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�-Site APP-cleaving enzyme 1 (BACE1) is required for the penultimate
cleavage of the amyloid-� precursor protein (APP) leading to the
generation of amyloid-� peptides that is central to the pathogenesis
of Alzheimer’s disease. In addition to its role in endoproteolysis of
APP, BACE1 participates in the proteolytic processing of neuregulin 1
(NRG1) and influences the myelination of central and peripheral
axons. Although NRG1 has been genetically linked to schizophrenia
and NRG1�/� mice exhibit a number of schizophrenia-like behavioral
traits, it is not known whether altered BACE1-dependent NRG1
signaling can cause similar behavioral abnormalities. To test this
hypothesis, we analyze the behaviors considered to be rodent ana-
logs of clinical features of schizophrenia in BACE1�/� mice with
impaired processing of NRG1. We demonstrate that BACE1�/� mice
exhibit deficits in prepulse inhibition, novelty-induced hyperactivity,
hypersensitivity to a glutamatergic psychostimulant (MK-801), cog-
nitive impairments, and deficits in social recognition. Importantly,
some of these manifestations were responsive to treatment with
clozapine, an atypical antipsychotic drug. Moreover, although the
total amount of ErbB4, a receptor for NRG1 was not changed, binding
of ErbB4 with postsynaptic density protein 95 (PSD95) was signifi-
cantly reduced in the brains of BACE1�/� mice. Consistent with the
role of ErbB4 in spine morphology and synaptic function, BACE1�/�

mice displayed reduced spine density in hippocampal pyramidal
neurons. Collectively, our findings suggest that alterations in BACE1-
dependent NRG1/ErbB4 signaling may participate in the pathogenesis
of schizophrenia and related psychiatric disorders.

clozapine � dizocilpine � neuregulin � prepulse inhibition � spine density

BACE1 (�-site APP-cleaving enzyme 1), is the rate-limiting
enzyme that makes the initial cleavage of the amyloid-�

(A�) precursor protein (APP) and, in concert with �-secretase,
gives rise to the plaque-forming �-amyloid peptides in Alzhei-
mer’s disease (AD) (1). Deletion of BACE1 prevents the for-
mation of A� in vitro and in vivo and the cognitive abnormalities
in mouse models of A� amyloidosis. These findings strongly
support BACE1 as an attractive therapeutic target for AD (1–3).
In addition to APP, a number of other putative substrates for
BACE1 have been identified, suggesting that BACE1 has mul-
tiple physiological functions (2). For example, recent studies
indicate that BACE1 participates in the proteolytic processing of
neuregulin 1 (NRG1) (4, 5), a ligand for members of the ErbB
family of receptor-tyrosine kinases. This signaling pathway have
numerous roles in CNS development and functions, including
synapse formation, plasticity, neuronal migration, myelination of
central and peripheral axons, and the regulation of neurotrans-
mitter expression and function (6, 7). In addition to these
physiological functions, NRG1 is one of the first genes that has
been linked to an increased risk of schizophrenia (8). The
disease-associated single-nucleotide polymorphisms (SNPs) are
all noncoding regions of NRG1 (9, 10), which has led to the
suggestion that SNPs associated with schizophrenia are regula-
tory and may affect putative binding sites for transcriptional
factors (such as serum response factor or myelin-transcription
factor 1) and, thereby alter levels of NRG1 isoforms (9).

Supporting the idea that genetic variations in noncoding regions
of NRG1 can affect brain function is the finding of a strong
association of SNPs in the NRG1 promoter in subjects at high
risk of schizophrenia to abnormalities in cortical function and
psychotic symptoms and cognitive impairments (11).

A functional role of NRG1 has been further clarified in a
number of mouse models with various NRG1 deletions that
showed multiple behaviors of putative relevance to schizophre-
nia: impaired prepulse inhibition, spontaneous hyperactivity,
and reversal by clozapine of such hyperactivity (8, 12). Recent in
vivo and in vitro studies indicate that NRG1/ErbB4 signaling
plays a key role in structural and functional plasticity of gluta-
matergic synapses (13, 14) and regulates GABAergic transmis-
sion (15). Both glutamate and GABA systems are thought to be
of pathophysiological relevance in psychiatric diseases, particu-
larly in schizophrenia (16).

Given the strong genetic and functional links of NRG1 to
schizophrenia (8, 10, 11) and roles for BACE1 in the biology of
NRG1, the observation that NRG1 processing is altered in
BACE1 knockout mice (4, 5) raises the possibility that pertur-
bations in NRG1 signaling in these mice may result in the
behavioral phenotypes reminiscent of some of the features of
schizophrenia. Here, we demonstrate that BACE1 knockout
mice show a sensorimotor-gating deficiency, behavioral signs of
glutamatergic hypofunction, and other typical endophenotypes
of schizophrenia. Taken together with our observations that
postsynaptic density protein 95 (PSD95)-associated ErbB4 and
spine densities are reduced in BACE1�/� mice, our findings
suggest that altered BACE1-dependent NRG1/ErbB4 signaling
leads to schizophrenic-like phenotypes. These observations
identify a unique function of BACE1 and suggest a new drug
target for schizophrenia and other mental disorders.

Results
To test whether alteration in BACE1-dependent NRG1 signal-
ing impacts on behaviors resembling features of schizophrenia,
we analyzed BACE1�/� mice with altered processing of NRG1.
Schizophrenia is characterized by psychotic and nonpsychotic
episodes with positive and negative features, respectively, and by
cognitive deficits. Because it is not possible to recapitulate the
entire clinical syndrome in an animal model (17), we assessed
specific behaviors in BACE1�/� mice that are considered to be
analogous to some of those occurring in patients with schizo-
phrenia [supporting information (SI) Table S1].
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Impaired Prepulse Inhibition. We first used prepulse inhibition
(PPI), the paradigm most widely used in animal models relevant
to schizophrenia because PPI can be measured easily in rodents
in a fashion almost identical to procedures used in humans. PPI,
a preattentive process that results in inhibitory ‘‘gating’’ to
physiological responses, is impaired in schizophrenic patients
(18). In this paradigm, a brief, low-intensity acoustic stimulus
(the prepulse) inhibits the startle reflex caused by a loud stimulus
(18). BACE1�/� mice show significant deficits in PPI compared
with wild-type (WT) and BACE1�/� littermates (ANOVA,
F2,39 � 6.05, P � 0.011; Newman–Keuls post hoc tests, P � 0.01;
Fig. 1A). Startle amplitudes were not significantly different
between BACE1�/� mice and their WT littermates (Fig. S1).
That BACE1�/� mice exhibit hypomyelination of central and
peripheral axons (4, 5) raises the possibility that the speed of
signal transduction is altered in long axons (19). Indeed, the
latencies of startle reaction were longer in BACE1�/� mice
compared with those of WT and BACE1�/� (Fig. S1; F2,39 �
3.87, P � 0.035; Newman–Keuls post hoc tests, P � 0.03).
However, there was no correlation between latency of startle
reaction and deficit in prepulse inhibition (Fig. S1), indicating
that these two phenotypes observed in BACE1�/� mice are
independent.

Novelty-Induced Hyperactivity. Novelty-induced hyperactivity has
been viewed as a preclinical model of the positive symptoms of
schizophrenia and psychomotor agitation in particular (17). We
used several tasks (the open-field, plus maze, corner test, and Y
maze) to assess locomotor response to novelty in BACE1�/�

mice. Compared with WT and BACE1�/� mice, BACE1�/� mice
exhibit significantly higher novelty-induced activity in all of these
tasks (Fig. S2), indicating that hyperactivity in BACE1�/� mice
is a highly reproducible trait generalized over situations that

differ in terms of cognitive demands, spatial dimensions, and
ability to evoke anxiety.

Supersensitivity to a Psychostimulant. Sensitivity to a psychostimu-
lant is another preclinical test used extensively in animal models
as an analog of positive symptoms of schizophrenia (17). In
particular, the psychotomimetic effects of N-methyl-D-aspartate
(NMDA) receptor antagonists in healthy humans and their
ability to exacerbate psychotic symptoms in schizophrenic pa-
tients suggested that glutamatergic neurotransmission may be
critical in schizophrenia (16). Moreover, genetic deficits in
NRG1/ErbB4 signaling has been thought to lead to glutamater-
gic hypofunction (13, 14). To assess the sensitivity of BACE1�/�

mice to a psychostimulant, we tested the effects of dizocilpine
(MK-801), a highly selective noncompetitive NMDA antagonist.
A systemic injection of dizocilpine (0.3 mg/kg, i.p.) increased
locomotor activity in all groups of mice (Fig. 1 B and C, and Fig.
S2B; ANOVA, F1,20 � 37.76, P � 0.0001). However, BACE1�/�

mice showed significantly higher levels of drug-stimulated motor
activation compared with that of BACE1�/� or WT mice (Fig. 1
B and C; genotype F2,20 � 6.34, P � 0.01 and genotype �
treatment interaction F2,20 � 3.54, P � 0.05). Note that the
difference between BACE1�/� and WT mice was significant
throughout the entire period (1.5 h) of observation (Fig. 1B).
Thus, pharmacological inhibition of NMDA receptors in
BACE1�/� mice revealed a marked hypersensitivity to changes
in glutamatergic state in this animal model.

Alterations in Social Recognition. To examine the impact of dele-
tion of BACE1 on social interactions and memory, we used a
social habituation–dishabituation paradigm (20) (Fig. S2), in
which the test subject is exposed to a novel stimulus (a juvenile
mouse) repeatedly. In a habituation stage of the experiment,

Fig. 1. Schizophrenia-like phenotypes of BACE1�/� mice. (A) Deficit in prepulse inhibition of acoustic startle reaction. (B) Hypersensitivity to the effects of
(�)-MK-801 (0.3 mg/kg, i.p.) on locomotor activity. (C) Dynamics of locomotor activity after PBS or MK-801 injection. (D) Deficits in social recognition. Changes
in time of social investigation are shown for habituation and dishabituation phases of the task (see SI Materials and Methods). C57B6 and SW denote a strain
background of juvenile stimulus mice. Test mice were C57B6 background. (E) Working-memory deficits tested in the radial water maze (2). Note that the
BACE1�/� mice were impaired in working-memory errors (reentries into previously visited arms) but were not different from other genotypes in long-term
memory errors. (F) Deficit in the inhibitory avoidance. The latencies to stepdown from an elevated platform are shown for training and testing trial separated
by 48-h delay. BACE1�/� mice had preserved sensitivity to a foot shock (Fig. S2). Data are expressed as means � SEM. Triangles and asterisks indicate significant
differences of BACE1�/� mice from WT or BACE1�/� littermates, respectively, as a result of Newman–Keuls post hoc test applied to significant effect of genotype
or interactions (ANOVA, n � 8–12 mice per genotype).
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BACE1�/� mice were indistinguishable from WT and BACE1�/�

littermates showing similar decrease in social investigation of the
same juvenile (Fig. 1D). To rule out the possibility that the
reduced interest in the stimulus mouse is caused by changes in
social motivation (habituation) we conducted the fourth trial in
which a second novel stimulus mouse is presented. It is expected
that in this ‘‘dishabituation’’ trial there will be an increase in
time of investigation of the new stimulus mouse. However,
BACE1�/� mice showed significant deficits in the dishabituation
trial (F2,41 � 3.63, P � 0.035; Newman–Keuls post hoc tests P �
0.03 and 0.02, respectively; Fig. 1D). Importantly, an inability of
BACE1�/� mice to dissociate between the new and familiar
mouse was accentuated when the genetic background of the
stimulus mice (Swiss–Webster strain, SW) differed from that of
the BACE1�/� mice (C57BL6/J strain; Fig. 1D; and Fig. S2). In
this situation, mice were required to dissociate relatively weak
individual cues on the background of cues from the different
genetic strain. Control tests showed that BACE1�/� mice suc-
cessfully recognized differences between the two strains (Fig.
S2), indicating that impairments in social recognition of
BACE1�/� mice were not caused by deficits in perception of
strain-specific cues. Thus, the habituation–dishabituation para-
digm revealed an impaired ability of BACE1�/� mice to disso-
ciate individual differences that can result in a lack of social
recognition if individual cues are overshadowed by salient
strain-specific cues.

Cognitive Deficits. Many schizophrenic patients display various
cognitive deficits, including impairments in working memory.
These problems can be assessed in animal models (17). Consis-
tent with previous findings that BACE1�/� mice were impaired
in a number of working memory tasks (2, 3), we demonstrate that
BACE1�/� mice were significantly impaired in the radial water
maze task; deficits were specific to errors in working but not
long-term memory (Fig. 1E). We also tested fear memory in
inhibitory avoidance, a task widely used in animal models
relevant to the associative deficits in schizophrenia patients (17).
Indeed, compared with WT, both BACE1�/� and BACE1�/�

mice were impaired in the inhibitory avoidance memory task
(Fig. 1F).

Amelioration of PPI Deficits and Hyperactivity by Clozapine. Cloza-
pine, an atypical antipsychotic, has been shown to reduce
psychotic symptoms, to normalize PPI deficits, and to counteract
effects of NMDA antagonists in schizophrenic patients (18, 21).
Moreover, acute administration of clozapine in NRG1�/� mice
was effective in amelioration of some of the schizophrenia-like
phenotypes, such as hyperactivity (8). We analyzed the effects of
acute administration of clozapine in BACE1�/� mice. In WT
controls, treatment with clozapine (2 mg/kg, i.p.) had no signif-
icant effect on amplitude of startle reaction (Fig. S3) or on
prepulse inhibition (Fig. 2). Motor activity of WT mice was
mildly reduced within 20 min of the treatment (effect of treat-
ment F1,16 � 12.94, P � 0.005). However, there was no significant
interaction of treatment and novelty-induced exploration
(F4,64 � 0.63, P � 0.99), indicating that this dose was not sedative
(Fig. 2). When administered to BACE1�/� mice, the same dose
of clozapine ameliorated PPI deficits and negated novelty-
induced hyperactivity (Fig. 2 A and B). These findings are in
agreement with clinical effects of clozapine on sensorimotor
gating deficits and positive symptoms (18). However, consistent
with the observations that clozapine has limited efficacy in
attenuating cognitive deficits in schizophrenic patients (22), no
significant amelioration of deficits in working memory was
demonstrated in BACE1�/� mice treated with clozapine (Fig.
2C). These results show that clozapine selectively attenuates
novelty-induced hyperactivity and normalizes PPI deficits oc-
curring in BACE1�/� mice.

Altered NRG1 Proteolysis and Reduced PSD95-Associated ErbB4 in
BACE1�/� Mice. Although BACE1 has several substrates whose
biology could play roles in the phenotypes observed in
BACE1�/� mice, altered BACE1-dependent NRG1 signaling (4,
5) can be one plausible mechanism mediating schizophrenic-like
behavioral traits. To test this possibility, we analyzed the effects
of altered BACE1-dependent proteolytic processing of NRG1
on levels of ErbB4, a receptor-tyrosine kinase of NRG1 in the
brains of BACE1�/� mice (7, 23). Similar to previous findings (4,
5), protein blot analyses of brain homogenates from BACE1�/�

mice revealed a significant decrease in NRG1 proteolytic frag-
ments probed by C-terminal (F1,8 � 37.94, P � 0.001; Fig. 3A)
and N-terminal antibodies (Fig. S4), and a significant reduction
in the amounts of myelin basic protein (MBP; F1,8 � 13.64, P �
0.01; Fig. 3A).

NRG1 function is mediated by a class of receptor-tyrosine
kinases including ErbB2, ErbB3, and ErbB4 (7, 23). In adult
brain, ErbB4 accumulates in regions enriched in dendritic pro-
cesses (24) and is likely to be the major mediator of NRG1
functions related to myelination (19) and schizophrenia (10, 14).
To examine the impact of impaired processing of NRG1 on
ErbB4 signaling in BACE1�/� mice, we assessed ErbB4 inter-
action with PSD95, a downstream event critical for NRG1/
ErbB4 signaling and for modulation of other PSD95-dependent
activities (13, 14, 23). Lysates of cortices from BACE1�/� mice
immunoprecipitated for ErbB4 and then immunoblotted with an
antibody to PSD95 (Fig. 3C) showed significantly less recovery
of PSD95 compared with that of controls (F1,6 � 7.13, P � 0.04;
Fig. 3 C and D). Because there were no changes in overall levels
of PSD95 (Fig. 3C) or ErbB4 proteins (data not shown) (4), this
finding indicates that alterations in BACE1-dependent process-
ing of NRG1 leads to a decreased interaction of ErbB4 with the
synaptic protein PSD95.

Changes in Spine Density and Morphology in Hippocampal Pyramidal
Neurons of BACE1�/� Mice. It has been shown that ErbB4 is
enriched on the surface of dendrites, is regulated by neuronal
activity, and plays a critical role in maintaining spine morphology
(13). It is possible that BACE1-dependent decrease in PSD95-

Fig. 2. Clozapine attenuates PPI deficits and hyperactivity in BACE�/�mice.
Effect of clozapine (2 mg/kg, i.p.) on hyperactivity (A), PPI (B), and working-
memory deficits (C) in BACE1�/� mice. PPI shows an overall percentage of
inhibition (�SEM) observed in four types of trials with two different levels of
startle and prepulse stimuli (Fig. S3). Abbreviations and signs are as in Fig. 1
(n � 8–12 per genotype per treatment).
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associated ErbB4 can affect the number or morphology of
dendritic spines. To test this notion, we analyzed dendritic spines
in the CA3–CA1 pathway of the hippocampus where BACE1
and NRG1 are enriched presynaptically (2, 10), whereas ErbB4
is enriched postsynaptically on the surface of spines (13).

A significant decrease in the spine densities of CA1 pyramidal
neurons was observed in BACE1�/� mice compared with that of
control littermates (F1,10 � 5.47, P � 0.05; Fig. 4 A–C). Asso-
ciated with a lower spine density, BACE1�/� mice exhibited a
significant reduction in the number of spines per dendrite, a
measure of total excitatory input to a dendrite as a signal
integration unit (25) (F1,10 � 6.42, P � 0.03; Fig. 4D). To analyze
spine morphology, the spines were classified into thin or mush-
room-shaped types; the latter has been thought to represent
stronger synaptic connections than thin spines (26). The pro-
portions of mushroom-shaped types were calculated for each
neuron (Fig. 4E). Because the number of spines per neuron
varies, we used cluster analysis to generate objectively groups
(clusters) of neurons with a different spine load. This analysis
showed that in addition to deficits in the total number of spines,
dendrites of BACE1�/� mice displayed a smaller proportion of
mushroom-shaped spines (F1,399 � 4.34, P � 0.03), particularly
in neurons with medium to high spine loads (Fig. 4E). In contrast
to changes in spine density and morphology, dendritic arboriza-

tion (the number of dendrites, dendritic nodes, and termination
points) were similar in BACE1�/� mice compared with those of
WT mice (data not shown). Thus, BACE1-related defects in fine
structure of dendrites include specific loss of spines, particularly
its most mature mushroom-shaped type, with dendritic arboriza-
tion being relatively spared.

Discussion
Recent advances in genetics of schizophrenia allowed for devel-
opment of a number of animal models that test functional
significance of susceptibility genes (for review, see ref. 27).
Coupled with previous pharmacological models (for review, see
ref. 28), these new efforts have begun to clarify our understand-
ing of underlying pathophysiological mechanisms of this complex
disease. Because schizophrenia is a heterogeneous disorder, no
single animal model can recapitulate the full spectrum of
symptoms, but rather each new model may represent a subpopu-
lation of schizophrenia or a particular aspect of pathophysiology
(27, 28). Our comprehensive behavioral analyses indicate that
BACE1�/� animals exhibit a variety of abnormalities reminiscent
of those identified in schizophrenia, including prepulse inhibi-
tion impairments, novelty-induced hyperactivity, supersensitiv-
ity to the psychostimulant, alterations in social recognition, and
cognitive deficits. Along with schizophrenia-relevant behaviors,
BACE1�/� mice show altered processing of NRG1 that results in
significant reduction of the PSD95-associated pool of the ErbB4
receptor. Synaptically enriched ErBb4 has been shown to have
multiple roles in functional and structural glutamatergic and
GABAergic synaptic plasticity, and both of these neuromediator
systems have been implicated in the etiology of schizophrenia
(16). Consistent with the role of synaptic ErbB4 in maintenance
and maturation of excitatory spines in hippocampus (13),
BACE1�/� mice exhibit significant decreases in both spine
density and in the number of mature spines in the CA1 field of
the hippocampus. Our findings identify BACE1�/� mice as a
rodent model that exhibits schizophrenia-like behavioral abnor-

Fig. 3. BACE1-related changes in NRG1 processing and ErbB4–PSD95 asso-
ciation. (A) Western blots of cortex homogenates from BACE1�/� and WT
littermates stained with antibodies for C-terminal fragment of NRG1, MBP,
and SOD1. (B) Bar graphs of relative NRG1-CTF, MBP, and SOD1 protein levels
(mean � SEM) based on results in A. (C) Western blot of cortex homogenates
stained for PSD95 before (Top) and after (Bottom) immunoprecipitation with
ErbB4 antibody. Middle shows Western blot for ErbB4 in samples after immu-
noprecipitation with ErbB4 antibody. Two bands represent full-length mature
ErbB4 receptor (�180 kDa) and its less-glycosylated intermediate (�160 kDa)
(39). (D) Bar graphs of PSD95 protein levels relative to GAPDH (Top) or ErbB4
(Bottom) and protein levels of ErbB4 (Middle). Open and closed bars represent
measures for WT and BACE�/� mice, respectively. WB, Western blotting; IP,
immunoprecipitation.

Fig. 4. Fine structure of CA1 dendrites in the hippocampus of BACE1�/� mice.
(A and B) Representative images of dendrites from CA1 pyramidal neurons of
WT (A) and BACE1�/� mice (B). (C) Spine density (per millimole) for WT and
BACE1�/� neurons (n � 241 and 182, respectively). (D) Total spine number per
dendrite (n � 909 and 658 dendrites for WT and BACE1�/�, respectively). (E)
Proportions of mushroom-shaped spines (from a total pool of 10,637 and
4,648 spines for WT and BACE1�/�, respectively) were calculated for each
neuron and are shown as function of neurons with different spine load.
Asterisks indicate significant differences between WT and BACE1�/� measures
(P � 0.05) as a result of ANOVA (C and D) or post hoc tests applied to a
significant effect of ANOVA (E).
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malities and suggest that genetic or epigenetic alteration of
BACE1 may participate in the development of some schizo-
phrenic symptoms in individuals with this complex psychiatric
disorder.

Although it is important to recognize that BACE1 has nu-
merous substrates whose biology could participate in the phe-
notypes observed in BACE1�/� mice, current evidence supports
the view that altered BACE1-dependent NRG1 signaling is one
likely mechanism underlying the schizophrenic-like behavioral
traits. Given that BACE1 impacts on proteolytic processing of
NRG1 (4, 5), behavioral phenotypes of the BACE1�/� mice are
consistent with similar traits observed in NRG1�/� mice, includ-
ing impaired prepulse inhibition, spontaneous hyperactivity,
reversal by clozapine of such hyperactivity (8), and deficits in
response to social novelty (29). In addition, ErbB4�/�, but not
ErbB2 or ErbB3 mutant mice, exhibit some schizophrenia-like
traits (8) although to a much lesser extent than in NRG1�/� mice
(7, 8, 12). Comparison of phenotypes between NRG1�/� and
ErbB4�/� mice indicates that in mice with altered NRG1/ErbB4
signaling the NRG1 ligand is a major determinant for the
expression of features relevant to schizophrenia (8). BACE1, by
virtue of its role in NRG1 proteolysis, has a high potential for
modifying the levels of ligands in the NRG1/ErbB4 pathway and
inhibition of BACE1 activity, as seen in BACE1�/� mice, and is
sufficient to result in schizophrenia-like phenotypes.

The recognition site for BACE1 has been shown to reside in
the stalk region of NRG1-�1 isoforms (5), present in NRG1
types I and III (7). That BACE1 influences myelination of
central and peripheral axons (4, 5), a process that depends on
NRG1 type III (6), raises the questions as to whether alterations
in myelination of central axons play a role in the schizophrenia-
like phenotypes in BACE1�/� mice and whether these effects are
developmentally regulated or persist throughout adulthood.
Conditional deletion of BACE1 will be instructive in clarifying
this issue. A possible role of hypomyelination in BACE1-related
schizophrenic-like phenotypes would be consistent with the
concept that myelin-related dysfunction may be one of the
pathologic mechanisms underlying alterations in neuronal con-
nectivity thought to occur in schizophrenia (30, 31). Apart from
its role in proteolysis of NRG1 type III, BACE1 may process
other NRG1 isoforms, particularly NRG1 type I, which has been
linked to schizophrenia (8, 10). Recently, a brain-specific NRG1
isoform, NRG1 type IV, has been identified and linked to
schizophrenia (9). NRG1 type IV possesses an Ig-like domain
similar to that of NRG1 type I and a �-stalk and transmembrane
domains similar to those of NRG1 types I and III (32). The
presence of a �-stalk domain in adult and some of the fetal
isoforms of NRG1 type IV (32) suggests that it too could be a
substrate for BACE1 (5).

In addition to the genetic linkage of NRG1 to schizophrenia
(8, 10), ErbB4 has also been linked to this psychiatric disorder
(33), indicating that the NRG1/ErbB4 pathway may be involved
in the pathophysiology of schizophrenia through multiple mech-
anisms (10). In schizophrenic patients, the levels of ErbB4
receptors appear to be unaltered; however, the binding of ErbB4
to PSD95 was significantly increased, findings that are inter-
preted to suggest that enhanced NRG1 signaling contributes to
NMDA hypofunction in schizophrenia (14). In contrast, studies
in animal models and cultured cells indicated a deficit in
NRG1/ErbB4 signaling as a cause of glutamatergic hypofunction
(13, 34). Our finding of decreased ErbB4–PSD95 interaction in
BACE1�/� mice is consistent with results from studies of NRG1
deficiency in animal models (13, 34) but not with those from
postmortem human tissues (14). As noted by Fischbach (35), the
differences in outcomes may depend on the duration of modi-
fication of NRG1 signaling (acute vs. chronic) and emphasize the
importance of understanding the functional links between
NRG1 and glutamatergic pathways.

Changes in NRG1/ErbB4 signaling have been shown to affect
a number of key mechanisms modulating the activity of gluta-
matergic and GABAergic functions, including phosphorylation
of the NR2B (36) and NR2A (14) subunits of the NMDA
receptor, stabilization of the �-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptor, maturation of exci-
tatory spines (13), and regulation of GABAergic transmission
(15). Importantly, activity-dependent ErbB4–PSD95 interac-
tions have emerged as critical factors modulating the effects of
NRG1 and NMDA and AMPA receptors (13, 34). The signifi-
cant down-regulation of the ErbB4–PSD95 interactions occur-
ring in BACE1�/� mice suggests that similar mechanisms could
be at play in this model. Behavioral hypersensitivity to an
NMDA receptor antagonist and the decrease in spine density
and maturation found in BACE1�/� mice support the glutama-
tergic hypofunction mechanism in this mouse model. It is
plausible that the changes in structural plasticity correspond to
functional abnormalities, i.e., the deficit in reversal of the
long-term depression that was observed in the same area of the
hippocampus (2). It is interesting to note that defects in the fine
structure of dendrites, involving loss of spines, also occur in
pyramidal neurons of individuals with schizophrenia (37). Nev-
ertheless, BACE1 knockout mice represent an excellent model to
clarify further the relationship between alterations in NRG1/
ErbB4 signaling and changes in glutamatergic and GABAergic
functions implicated in pathophysiology of schizophrenia (16).

In conclusion, our findings offer the possibility that polymor-
phism in BACE1 could be responsible for an increased risk of
schizophrenia in subsets of patients. As an animal model,
BACE1�/� mice will be important for the identification of
BACE1-related molecular pathways and neural circuits that are
involved in endophenotypes resembling features of schizophre-
nia and offering opportunities for testing therapeutic strategies
for this psychiatric illness.

Materials and Methods
Animals. BACE1�/� mice were generated as described in ref. 38. Male mice
from 4 to 8 months of age were used in all procedures that were under the
guidelines of The Johns Hopkins University Institutional Animal Care and Use
Committee.

Behavioral Testing. Behaviors in the plus maze, Y maze, and social recognition
task were videotaped and scored by trained observers blind to genotype by using
a computer-assisted data acquisition system (Stopwatch�; www.cbn-atl.org). In
the radial water maze, open-field, and corner tasks, performance was recorded
by a computer-based video tracking system (HVS Image). PPI tests were con-
ducted in a startle chamber, and inhibitory avoidance was tested in a freeze
monitor (San Diego Instruments). All tests have been described in detail else-
where (2) and SI Materials and Methods.

Sensitivity to MK-801. Each mouse was placed in a standard mouse cage, and
after 20 min of habituation, locomotor activity was recorded by a computer-
based video tracking system (HVS Image) in 3-min samples at �5, 15, 45, 75,
and 105 min after the i.p. injection (PBS or MK-801).

Treatment with Clozapine. The effect of clozapine on motor activity, working
memory, and PPI was analyzed by using Y maze and PPI tests 20 and 30 min
after the injection (PBS or clozapine), respectively.

Western Blotting and Immunoprecipitation. Western blotting and immunopre-
cipitation were performed as described (2, 38). Cortex and hippocampus were
dissected for Western blot analysis. The following antibodies were used:
ErbB4, sc-283 (1:500; Santa Cruz Biotechnology); NRG1, sc-348 (1:1,000; Santa
Cruz Biotechnology); NRG1, sc-28916 (1:1,500; Santa Cruz Biotechnology);
PSD95 (1:1,000; Sigma); MBP (SMI-99) (1:2,000; Covance); SOD1 (1:4,000; Ab-
cam). For immunoprecipitation, samples were incubated with the anti-ErbB4
antibody (2 �g of antibody per 500 �g of total protein).

Spine Morphology. Brains from WT and BACE1�/� mice (n � 2 per genotype)
were processed for Golgi staining (FD Rapid GolgiStain kit; FD Neurotechnolo-
gies). Pyramidal cells from coronal sections (100 �m; three per animal) in the
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CA1 region were traced, and spines were counted at �100 by using Neurolu-
cida software (MicroBrightField). Dendritic complexity, length, cell body area,
and spine density were calculated for a total pool of �420 neurons and
�15,000 spines.

Statistical Analyses. The data were analyzed by using ANOVA with the statis-
tical package STATISTICA 6.0 (StatSoft) and a minimal level of significance (P �
0.05). Newman–Keuls post hoc tests were applied to significant main effects
or interactions. For the analysis of differences in spine proportions, neurons
were divided into groups (clusters) by K-means cluster analysis of the number
of spines per neuron (see SI Materials and Methods).
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