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Neuregulin 1 (NRG1) is a trophic factor that acts by stimulating ErbB
receptor tyrosine kinases and has been implicated in neural de-
velopment and synaptic plasticity. In this study, we investigated
mechanisms of its suppression of long-term potentiation (LTP) in the
hippocampus. We found that NRG1 did not alter glutamatergic
transmission at SC-CA1 synapses but increased the GABA, receptor-
mediated synaptic currents in CA1 pyramidal cells via a presynaptic
mechanism. Inhibition of GABA, receptors blocked the suppressing
effect of NRG1 on LTP and prevented ecto-ErbB4 from enhancing
LTP, implicating a role of GABAergic transmission. To test this hy-
pothesis further, we generated parvalbumin (PV)-Cre;ErbB4~'~ mice
in which ErbB4, an NRG1 receptor in the brain, is ablated specifically
in PV-positive interneurons. NRG1 was no longer able to increase
inhibitory postsynaptic currents and to suppress LTP in PV-Cre;
ErbB4~'~ hippocampus. Accordingly, contextual fear conditioning,
a hippocampus-dependent test, was impaired in PV-Cre;ErbB4~/~
mice. In contrast, ablation of ErbB4 in pyramidal neurons had no
effect on NRG1 regulation of hippocampal LTP or contextual fear
conditioning. These results demonstrate a critical role of ErbB4 in
PV-positive interneurons but not in pyramidal neurons in synaptic
plasticity and support a working model that NRG1 suppresses LTP
by enhancing GABA release. Considering that NRG1 and ErbB4 are
susceptibility genes of schizophrenia, these observations contribute
to a better understanding of how abnormal NRG1/ErbB4 signaling
may be involved in the pathogenesis of schizophrenia.

euregulin 1 (NRG1) is a trophic factor that acts by activating

ErbB receptor tyrosine kinases, including ErbB4. NRG1
signaling has been implicated in various steps in neural de-
velopment, including neuron migration, axon guidance, synapse
formation, and expression of neurotransmitter receptors (1).
Studies of NRG1 have attracted much attention because both
NRG1 and ErbB4 were identified as susceptibility genes of
schizophrenia and NRG1 and ErbB4 mutant mice show schizo-
phrenia-relevant behaviors (1-4).

Recent studies suggest that NRG1 plays a role in neurotrans-
mission and synaptic plasticity (1). NRG1 has been shown to
suppress the induction of LTP acutely at Schaffer collateral (SC)-
CA1 synapses in adult rodent hippocampus (5-8), but it has no
effect on basal synaptic transmission (5, 7, 9). NRG1 regulation of
long-term potentiation (LTP) requires ErbB4 (8); however, un-
derlying mechanisms remain unclear. In vitro studies suggest
that NRG1 may alter functions of pyramidal neurons and gluta-
matergic transmission. For example, it could suppress NMDA
receptor (NMDAR) currents in prefrontal cortical (PFC) neurons
in culture (10). NRG1 was shown to stimulate internalization of
surface AMPA receptors (AMPARS) in dissociated hippocampal
neurons (11). Moreover, changes in ErbB4 levels in neonatal
hippocampal slices alter dendritic spine size and AMPA synaptic
currents (12). Conversely, ErbB4 expression is largely restricted to
GABAergic interneurons in the brain (5, 13). NRG1 stimulates
GABA release in the PFCslices in a manner dependent on ErbB4
(14) and suppresses the firing of PFC pyramidal neurons by in-
creasing GABAergic transmission (15). These effects are inhibited
when the ErbB4 gene is specifically ablated in parvalbumin (PV)-
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positive interneurons (15). Which of these mechanisms is involved
in NRG1 regulation of LTP remains unclear.

In the current study, we carried out a series of experiments to
investigate how NRGI inhibits the induction of LTP in the
hippocampus. We studied the effect of NRG1 on glutamatergic
transmission in hippocampal pyramidal neurons and investigated
the relationship between NRG1 regulation of hippocampal LTP
and GABAergic transmission. We explored the consequences of
ablating the ErbB4 gene in PV-positive interneurons and gluta-
matergic neurons. Our results indicate that NRG1 suppresses
LTP by stimulating GABA release and identify a critical role of
ErbB4 in PV-positive neurons in synaptic plasticity and contex-
tual fear conditioning.

Results

NRG1 Does Not Alter Glutamatergic Receptor-Mediated Synaptic
Responses in the Hippocampus. NRG1 suppresses the induction of
LTP at the SC-CA1. This effect may be mediated by reduced glu-
tamate release or postsynaptic response at excitatory synapses or
by increased GABAergic transmission. To dissect the involved
mechanism, we first measured field excitatory postsynaptic poten-
tials (fEPSPs) at SC-CAL synapses. As shown in Fig. S14, their
slopes at different stimulation intensities were not altered by NRGl,
indicating that NRG1 at 1 nM, a concentration at which it sup-
presses LTP (5, 7), had no effect on basal synaptic transmission.
Moreover, paired-pulse ratios (PPRs) of fEPSPs in the absence and
presence of NRG1 were similar (Fig. S1B), suggesting that NRG1
had no effect on presynaptic glutamate release. These results sug-
gest that AMPAR-mediated synaptic transmission may not be af-
fected by NRGI. To determine whether NRG1 regulates NMDAR-
mediated response, fEPSPs were measured in Mg**-free buffer to
release the NMDAR block and in the presence of 20 pM 6-cyano-7-
nitroquinoxaline-2,3-dione to block AMPAR. NRG1 had no effect
on the amplitudes of NMDA fEPSPs because the input/output
curves without or with NRG1 completely overlapped (Fig. S1C),
suggesting that NRG1 may not alter NMDAR-mediated response.

To study the effect of NRG1 on AMPA and NMDA response
further, we measured AMPA- and NMDA-mediated excitatory
postsynaptic currents (EPSCs) in pyramidal neurons in a whole-cell
configuration. As shown in Fig. 1 4 and B, AMPAR or NMDAR
EPSCs did not change after NRG1 treatment, in agreement with
studies of fEPSPs. Similarly, PPRs of EPSCs to two consecutive
stimuli with different time intervals were not altered by NRG1
(Fig. 1C), suggesting that NRG1 has no effect on glutamate release.
Finally, we tested whether NRGI affects spontaneous synaptic
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transmission by measuring miniature excitatory postsynaptic cur-
rents (mEPSCs) from CAl pyramidal neurons. Both the amplitude
and frequency of mEPSCs were not altered by 1 nM NRG1 (Fig. 1 D-
F). Together, these observations demonstrate that NRG1 does not
alter glutamatergic transmission at hippocampal SC-CA1 synapses.

NRG1 Increases GABAergic Transmission in the Hippocampus. Having
ruled out a possible effect of NRG1 on glutamatergic transmission,
we next determined whether NRGI1 regulates GABAergic trans-
mission in the hippocampus. Evoked inhibitory postsynaptic cur-
rents (eIPSCs) were evoked by stimulating SC and measured in
pyramidal neurons in the CAl region by whole-cell recording. They
were inhibited by bicuculline methiodide (BMI), a GABA, re-
ceptor antagonist. The eIPSC amplitudes were increased in NRG1-
treated slices in comparison to control (Fig. 24 and B and Fig. S2).
In contrast, vehicle or denatured NRG1 had no effect (Fig. 2B).
Moreover, treatment with AG1478, an inhibitor of ErbB tyrosine
kinases (14), prevented NRG1 from increasing eIPSC amplitudes
in the hippocampus (Fig. 2B). These results suggest that NRG1
increases depolarization-evoked GABA currents through activa-
tion of ErbB tyrosine kinases. Next, we examined whether spon-
taneous inhibitory synaptic transmission is affected by NRGI1.
Miniature IPSCs (mIPSCs) were measured at CAl pyramidal
neurons that were inhibited by BMI. Although NRG1 had no effect
on their amplitudes, it increased the frequency to 127 + 11% of
control (n = 8; P < 0.05; Fig. 2 C-E). This effect could be reversed
10 min after washout. Again, denatured NRG1 or vehicle had no
effect on either the amplitude or frequency of mIPSCs. These
results suggest that NRG1 promotes the release of GABA from
presynaptic terminals. We have also characterized the PPRs and
found that they were reduced at every interval, indicating increased
probability of GABA release (16) (Fig. 2F). These results suggest
that NRG1 may increase GABA release in the hippocampus,
providing a potential mechanism of its regulation of LTP. Notice
that treatment with AG1478 in the absence of exogenous NRG1

also decreased eIPSCs (to 79 + 5.3% of control, n = 8; P < 0.05;
Fig. 2B), suggesting the involvement of endogenous NRG1 in
regulating GABAergic transmission.

Blockade of GABA, Receptor-Mediated Transmission Prevents NRG1
from Suppressing LTP Induction. LTP induction at excitatory syn-
apses is known to be inhibited by increased GABA-mediated
transmission (17, 18). Because NRG1 has no effect on AMPAR- or
NMDAR-mediated synaptic response, we examined whether in-
creased GABAergic transmission by NRG1 plays a role in sup-
pressing LTP induction. As shown in Fig. 34, NRG1 suppressed
LTP induced by tetanus stimulation. Treatment with 20 uM BMI
increased LTP significantly (Fig. 3B), consistent with previous
observations (17, 18). Intriguingly, BMI prevented NRG1 from
suppressing LTP induction in a dose-dependent manner (Fig. 3 B—
D). At 20 pM, BMI completely blocks the action of NRG1. This
result suggests that NRG1 suppression of LTP requires GABA 5
receptor-dependent transmission. To eliminate a possible off-target
effect of BMI, hippocampal slices were treated with picrotoxin
(PTX), another GABA 4 receptor inhibitor that acts by inhibiting
the channel (unlike BMI that binds to the receptor) (19). As shown
in Fig. 3C, NRG1 was no longer able to suppress LTP in hippo-
campal slices in the presence of 100 uM PTX. Finally, application
of diazepam, a benzodiazepine agonist known to enhance the
activation of GABA receptor, prevented LTP induction at 1 pM,
a concentration that produced comparable enhancement (~25%)
of eIPSCs as NRG1 (Fig. S3). Together, these results indicate
a critical role of GABA4 receptor-dependent neurotransmission
in NRG1-induced suppression of LTP induction.

Neutralizing Endogenous NRG1 Potentiates LTP. NRG1 is detectable
in the hippocampus of adult brain (14). To determine whether
endogenous NRG1 regulates LTP, hippocampal slices were treat-
ed with ecto-ErbB4, a neutralizing peptide that specifically blocks
NRGT1 activation of ErbB kinases and Erk and facilitation of
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Fig. 1. AMPAR-or NMDAR-mediated currents were not altered in NRG 1-treated hippocampal slices. BMI (20 uM) was included in artificial cerebrospinal fluid (ACSF)
for experiments in this figure. AMPA and NMDA currents were evoked by holding membrane potentials at =70 mV and +40 mV, respectively. NRG1 has no effect on
peak amplitudes of AMPA currents (4; n=9; P> 0.05) or NMDA currents (B; n = 6; P> 0.05). Notice that 20 pM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) and 100
uM D(-)-2-amino-5-phosphonovaleric acid (AP5) were included in ACSF in A and B, respectively. Con, control. (C) NRG1 did not change PPRs of evoked EPSCs at
SC-CA1 synapses (n = 6; P> 0.05). (Inset) Representative recordings. (D-F) There was no effect of NRG1 on mEPSCs on CA1 pyramidal neurons. Shown are rep-
resentative traces (D) and cumulative plots (E) of mEPSC frequencies and amplitudes before and after NRG1 treatment. (F) Summary of results (n = 9; P> 0.05).
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GABA release (14) (Fig. S4). As shown in Fig. 3E, treatment with
1 pg/mL ecto-ErbB4 alone increased LTP. This result is in agree-
ment with the finding that ErbB4 inhibition reduces eIPSCs (Fig.
2B) and supports the notion that endogenous NRG1 may suppress
LTP by increasing depolarization-evoked GABA currents through
activation of ErbB tyrosine kinases. Considering that both BMI and
ecto-ErbB4 increased LTP, we then determined whether they act via
the same mechanism—attenuating GABAergic transmission. If so,
ecto-ErbB4 should not be able to increase LTP in the presence of
BMI. To test this hypothesis, hippocampal slices were treated with
1 pg/mL ecto-ErbB4 and 20 pM BMI. LTP in the presence of both
ecto-ErbB4 and BMI was not different from that in the presence of
only ecto-ErbB4 or BMI. These results provide further support to the
idea that NRG1 suppresses LTP via enhancing GABA, receptor-
mediated transmission.

ErbB4 in PV-Positive Interneurons Is Critical for Synaptic Plasticity and
Contextual Fear Conditioning. Among ErbB proteins, ErbB4 is highly
expressed in adult brains, and its ablation in the entire brain increases
LTP and prevented NRG1 from suppressing LTP (8). In light of its
expression in PV-positive neurons (13, 14, 20-22), we generated PV-
Cre;ErbB4 ™~ mice in which ErbB4 was specifically knocked out in
PV-positive neurons. Expression of the Cre recombinase in PV-Cre
mice is under the control of a minimal promoter of the PV gene that
is active at postnatal day 13 in rodents (23-25). Western blot analysis
indicated that ErbB4 was reduced but not abolished in the hippo-
campus of PV-Cre;ErbB4™7~ mice (Fig. S5). This was not un-
expected, because ErbB4 expression in other cells was not altered in
the mutant mice. Immunostaining evidence indicates that ErbB4
immunoreactivity was abolished in PV-positive neurons in PV-Cre;
ErbB4 '~ slices (Fig. S5), demonstrating loss of ErbB4 specifically in
PV-positive neurons. Ablation of ErbB4 in PV-positive interneurons
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seemed to have little effect on basal GABAergic transmission. As
shown in Fig. S6 A-C, hippocampal pyramidal neurons of PV-Cre;
ErbB4 ™~ and control littermates produced similar mIPSCs. Never-
theless, the eIPSC PPRs in PV-Cre;ErbB4 7/~ hippocampus were
increased (Fig. S6D), consistent with pharmacological inhibition of
ErbB4 (Fig. 2B) and in further support of the involvement of en-
dogenous NRG1 in regulating GABA release.

As shown in Fig. 44, the potentiation effect of NRG1 on eIPSCs
was abolished in hippocampal slices from PV-Cre;ErbB4~~ mice,
indicating a critical role for NRG1/ErbB4 signaling in PV-positive
neurons to regulate GABAergic transmission. Hippocampal LTP
was enhanced in PV-Cre;ErbB4 ™' slices in comparison to those of
control littermates (Fig. 4B). This result agrees with an earlier
report of ErbB4 null mutation (8) and underscores PV-positive
neurons as a possible cellular target. Importantly, NRG1 was
unable to suppress LTP in PV-Cre;ErbB4~'~ hippocampal slices
(Fig. 4B), suggesting that NRG1 suppression of LTP requires
ErbB4 in PV-positive neurons. Together, these pieces of in vivo
evidence support a working model in which NRGI1 activates
ErbB4 in PV-positive neurons to facilitate GABAergic trans-
mission, and thus suppresses LTP. To determine whether NRG1
malfunction in the hippocampus could cause relevant cognitive
deficits, we measured contextual fear conditioning, a behavior
implicated in hippocampal function, in PV-Cre;ErbB4 ™~ mice. As
shown in Fig. 54, the mutant mice were impaired in this behavior,
suggesting problems in associating learning and memory when
ErbB4 is ablated in PV-positive neurons.

Ablation of ErbB4 in Pyramidal Neurons Had No Effect on NRG1
Regulation of LTP or Contextual Fear Conditioning. In light of
reported effects of NRG1 on pyramidal neurons (7, 10-12, 26,
27), we determined whether ErbB4 in pyramidal neurons is in-
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volved in NRG1 suppression of LTP. To this end, we generated
mutant mice, CaMKII-Cre;ErbB4~~, that lack ErbB4 in pyra-
midal neurons. Western blot analysis indicated similar levels of
ErbB4 in the CALl regions between the mutant mice and control
littermates (Fig. S5), suggesting that ErbB4 may not be expressed
at high levels in adult pyramidal neurons. Moreover, the muta-
tion seemed to have little effect on NRG1 enhancement of
eIPSCs (Fig. 4C), suggesting that ErbB4 in pyramidal neurons
have a limited role in regulating GABAergic transmission. In-
triguingly, we found that NRG1 remained able to suppress LTP
in CaMKII-Cre;ErbB4 ™'~ hippocampus. There was no difference
in the NRG1 inhibitory effect between CaMKII-Cre;ErbB4~/~
mice and control littermates (Fig. 4D). These results suggest that
ErbB4 in pyramidal cells may not be critical for NRG1 regula-
tion of LTP. This notion was supported by analysis of contextual
fear conditioning in CaMKII-Cre;ErbB4™"~ mice. They showed
a similar freezing response as control littermates (Fig. 5B),
suggesting that ErbB4 in pyramidal cells was not involved in
hippocampus-dependent contextual conditioning.

Discussion

This paper provides evidence that NRG1 suppresses LTP at the
SC-CAL1 synapses in the hippocampus in a manner that requires
GABAergic transmission. Pharmacologically, the NRG1 effect
was blocked by GABA, receptor antagonists. Genetically, ab-
lation of ErbB4 in PV-positive interneurons prevented NRG1
from enhancing GABAergic transmission and suppressing LTP,
indicating a critical role of ErbB4 in PV-positive interneurons.
Moreover, this paper provides evidence that ErbB4 in excitatory
pyramidal neurons may not be necessary for NRG1 regulation of
LTP. Finally, neutralizing endogenous NRG1 by ecto-ErbB4
alters LTP in the hippocampus, suggesting a role of endogenous
NRGTI in regulating brain activity. Together, these results iden-
tify a unique in vivo function of NRG1/ErbB4 in regulating
synaptic plasticity in the hippocampus.

Chen et al.

There are three types of ErbB kinases that serve as NRG1
receptors, all of which are expressed in the brain, albeit at dif-
ferent levels. In this study, we showed that ErbB4 in PV-positive
neurons is critical for NRG1 regulation of LTP. NRG1 was no
longer able to suppress LTP when ErbB4 was ablated specifically in
PV-positive neurons, suggesting that ErbB4 in other neurons may
not be as important (Fig. 4B). This notion is supported by studies of
CaMKII-ErbB4~'~ mice in which ErbB4 is knocked out in excitatory
neurons but NRG1 remains able to suppress LTP (Fig. 4D). Con-
sistently, using two different methods, we demonstrated that NRG1
has no effect on AMPAR- or NMDAR-mediated currents in ex-
citatory neurons in adult hippocampal slices (Fig. 1 and Fig. S1), in
agreement with reports that NRG1 has no effect on basal synaptic
transmission at hippocampal CA1 synapses (5, 7, 9). Previous studies
indicate that NRG1 suppresses NMDAR currents in PFC excitatory
neurons (10) or stimulates the internalization of surface GluR1-
containing AMPARSs after chemically induced LTP (11). The latter
two effects cannot be mediated by ErbB4 because it is not expressed
in excitatory neurons (13) and NRG1 regulation of LTP is not al-
tered in CaMKII-ErbB4~~ hippocampus (Fig. 4D). Whether they
are mediated by other ErbB kinases awaits further study. In addition,
we speculate that different NRG1 effects reported in the literature
may be attributable to variation in brain regions (hippocampus vs.
PFC) or sample preparations (slices vs. dissociated neurons and slice
preparation). For example, we were unable to observe the “depot-
entiation” effect of NRG1 on LTP, regardless of how soon NRG1
was added after LTP induction. Finally, the ErbB4 gene mutation in
excitatory neurons is dependent on Cre expression that is controlled
by the CaMKII promoter. In the mouse line that we used, Cre ex-
pression in the CA1 pyramidal neurons occurs at the age of 3 wk in
the hippocampus (28-30). Thus, our study was unable to determine
whether ErbB4 in pyramidal neurons is critical for excitatory
synapse formation. It could suggest that ErbB4 is not critical for the
function of excitatory synapses in pyramidal neurons.

NRGTI suppression of LTP induction at the SC-CA1 synapses in
the hippocampus has the following characteristics. First, NRG1
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Fig. 4. Ablation of ErbB4 in PV-positive neurons prevents NRG1 from increasing GABAergic transmission and suppressing LTP. (A) Representative elPSC traces
from control and PV-Cre;ErbB4~~ mice. (Right) Quantitative analysis of data with elPSCs before application of 100% NRG1 (n = 9 for control; n = 8 for PV-Cre;
ErbB4~'~ mice). (B) Normalized fEPSP slopes from control and NRG 1-treated hippocampal slices of indicated mice. (Right) Quantitative data (n = 4-6 slices). (C) NRG1
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LTP induction in CaMKII-Cre;ErbB4~~ mice. Shown was % potentiation of fEPSP slopes that were recorded as Fig. 1 (n = 4-5 slices). *P < 0.05; **P < 0.01.

inhibits the induction by both tetanus- and theta-burst stimuli (5-9).
Second, the effect is acute and occurs within 20 min of NRG1
treatment (5-9) (Fig. 3). Third, the NRGI1 effect could be com-
pletely blocked by acute pharmacological inhibition of ErbB4
(8, 11) or ablation of the ErbB4 gene (8) (this study), suggesting
anecessary role of ErtbB4. Finally, both in vitro and in vivo evidence
indicates that the effect requires ErbB4-dependent enhancement
of GABA release by NRGI1. At the cellular level, our findings
demonstrate a critical role of ErtbB4 in PV-positive interneurons in
LTP. Recent evidence suggests a role of NRGI in promoting the
assembly and function of excitatory synapses on interneurons and
inhibitory synapses on pyramidal neurons (14, 22, 47). However,
underlying mechanisms await future studies. It is worthy pointing
out that Cre expression in PV-Cre;ErbB4 ™~ mice occurs on post-
natal day 13. The late-onset mutation may not be able to cause
developmental phenotypes that require early gene deletion. For
example, mIPSCs were not changed in PV-Cre;ErbB4~~ hippo-
campus. When ErbB4 is mutated by DIx5/6-Cre, which begins to be
expressed at embryo day 13.5, mice were impaired in the frequency
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Fig. 5. Impaired contextual fear conditioning in PV-Cre;ErbB4~"~ but not
CaMKII-Cre;ErbB4~"~ mice. (A) Memory for contextual training measured 24 h
after training was reduced in PV-Cre;ErbB4~~ mice (n = 6) compared with
control littermates (n = 7). (B) Memory for contextual training measured 24 h
after training was not changed in CaMKII-Cre;ErbB4~"~ mice (n = 6) compared
with control littermates (n = 6). *P < 0.05.
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of mIPSCs in pyramidal neurons (22). Future studies would be
benefited by using mutant mice whose levels or activity of NRG1
and ErbB4 can be controlled in space and time.

Schizophrenia is a debilitating mental disorder that affects 1%
of the general population (31, 32). NRG1 and ErbB4 are sus-
ceptibility genes of schizophrenia. Some patients show abnormal
levels of expression or activity of NRG1 and ErbB4 isoforms
in various brain regions, including the hippocampus (33-37).
Schizophrenic patients are impaired in cognitive function, in-
cluding memory (38). Our earlier work has shown that PV-
ErbB4~'~ mice were hyperactive and impaired in working memory
(15). In light of the role of NRG1/ErbB4 in regulating hippo-
campal LTP, we measured contextual fear conditioning, a hippo-
campus-dependent task (39, 40). Our results suggest that the
mutant mice have problems in associative learning and memory
when ErbB4 is ablated in PV-positive neurons (Fig. 5). PV-posi-
tive interneurons are important in modulating cognitive pro-
cesses, and disturbance in GABAergic neurotransmission could
be a pathogenic mechanism of schizophrenia (41, 42). Moreover,
hypofunction of the glutamatergic pathway is thought to be a
mechanism of schizophrenic pathology (43). It is conceivable that
the findings of this paper could shed light on the pathogenic
mechanisms of schizophrenia, particularly its cognitive deficits.

Materials and Methods

ErbB4 conditional KO mice were generated by a loxP/Cre strategy. LoxP-
flanked ErbB4, PV-Cre, and CaMKII-Cre mice were described previously (28, 44—
46). PV-Cre mice were crossed with LoxP-flanked ErbB4 mice to generate PV-
Cre;ErbB4~"~ (PV-Cre;ErbB4'*"°®) mice, with PV-Cre;ErbB4*"* mice as a con-
trol. CaMKII-Cre mice were crossed with loxP-flanked ErbB4 mice to generate
CaMKII-Cre;ErbB4~~ (CaMKII-Cre;ErbB4'>™'*®) mice, with CaMKII-Cre™;Erb-
B4'*XP1oxP mice as a control. All mice had ad libitum access to water and food
and were housed under a 12-h light/dark cycle. All experimental procedures
in this study were performed according to the National Institutes of Health
Guidelines for the Care and Use of Laboratory Animals. Hippocampal slice
preparation and electrophysiological recording were performed as described
in SI Materials and Methods. Immunofluorescence staining and Western blot
analysis were performed as described (15). Behavior analysis was carried out
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with 8- to 12-wk-old mice by investigators unaware of their genotype. De-
tailed procedures are described in S/ Materials and Methods. Data were an-
alyzed by paired or unpaired t tests and one-way ANOVA, followed by
Dunnett's tests, using SPSS software (SPSS, Inc.). Unless otherwise indicated,
data were expressed as the mean + SEM, the number of experiments is in-
dicated by “n,” and statistical significance was considered when P < 0.05.
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