 1) = 5.63; p << 0.04). The effects of genotype (F; ;0 = 2.8; p = 0.12) and nicotine (F; 1,) = 1.54; p = 0.24) were
notsignificant. Before, but not after nicotine, the heterozygous mice had significantly reduced PPl values (before, p << 0.05; after,
p = 0.9; Student’s t test with Scheffé’s correction for multiple comparisons).

orders, and if so, how this occurs. One pos-

sibility is that increased paracrine signaling

by soluble Nrgl (presumably type I and type IV Nrgl) disrupts
bidirectional, juxtacrine signaling mediated by type III Nrgl, re-
sulting in excessive responses in ErbB-expressing neurons or glia
and deficient responses in type III Nrgl-expressing neurons
(Role and Talmage, 2007). Indeed, experimental disruption of
juxtacrine signaling between peripheral axons and glia alters glial
function, and contributes to demyelination, a phenotype that is
replicated by type III Nrgl +/— mice (Michailov et al., 2004;
Taveggia et al., 2005; Tapinos et al., 2006).

Our observations in type III Nrgl +/— mice have parallels
with findings in individuals with schizophrenia as well as in
mouse models for schizophrenia (J. Chen et al, 2006;
O’Tuathaigh etal., 2007a,b). The brain morphological changes in
type III Nrgl +/— mice show similarities with changes seen in
postmortem samples from schizophrenia (Degreef et al., 1992;

Glantz and Lewis, 2000; Rosoklija et al., 2000; Wright et al., 2000).
Moreover, Nrgl type III heterozygotes show impaired working
memory and sensorimotor gating deficits, behavioral phenotypes
associated with schizophrenia (Goldman-Rakic, 1999; Braffetal.,
2001). Finally, high levels of cigarette smoking are prevalent in
schizophrenics (Kumari and Postma, 2005; George et al., 2006),
suggesting self-medication with nicotine (Kumari and Postma,
2005). Experimental administration of nicotine ameliorates
working memory and PPI deficits in schizophrenia (Kumari and
Postma, 2005; George et al., 2006; Postma et al., 2006). Thus, it is
of interest that nicotine appears to normalize the PPI deficits in
type III Nrgl heterozygous mice.

The relationships between allelic variation on the NRG1 gene
and vulnerability to developing schizophrenia remain to be de-
termined. We believe animal models have the potential to pro-
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vide important insights into how alterations in the Nrgl/ErbB
expression are related to the cognitive and affective deficits char-
acteristic of schizophrenia. Several different Nrgl mutant mice
have been studied behaviorally (supplemental Table 2, available
at www.jneurosci.org as supplemental material). These include
type III Nrgl specific mutants (Wolpowitz et al., 2000; this
study), type I/type II mutants (generated by disruption of the Ig
domains) (Kramer et al., 1996), transmembrane domain-deleted
mutants (which affect types I, IT, and III) (Stefansson et al., 2002),
and pan-Nrgl mutants (generated by deletion of EGF-like do-
main) (Meyer and Birchmeier, 1995) (Fig. 1).

In behavioral analyses, TM-Nrgl */~ and EGF-Nrgl */~ mice
were hyperactive in the novel open-field assay (Gerlai et al., 2000;
Stefansson et al., 2002; Karl et al., 2007). In contrast, Ig-Nrgl =
and CRD-Nrgl */~ mice exhibit normal locomotor activity com-
pared with wild-type controls (Rimer et al., 2005). TM-Nrgl */~
mice have weak PPI deficits, whereas CRD-Nrgl "/~ mice have
strong PPI deficits (Stefansson et al., 2002). CRD-Nrgl /" mice
have impaired performance in a short-term memory/working
memory test, whereas TM-Nrgl ™/~ mice are unaffected in a spa-
tial working memory test (O’Tuathaigh et al., 2007a). TM-
Nrgl "/~ mice are more aggressive toward an intruder mouse in
the resident—intruder paradigm (O’Tuathaigh et al., 2007a); a
behavior not seen in CRD-Nrgl ™/~ mice (Y.-J. Chen, D. A. Tal-
mage, and L. W. Role, unpublished observation).

Although some aspects of behavioral phenotypes in different
Nrgl isoform mutant mice are yet to be determined (supplemen-
tal Table 2, available at www.jneurosci.org as supplemental ma-
terial), these distinct behavioral phenotypes are likely to reflect
both differences in expression patterns, as well as distinct func-
tional properties of different Nrgl isoforms, as has been demon-
strated in studies of myelination (supplemental Table 2, available
at www.jneurosci.org as supplemental material) (Michailovetal.,
2004; Taveggia et al., 2005; S. Chen et al., 2006). Resolution of the
differences in the profiles of behavioral abnormalities in the Nrgl
mutant mice awaits detailed morphological, cellular, and physi-
ological analyses of the underlying circuits.

These data, considered in the context of the other reports,
broaden our understanding of Nrgl in general and of the physi-
ological functions of type III Nrgl, in particular. Normal levels of
type III Nrgl are required for normal corticolimbic circuits: de-
creased expression of type III Nrgl leads to structural, functional,
and behavioral alterations that are related to schizophrenia. More
in-depth studies of Nrgl/ErbB signaling in type III Nrgl +/—
mice are needed to unravel the causal factors leading to schizo-
phrenia susceptibility and to provide novel therapeutics for dis-
ease treatment.
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