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Neuregulin 1 (NRG1) is a trophic factor thought to play a role in
neural development. Recent studies suggest that it may regulate
neurotransmission, mechanisms of which remain elusive. Here we
show that NRGH1, via stimulating GABA release from interneurons,
inhibits pyramidal neurons in the prefrontal cortex (PFC). Ablation
of the NRG1 receptor ErbB4 in parvalbumin (PV)-positive interneur-
ons prevented NRG1 from stimulating GABA release and from
inhibiting pyramidal neurons. PV-ErbB4~'~ mice exhibited schizo-
phrenia-relevant phenotypes similar to those observed in NRG1 or
ErbB4 null mutant mice, including hyperactivity, impaired working
memory, and deficit in prepulse inhibition (PPI) that was amelio-
rated by diazepam, a GABA enhancer. These results indicate that
NRG1 regulates the activity of pyramidal neurons by promoting
GABA release from PV-positive interneurons, identifying a critical
function of NRG1 in balancing brain activity. Because both NRG1
and ErbB4 are susceptibility genes of schizophrenia, our study pro-
vides insight into potential pathogenic mechanisms of schizophre-
nia and suggests that PV-ErbB4~'~ mice may serve as a model in the
study of this and relevant brain disorders.
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N euregulin 1 (NRG1) is a family of trophic factors with an
epidermal growth factor (EGF)-like domain (1, 2). It acts by
stimulating the ErbB family of receptor tyrosine kinases ErbB2,
-3, and -4. NRG1 binds only to ErbB3 or ErbB4, but not to ErbB2.
On the other hand, ErbB2 and ErbB4 are most active in response
to NRGI1 stimulation whereas the kinase activity of ErbB3 is
impaired. Thus, ErbB2 and ErbB3 function by forming hetero-
dimers with each other or with ErbB4, but an ErbB4 homodimer
is functional by itself (2). NRG1 has been implicated in many
aspects of neural development including neuron migration, axon
projection, myelination, synapse formation, and up-regulation of
neurotransmitter receptor expression (2). Recently, CNS-specific
mutation of ErbB2 and ErbB4 seemed to have no effect on lay-
ered structures of the cerebral cortex, hippocampus, and cer-
ebellum or expression of NMDA receptor subtypes (3, 4),
challenging existing views of NRG1 function.

Both NRG1 and its receptors are distributed throughout brain
regions critical for higher function in adult animals (5-8), sug-
gesting a role of NRG1 in the brain after neural development is
complete. In support of this hypothesis were observations that
ErbB4 is present at the postsynaptic density of excitatory synapses
presumably via interaction with PSD-95 (9-11). Moreover, ErbB4
mRNA is enriched in regions where interneurons are clustered (5)
and GAD-positive neurons of the hippocampus express high levels
of ErbB4 (10), suggesting that ErbB4 is enriched in GABAergic
neurons. Immunohistochemical analysis indicates that ErbB4 is
expressed in most if not all parvalbumin (PV)-positive interneurons
in addition to glutamatergic neurons (10, 12). Intriguingly, exog-
enous NRG1 suppresses the induction of LTP at Schaffer collat-
eral-CALl synapses in the hippocampus (10, 11, 13) or reverses it
(14, 15). These observations suggest that NRG1 may regulate
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neurotransmission and synaptic plasticity although the underlying
mechanisms remain elusive. NRG1 depotentiation of LTP was
shown to depend on stimulated internalization of surface gluta-
mate receptor 1-containing AMPA receptors (14) and activation
of dopamine D4 receptors (15). Invitro studies showed that NRG1
was able to reduce whole-cell NMDA receptor currents in cultured
neurons of the prefrontal cortex (PFC) and to decrease NMDA
receptor-mediated excitatory postsynaptic currents (EPSCs) in
PFC (16). On the other hand, overexpressed ErbB4 enhances
AMPA synaptic currents and increases dendritic spine size,
whereas preventing NRG1/ErbB4 signaling destabilizes synaptic
AMPA receptors and leads to loss of synaptic NMDA currents and
spines (17). Moreover, we demonstrated that ErbB4 is present in
terminals of GABAergic neurons in the PFC and NRG1 facilitates
activity-dependent release of GABA in a manner dependent on
ErbB4 (18). Which of these mechanisms is involved in NRG1
regulation of synaptic plasticity remains unclear.

Recently, studies of NRG1 have gained much attention
because both NRG1 and its receptor ErbB4 are susceptibility
genes of schizophrenia (2, 19-23). Expression of NRG1 and
ErbB4 appeared to be altered in the brains of schizophrenic
patients (2). Moreover, null mutation of the NRG1 gene that
disrupts expression of various isoforms and the ErbB4 gene
causes a spectrum of abnormal behaviors in mice including
hyperactivity, disrupted prepulse inhibition (PPI), and spatial
learning and memory deficits (3, 19, 24-30), which are thought to
be associated with schizophrenia (31-33).

In this study, we investigated whether NRG1 regulates the
activity of pyramidal neurons by loose-patch and whole-cell
recordings. Both spontaneous spikes and evoked firing activity of
pyramidal neurons were inhibited by NRG1, but increased by the
neutralizing peptide ecto-ErbB4, suggesting a role of NRG1 in
controlling pyramidal neuron activity. To test this hypothesis
further, ErbB4 was ablated specifically in PV-positive neurons in
PV-Cre;ErbB4~'~ mice where expression of Cre is not active until
postnatal day 10 (34, 35), a time when the cortical lamination is
nearly achieved (35, 36). This mutation prevented NRG1 from
promoting activity-dependent GABA release and from sup-
pressing the activity of pyramidal neurons. Furthermore, the
mutant mice demonstrated schizophrenia-associated phenotypes
that are manifested in NRG1 or ErbB4 null mutant mice.
Moreover, treatment with diazepam ameliorated the PPI deficit
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in PV-Cre;ErbB4™~ mice. These observations reveal a critical
function of NRG1 in balancing brain activity, identify PV-positive
neurons as a cellular target of NRG1/ErbB4 signaling in synaptic
plasticity and complex behaviors relevant to schizophrenia, and
suggest that PV-ErbB4~'~ mice may serve as a model in the study
of this and relevant brain disorders.

Results

NRG1 Inhibition of Firing Rate of Pyramidal Neurons in the PFC. To
determine whether NRG1 regulates the activity of PFC pyramidal
neurons, spontaneous firing rates were recorded extracellularly in
a loose-patch cell-attached configuration. Pyramidal-like neurons
with triangular-shaped soma and prominent apical dendrites in
layers II-V of coronal PFC sections were visually identified by
infrared-differential interference contrast optics. The sponta-
neous firing rates were 55.9 + 7.8/min (n = 7). Bath application of
5 nM NRG1 reduced the spontaneous firing rates within 5 min of
application (P < 0.05, n = 7; Fig. 1 A and B), suggesting that
NRG1 could regulate PFC pyramidal neuron activity. This effect
was blocked by 1 pg/mL ecto-ErbB4, a NRG1-neutralizing pep-
tide (18) (Fig. S1 4 and B). Interestingly, ecto-ErbB4 alone
increased firing rates of PFC pyramidal neurons in the absence of
exogenous NRG1 (P < 0.05) (Fig. 1 4 and B), suggesting a nec-
essary role of endogenous NRG1 in maintaining pyramidal neu-
ron activity. To test this idea further, we recorded action
potentials of PFC layers I[I-V pyramidal neurons that were gen-
erated by a 200-pA suprathreshold somatic current injection in a
whole-cell patch-clamping configuration. Pyramidal neurons
exhibited a characteristic spiking adaptation (Fig. S2.4) and could
be co-stained with calcium/calmodulin-dependent protein kinase
IT (CaMKII), a marker of pyramidal neurons. The evoked firings
of pyramidal neurons also differed from those of interneurons in
the after-hyperpolarization amplitude and spike width at half
amplitude (Fig. S2 4 and B). In agreement with the results of loose-
patch recording, bath application of NRG1 decreased the number
of action potentials of PFC layers II-V pyramidal neurons (Fig. 2.4
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Fig. 1. NRG1 inhibition of spontaneous spikes of PFC pyramidal neurons. (A)
NRG1 reduced whereas ecto-ErbB4 increased spontaneous spike activities of
layers II-V pyramidal neurons. PFC slices were treated with vehicle (control), 5
nM NRG1, or 1 pg/mL ecto-ErbB4 in the absence (Upper) or presence (Lower)
of 20 pM bicuculline. Pyramidal neuron firings were recorded under loose
patch-clamp configuration. (B) Quantitative analysis of spontaneous firing
rates.n=7, *P < 0.05 in comparison with control; #P<0.05in comparison with
NRG1. There was no significant difference in firing rates of the three groups:
bicuculline alone, bicuculline/NRG1, and bicuculline/ecto-ErbB4 (P > 0.05).
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Fig. 2. NRG1 inhibition of evoked firing of PFC pyramidal neurons. (A) NRG1
reduced whereas ecto-ErbB4 enhanced action potential frequency of pyr-
amidal neurons in a whole-cell patch-clamping configuration. Representative
action potentials are shown of a single neuron before (baseline) and after
bath application of vehicle (control), 5 nM NRG1, 5 nM denatured NRG1, or 1
pg/mL ecto-ErbB4, or 20 pM bicuculline and 5 nM NRG1, or 20 uM bicuculline
and 1 pg/mL ecto-ErbB4. (B) Quantitative analysis of datain A.n=9, *P < 0.05,
compared with control; P < 0.05, compared with NRG1. (C) Dose-dependent
inhibition of NRG1 on evoked spikes of pyramidal neurons (n = 11).

and B). During 300 ms of current injection, action potential num-
bers were reduced from 8.3 + 0.58 in control to 6.2 + 0.32 in slices
treated with 5 nM NRG1 (n = 9, P < 0.05). The inhibitory effect
was evident within 5 min of application and disappeared ~5 min
after removal of NRG1. This effect did not appear to be nonspecific
because it was abolished by heat inactivation of NRG1 (Fig. 2.4 and
B) and was blocked by ecto-ErbB4 (Fig. S1 C and D). Moreover, the
effect was concentration dependent with an ICs, value similar to
that on GABA release (Fig. 2C) (18). Spike generation was
inhibited by 24.8 + 3.5% at maximal concentrations. These results
demonstrate that NRG1 was able to inhibit the activity of pyramidal
neurons in the PFC. Treatment with 1 pg/mL ecto-ErbB4 alone
increased the number of action potentials (from 7.8 + 0.72 in
control to 9.4 + 0.93 in slices treated with ecto-ErbB4,n = 9, P <
0.05) (Fig. 24 and B), suggesting that the evoked spike frequency of
pyramidal neurons is regulated by endogenous NRG.

We have previously shown that NRGI1 enhances activity-
dependent release of GABA (18). To investigate if the NRG1
regulation of pyramidal neuron firing requires GABA release, we
studied the effects of NRG1 on pyramidal neuron firing under
bicuculline, a selective antagonist of GABA, receptors. The firing
rate of pyramidal neurons as measured by both loose-patch and
whole-cell patch techniques was increased by 20 pM bicuculline
(Figs. 1 4 and B and 2 4 and B). Remarkably, in the presence of
bicuculline, NRG1 was no longer able to suppress pyramidal neu-
ron activity, suggesting a requirement for GABA, receptor acti-
vation in this event (Figs. 1 4 and B and 2 4 and B). Furthermore,
bicuculline blocked the effect of ecto-ErbB4 (Figs. 1.4 and B and 2
A and B). Together, these results support the concept that NRG1,
via increasing GABA release, regulates pyramidal neuron activity.

Critical Role of ErbB4 in PV-Positive Interneurons in NRG1 Potentiation
of GABA Release and Suppression of Pyramidal Neuron Activity. We
have shown that NRG1 regulation of evoked GABA release is
abolished in PFC slices from ErbB4~'~ mice, suggesting that it
requires ErbB4 (18). ErbB4 is highly expressed in PV-positive
interneurons (12, 37-39), which have been implicated in con-
trolling the output of pyramidal neurons (40, 41). If the NRG1-
mediated reduction of the firing rate of pyramidal neurons results
from an increase in GABAergic transmission, the effect should
require ErbB4 in PV-positive interneurons. To test this idea, we
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sought to ablate ErbB4 expression specifically in PV-positive in-
terneurons by crossing ErbB4'>***F mice (42) with PV-Cre mice
(43, 44). Western blotting analysis indicated that ErbB4 was
reduced but not abolished in the PFC of PV-Cre;ErbB4™~ mice
(Fig. 34). This result was not unexpected because ErbB4 has been
shown to be expressed by other neurons including glutamatergic
neurons (9-11). To determine the extent of ErbB4 deletion in PV-
positive neurons, PFC sections were costained with antibodies
against PV and ErbB4. As shown in Fig. 3B, ErbB4 was detectable
in almost all PV-positive neurons and in neurons that were not
positive for PV in control littermates, in agreement with previous
studies (12, 37-39). In contrast, ErbB4 immunoreactivity was
abolished in PV-positive, but not in PV-negative neurons in PV-
Cre;ErbB4~'~ slices (Fig. 3B). These results demonstrated the
specific loss of ErbB4 in PV-positive neurons.

We investigated the effect of the PV-specific ErtbB4 knockout
on evoked inhibitory postsynaptic current (eIPSC) amplitudes. As
observed previously (18), 5 nM NRG1 increased eIPSC ampli-
tudes (by 43.2 + 5.1%) in PV-Cre;ErbB4™'* PFC slices within
5 min (Fig. 3 C and D). Remarkably, this effect was abolished in
PFC slices from age-matched PV-Cre;ErbB4~~ mice. NRG1
showed little, if any, effect on eIPSC amplitudes in mutant slices
even at a concentration 5-fold higher than that eliciting a maximal
response in control slices (Fig. 3E). These results indicate a crit-
ical role for NRG1/ErbB4 signaling in PV-positive interneurons
to regulate GABAergic transmission. In addition, both the
spontaneous firing rate in loose-patch recordings (Fig. 4 A and B,
n = 12 for both genotypes) and the spikes evoked by a 200-pA
current injection in whole-cell recordings (Fig. 4 C and D;n = 9
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Fig. 3. Ablation of ErbB4 in PV-positive neurons prevented NRG1 from
increasing GABAergic transmission. (A) Reduced levels of ErbB4 in PV-Cre;
ErbB4~'~ PFC. PFC was isolated from PV-Cre;ErbB4~~ and control littlemates
(PV-Cre;ErbB4*"*) and homogenized. Resulting homogenates (40 ug of pro-
tein) were subjected to Western blotting analysis with the indicated anti-
bodies. Equal loading was shown by immunoblotting for -actin. (B) Specific
ablation of ErbB4 in PV-positive neurons. PFC slices of PV-Cre;ErbB4~~ and
PV-Cre;ErbB4*"* were stained with anti-ErbB4 and PV antibody. Immu-
noactivity was visualized by Alexa 488- and Alexa 594-conjugated secondary
antibodies, respectively. Slices were also stained with DAPI to indicate nuclei.
Arrows, PV-positive neurons; arrowheads, PV-negative neurons. (Scale bar,
10 um.) (C) NRG1 increased elPSCs in PFC slices of control, but not PV-Cre;
ErbB4~'~, mice. Concentrations were 5 nM for NRG1 and 40 uM for bicu-
culline. (D) Quantitative analysis of data in C(n =8, *P < 0.01, compared with
control). Control elPSC amplitudes were 2,150 + 128 and 1,650 + 153 pA for
PV-Cre;ErbB4*"* and PV-Cre;ErbB4~'~ mice, respectively (n = 8, P < 0.05). (E)
No effect of NRG1 on elPSCs at higher concentrations in PV-Cre;ErbB4~'~ PFC.
Dose-response curves are shown for both control and mutant PFC (n = ~5-8;
*P < 0.05, compared with mutant PFC).
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Fig. 4. NRG1 was unable to inhibit pyramidal neuron firing in PV-Cre;ErbB4~/~
mice. (A and B) No effect of NRG1 or ecto-ErbB4 on pyramidal neuron firing in
PV-Cre;ErbB4~"~ PFC. (A) Representative spontaneous firing patterns of pyr-
amidal neurons of control or treated slices (5nM NRG1 or 1 pg/mL ecto-ErbB4) of
PV-Cre;ErbB4** and PV-Cre;ErbB4~"~ mice. (B) Quantitative analysis of data in A
(n > 6 for both PV-Cre;ErbB4** and PV-Cre;ErbB4~"~ mice, *P < 0.01, compared
with control; *P < 0.05, compared with PV-Cre;ErbB4** samples). (C and D)
Inability of NRG1 to inhibit evoked action potential frequency of pyramidal
neurons in mutant PFC. (C) Representative action potentials produced by a 200-
PA current before (Upper) and after (Lower) bath application of 5 nM NRG1 in
PFC slices from PV-Cre;ErbB4** and PV-Cre;ErbB4™~ mice. (D) Quantitative
analysis of evoked spike frequency of pyramidal neurons (n = 9; *P < 0.05,
compared with control; *P < 0.05, compared with PV-Cre;ErbB4** samples).

for both genotypes) were increased in PV-Cre;ErbB4 ™"~ slices in
comparison with those from PV-Cre;ErbB4*/* mice (P < 0.05),
indicating that the loss of ErtbB4 in PV-positive neurons increases
the activity of pyramidal neurons. Importantly, unlike control
slices where NRG1 had an inhibitory effect, NRG1 was unable to
decrease the firing rate of pyramidal neurons in PV-Cre;ErbB4 ™/~
slices (Fig. 4 A-D). Similarly, the ability of ecto-ErbB4 to increase
the rate of firing was also lost in PV-Cre;ErbB4 ™~ mice (Fig. 4 4
and B). These results suggest that regulation of GABAergic
transmission by both exogenous and endogenous NRG1 and the
subsequent inhibition of pyramidal neuron firing require ErbB4 in
PV-positive inhibitory interneurons.

Hyperactivity in PV-Cre;ErbB4~'~ Mice. To gain insight into the
physiological function of ErbB4 in PV-positive interneurons, PV-
Cre;ErbB4~'~ mice were subjected to a series of behavioral tests in a
blind manner. PV-Cre;ErbB4~~ mutant mice did not exhibit dif-
ferences in weight, whisker number, and rectal temperature in
comparison with wild-type littermates, and there were no significant
differences in motor coordination. First we investigated if PV-Cre;
ErbB4~~ mice exhibited hyperactivity, a characteristic rodent
phenotype that is thought to correspond to the psychomotor agi-
tation of schizophrenic patients (31-33). Hyperactivity has been
reported in mice heterozygous for NRG1 or ErbB4 (19, 24, 25, 28—
30). Strikingly, PV-Cre;ErbB4~~ mice showed consistent hyper-
activity in the open field test in comparison with wild-type controls.
They traveled a significantly greater distance (3982.8 + 501.3 cm)
than wild-type controls (2552.7 + 193.9 cm) during a 30-min period
[n = 7 and 6 for control and mutant mice, respectively; F(1, 11) =
3.735, P = 0.017]. Ambulatory counts revealed a significant geno-
type effect [Fig. 54; repeated measures, genotype F(1, 11) = 5.096,
P = 0.045], suggesting abnormally higher horizontal or locomotory
activity of the mutant mice. In addition, PV-Cre;:ErbB4™~ mice
showed higher stereotypic activity [Fig. 5B; genotype F(1, 11) =
5.237, P = 0.043]. Note that both mutant and control mice exhibited
habituation of locomotory and stereotypic activity with time and the
rate of habituation was not different between mutant and control
[for locomotory activity, time F(5, 55) = 81.073, P < 0.001, genotype
X time interaction F(5, 55) = 1.746, P = 0.139; for stereotypic
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Fig. 5. Hyperactivity and impaired working memory in PV-Cre;ErbB4~"~ mice.
(A-C) Mice were placed in a chamber and movements were monitored for
30 min in the open field test. (A and B) Enhanced ambulatory and stereotypic
activity in PV-Cre;ErbB4~"~ mice (repeated measures for genotype, P = 0.045
for ambulatory activity and P = 0.043 for stereotypic activity). Ambulatory
activity was measured as the total horizontal photobeam breaks, and ster-
eotypy was quantified in terms of repetitive breaks of a given beam with
intervals of <1 s. Activity was summated at 5-min intervals over a 30-min
period. (C) Similar vertical activity between PV-Cre;ErbB4~'~ and PV-Cre;
ErbB4*'* mice (repeated measures for genotype, P = 0.202). Vertical activity
(rearing) was evaluated as the total number of vertical beam breaks at 5-min
intervals over a 30-min period. n=7 for PV-Cre;ErbB4** mice; n = 6 for PV-Cre;
ErbB4~"~ mice. (D-F) Working memory of food-restricted mutant (n = 10) and
control (n = 9) mice in four-arm or eight-arm radial maze tests. (D) Total
number of errors (revisits and omission) were significantly higher in PV-Cre;
ErbB4~'~ mice in both four-arm and eight-arm tests (repeated measures, P =
0.002 and P=0.021, respectively). A significant trial effect was observed in the
four-arm test (P < 0.001), but not in the eight-arm test (P = 0.290). (E) Time
spent by mutant and control mice to retrieve all food pellets was similar (P =
0.096 for four-arm and P = 0.085 for eight-arm test). A significant trial effect
was observed for both four-arm and eight-arm tests (P < 0.001). (F) Percentage
of correct entries within the first four and eight entries was significantly lower
in mutant mice in the four-arm test (P = 0.044) and the eight-arm test (P =
0.040), respectively. A significant trial effect was observed in both tests (P <
0.001 and P = 0.002, respectively).

activity, time F(5, 55) = 16.542, P < 0.001, genotype X time inter-
action F(5, 55) = 1.566, P = 0.185], indicating that both wild-type
and mutant mice were able to adapt to a novel environment. No
difference was observed in vertical or rearing activity between
control and mutant mice [Fig. 5C; genotype F(1, 11) = 1.844, P =
0.202; time F(5,55) = 1.553, P = 0.189; genotype X time interaction
F(5,55) = 1.084, P = 0.380]. Together these results are consistent
with the idea that specific ablation of ErbB4 in PV-positive inter-
neurons increased locomotor activity and stereotypical activity.

Impaired Working Memory in PV-Cre;ErbB4~'~ Mice. Working mem-
ory deficits are thought to be central to poor cognitive performance

1214 | www.pnas.org/cgi/doi/10.1073/pnas.0910302107

in schizophrenia and to result from GABAergic dysfunction (45,
46). To examine whether the loss of ErbB4 in PV-positive inter-
neurons resulted in cognitive deficits, PV-Cre;ErbB4™~ mice and
control littermates were evaluated for their performance on an
automated radial arm maze to assess changes in working memory.
Food-restricted mice were trained to retrieve food pellets from the
end of each arm. After the initial shaping, mice were allowed free
access to either four arms (less difficult condition) or eight arms
(more difficult condition) where all arms were baited. The number
of errors (repeated entries into a previously visited arm or omission
of an arm) and the total time to retrieve all pellets were scored.
When mice were analyzed in the four-arm test, a significant trial
effect was observed in total number of errors and the total time to
retrieve all pellets [# = 9 and 10 for control and mutant mice,
respectively; repeated measures for total errors, trial F(7, 119) =
4.532, P < 0.001; for total time, trial F(7, 119) = 10.532, P < 0.001],
but there was no significant genotype X trial interaction [for total
errors, F(7, 119) = 0.880, P = 0.525; for total time, F(7, 119) =
0.470, P = 0.855] (Fig. 5 D and E). These results indicated that both
control and PV-Cre;ErbB4~~ mice were able to learn to retrieve
food pellets by reducing wrong entries and exploration time.
Although there was no significant difference between total times
mutant and control mice spent to retrieve all food pellets [repeated
measures, genotype F(1, 17) = 3.097, P = 0.096; Fig. 5E], PV-Cre;
ErbB4~~ mice showed a significantly increased number of total
errors [repeated measures, genotype F(1, 17) = 14.158, P = 0.002;
Fig. 5D], suggesting possible deficits in working memory.

Because PV-Cre;ErbB4 ™"~ mice were hyperactive (Fig. 5 A-C),
the increase in total errors may have resulted from random
hyperactivity. To exclude this possibility, we monitored correct
entries during the first four entries, eliminating effects of total
travel distance and time (24). Intriguingly, the percentage of
correct entries within the first four entries was significantly lower
in mutant mice in comparison with controls [repeated measures,
genotype F(1,17) = 4.729, P = 0.044, trial F(7, 119) = 5.173,P <
0.001, genotype X trial interaction F(7,119) = 0.121, P = 0.997,
Fig. 5F]. These results are in agreement with the idea of impaired
working memory in PV-Cre;ErbB4~~ mice. To test this hypoth-
esis further, we increased the difficulty in the working memory test
by using an eight-arm radial maze. The PV-Cre;ErbB4~'~ mice
had an increase in wrong entries and a decrease in the percentage
of correct entries [repeated measure, F(1, 17) = 6.436, P = 0.021
for total wrong entries; F(1, 17) = 4.952, P = 0.040 for percentage
of correct entries within the first eight entries; Fig. 5 D and FJ.
These results demonstrated that ErbB4 in PV-positive inter-
neurons is critical for working memory, suggesting that the
alteration of NRG1/ErbB4 signaling in PV-positive interneurons
might contribute to the cognitive deficits in schizophrenia.

Attenuated PPI in PV-Cre;ErbB4~'~ Mice. Patients with schizophrenia
often show deficits in PPI, a common test of sensory gating that
can also be performed in rodents (31-33). Reduced PPI ability is
thought to contribute to schizophrenic conditions including
inattention, distractibility, and cognitive deficits. Single-nucleo-
tide polymorphisms (SNPs) in the nrg-1 gene are associated with
PPI deficits in schizophrenic patients (2) and mutation of the
mouse homolog leads to reduced PPI in mice (3, 19). We used a
combination of auditory-evoked startle (120 dB) and three levels
of prepulses (75, 80, and 85 dB). Mutant and wild-type mice
produced similar startle responses to 120-dB stimuli [# = 7 and 6
for control and mutant mice, respectively; F(1, 11) = 1.925,
P = 0.539; Fig. 64]; however, PPI was significantly lower in PV-
Cre;ErbB4~~ mice in comparison with controls [repeated meas-
ures, genotype F(1, 11) = 13.684, P = 0.004; Fig. 6B]. It should be
noted that significant prepulse intensity effects were also observed
[repeated measures, prepulse intensity F(2, 22) = 10.615, P =
0.001; genotype X prepulse intensity F(2, 22) = 0.113, P = 0.894;
Fig. 6B]. These results indicated that both mutant and control

Wen et al.


www.pnas.org/cgi/doi/10.1073/pnas.0910302107

L T

/

1\

=y

A B
__ CIPVCreErbB4* . [IPV-Cre;ErbB4™
= .CIPV-Cre;ErbB4* < . CIPV-Cre;ErbB4™
< 600 S 80-
<] . =] J
S 450 S 60
£ £
2 300+ = 40
s I
% 150 3_ 20__
8 o 2 o
«” - + o
Startle stimulation e Ghda: ioda
C
2 175dB
180dB

e PR gy ==+~

<

— 1 1

c [ I | [ | |

2 80

0

'_E 60

) 40

S 20

[« 3

d 0

a Control Diazepam Control Diazepam
PV-Cre;ErbB4™ PV-Cre;ErbB4™

Fig. 6. PPIdeficitin PV-Cre;ErbB4~~ mice and its amelioration by diazepam. (4)
Similar mean baseline startle response in PV-Cre;ErbB4™~ mice and control lit-
termates. Response to background white noise (no stimulus, 70 dB) and audi-
tory-evoked startle stimulus (120 dB) was measured. n = 7 and 6 for PV-Cre;
ErbB4** and PV-Cre;ErbB4~"~ mice, respectively; P> 0.05. AU, arbitrary units. (B)
Reduced PPI in PV-Cre;ErbB4™~ mice. PPl (%) was calculated according to the
formula: [100 — (startle amplitude on prepulse-pulse trials/startle amplitude on
pulse alone trials) x 100]. n = 7 and 6 for PV-Cre;ErbB4** and PV-Cre;ErbB4~/~
mice, respectively; repeated measures, P = 0.004. (C) Diazepam attenuated PPI
deficit in PV-Cre;ErbB4™~ mice. Diazepam (3 mg/kg) or vehicle was injected
intraperitoneally 30 min before PPl test. Repeated measures, *P < 0.05, #P =
0.573. For vehicle treatment, n = 10 and 12 for PV-Cre;ErbB4~"~ mice and control
littermates, respectively; for diazepam treatment, n = 9 and 11 for PV-Cre;
ErbB4~~ and controls, respectively.

mice could distinguish among each prepulse intensity; however,
PV-Cre;ErbB4~'~ mice are impaired in PPL

To investigate whether abnormal GABAergic transmission
may be a cause of behavioral deficits, PV-Cre;ErbB4™'~ mice
were treated with diazepam, a GABA enhancer. PPI remained
deficient in the mutant mice treated with vehicle [repeated
measures, genotype F(1,20) = 5.302, P = 0.032;n = 10 and 12 for
PV-Cre;ErbB4~'~ and control littermates, respectively; Fig. 6C].
Three milligrams per kilogram diazepam seemed to have no
effect on PPI after 30-min treatment in control mice [repeated
measures, genotype F(1, 17) = 0.330, P = 0.573; n = 10 and 9 for
vehicle and diazepam treatment, respectively; Fig. 6C], consistent
with a previous report (47). In contrast, diazepam significantly
enhanced PPI in PV-Cre;ErbB4~~ mice [repeated measures,
genotype F(1, 21) = 6.157, P = 0.022; n = 12 and 11 for vehicle
and diazepam treatment, respectively; Fig. 6C]. These results
indicated that acute administration of low-dose diazepam was
able to ameliorate disrupted PPI in PV-Cre;ErbB4™"~ mice,
providing evidence for impaired GABAergic transmission.

Discussion

Major findings of this paper are as follows. First, NRG1 inhibits
the activity of pyramidal neurons in the PFC. Both spontaneous
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firing rates and the frequency of evoked action potentials in pyr-
amidal neurons were reduced by NRG1, but increased by the
neutralizing peptide ecto-ErbB4. These effects were blocked by
bicuculline, an antagonist of GABA, receptor, indicating GABA
dependence. Second, ablation of ErbB4 in PV-positive neurons
blocked NRG1 potentiation of GABAergic transmission and
prevented NRG1 from inhibiting pyramidal neuron firing. Finally,
PV-Cre;ErbB4™~ mice showed schizophrenic-like phenotypes
including hyperactivity, impaired working memory, and PPI def-
icit that could be ameliorated by diazepam. These observations
indicate that NRG1 plays a critical role in balancing brain activity
and identify PV-positive neurons as a major cellular target of
NRG1/ErbB4 signaling in regulating synaptic plasticity. Our study
provides insight into potential pathogenic mechanisms of schiz-
ophrenia and suggests that PV-ErbB4 ™~ mice may serve as a
model in the study of this and relevant brain disorders.

The inhibitory effect of NRG1 on the activity of pyramidal neurons
could be mediated by decreased excitatory synaptic input and/or
increased inhibitory synaptic activity. As noted in SI Materials and
Methods, evoked action potentials were recorded under a condition
where most, if not all, glutamatergic transmission is blocked, making
it unlikely to involve excitatory synaptic activity or input. In contrast,
the inhibitory effect of NRG1 on spontaneous and evoked spike
generation was blocked by bicuculline (Figs. 1 and 2), indicating the
involvement of GABA transmission. This idea was supported by the
studies of ecto-ErbB4, a neutralizing peptide that reduces activity-
dependent GABA release (18). As shown in Figs. 1 and 2, ecto-
ErbB4 increased both spontaneous firing rates and the frequency of
evoked action potentials in pyramidal neurons. Remarkably, block-
ade of GABA, receptors occluded the effect of ecto-ErbB4. These
results suggest that the inhibitory effect of NRG1 on pyramidal
neuron activity is likely to be mediated by increased GABAergic
synaptic transmission.

GABAergic interneurons are a heterogeneous group of neu-
ronal cells with distinct functions (40). Basket cells synapse onto
the somata and proximal dendrites of pyramidal neurons whereas
chandelier cells preferentially target their axon initial segments.
These interneurons regulate the output of pyramidal neurons by
affecting the generation and timing of action potentials (40, 41).
Both basket and chandelier cells express the calcium binding
protein PV (40, 45). Interestingly, the potentiation effect of NRG1
on GABAergic transmission was abolished in PV-Cre;ErbB4 '~
mice (Fig. 3 C-E) and NRG1 was no longer able to inhibit spon-
taneous firing rates and the frequency of evoked action potentials
in pyramidal neurons (Fig. 4). These observations provide con-
vincing evidence that PV-positive interneurons are a major cel-
lular target of NRG1/ErbB4 signaling in regulating GABAergic
transmission and pyramidal neuron activity.

NRG1 hypomorphic mice including Nrgl(AEGF)*~ and
Nrgl(ATM)*/~ mice were hyperactive in novel open-field and
alternating-Y maze tests (19, 24, 28-30). Nestin-Cre;ErbB4~/~
mice were more active than controls at the initial stage of
behavioral evaluation (25). Nrgl and ErbB4 mutant mice are
impaired in PPI (3, 19). Interestingly, these schizophrenia-
relevant behaviors of NRG1 and ErbB4 null mutation were also
observable in PV-Cre;ErbB4~'~ mice where ErbB4 is specifically
knocked out in PV-positive interneurons (Figs. 5 A-C and 6). In
addition, PV-Cre;ErbB4™~ mice are impaired in working
memory (Fig. 5 D-F), in support of the ideas that PV-positive
interneurons are important in modulating cognitive processes
and that disturbance in GABAergic neurotransmission could be
a pathologic mechanism of schizophrenia (40, 41, 45, 46). These
observations are consistent with the notion that pharmacological
alteration of GABA inhibition onto pyramidal neurons may be
beneficial for cognition deficits in schizophrenia (48). In agree-
ment, we show that diazepam could attenuate the PPI disruption
in PV-Cre;ErbB4~~ mice (Fig. 6C), indicating that altered
GABAergic neurotransmission may account for at least in part
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behavioral deficits in the mutant mice. It is worth pointing out
that mechanisms for the behavioral deficits in PV-Cre;ErbB4 ™/~
mice could be complex and may likely involve other neuro-
transmitter systems including dopamine, acetylcholine, and glu-
tamate (30-33, 49).

Our results could be interpreted as evidence that PV-positive
interneurons are a major cellular target of abnormal NRG1/
ErbB4 signaling in schizophrenia. They are in line with the idea
that disrupted NRG1 signaling may cause imbalance in neuronal
activity in the brain, providing insight into possible pathogenic
mechanisms of schizophrenia. Finally, unlike NRG1 and ErbB4
null mutant mice that often die prematurely, PV-ErbB4~'~ mice
survive into adulthood and thus could serve as a valuable model
to study schizophrenia and relevant brain disorders.

Materials and Methods

ErbB4'*XP1o*P and PV-Cre mice were described previously (42-44). PV-Cre;
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. Corfas G, Roy K, Buxbaum JD (2004) Neuregulin 1-erbB signaling and the molecular/
cellular basis of schizophrenia. Nat Neurosci 7:575-580.

2. Mei L, Xiong WC (2008) Neuregulin 1 in neural development, synaptic plasticity and
schizophrenia. Nat Rev Neurosci 9:437-452.

. Barros CS, et al. (2009) Impaired maturation of dendritic spines without disorganization
of cortical cell layers in mice lacking NRG1/ErbB signaling in the central nervous system.
Proc Natl Acad Sci USA 106:4507-4512.

4. Gajendran N, et al. (2009) Neuregulin signaling is dispensable for NMDA- and GABA

(a)-receptor expression in the cerebellum in vivo. J Neurosci 29:2404-2413.

5. Lai C, Lemke G (1991) An extended family of protein-tyrosine kinase genes
differentially expressed in the vertebrate nervous system. Neuron 6:691-704.

. Chen MS, et al. (1994) Expression of multiple neuregulin transcripts in postnatal rat
brains. J Comp Neurol 349:389-400.

. Steiner H, Blum M, Kitai ST, Fedi P (1999) Differential expression of ErbB3 and ErbB4
neuregulin receptors in dopamine neurons and forebrain areas of the adult rat. Exp
Neurol 159:494-503.

. Gerecke KM, Wyss JM, Karavanova |, Buonanno A, Carroll SL (2001) ErbB
transmembrane tyrosine kinase receptors are differentially expressed throughout the
adult rat central nervous system. J Comp Neurol 433:86-100.

. GarciaRA, Vasudevan K, Buonanno A (2000) The neuregulin receptor ErbB-4 interacts with
PDZ-containing proteins at neuronal synapses. Proc Nat/ Acad Sci USA 97:3596-3601.

10. Huang YZ, et al. (2000) Regulation of neuregulin signaling by PSD-95 interacting with

ErbB4 at CNS synapses. Neuron 26:443-455.

11. Ma L, et al. (2003) Ligand-dependent recruitment of the ErbB4 signaling complex into
neuronal lipid rafts. J Neurosci 23:3164-3175.

12. Yau HJ, Wang HF, Lai C, Liu FC (2003) Neural development of the neuregulin receptor
ErbB4in the cerebral cortex and the hippocampus: Preferential expression by interneurons
tangentially migrating from the ganglionic eminences. Cereb Cortex 13:252-264.

13. Pitcher GM, Beggs S, Woo RS, Mei L, Salter MW (2008) ErbB4 is a suppressor of long-
term potentiation in the adult hippocampus. Neuroreport 19:139-143.

14. Kwon OB, Longart M, Vullhorst D, Hoffman DA, Buonanno A (2005) Neuregulin-1
reverses long-term potentiation at CA1 hippocampal synapses. J Neurosci 25:9378-9383.

15. Kwon OB, et al. (2008) Neuregulin-1 regulates LTP at CA1 hippocampal synapses
through activation of dopamine D4 receptors. Proc Nat!/ Acad Sci USA 105:15587-15592.

16. Gu Z, Jiang Q, Fu AK, Ip NY, Yan Z (2005) Regulation of NMDA receptors by
neuregulin signaling in prefrontal cortex. J Neurosci 25:4974-4984.

17. Li B, Woo RS, Mei L, Malinow R (2007) The neuregulin-1 receptor erbB4 controls
glutamatergic synapse maturation and plasticity. Neuron 54:583-597.

18. Woo RS, et al. (2007) Neuregulin-1 enhances depolarization-induced GABA release.
Neuron 54:599-610.

19. Stefansson H, et al. (2002) Neuregulin 1 and susceptibility to schizophrenia. Am J Hum
Genet 71:877-892.

20. Yang JZ, et al. (2003) Association study of neuregulin 1 gene with schizophrenia. Mo/

Psychiatry 8:706-709.

. Norton N, et al. (2006) Evidence that interaction between neuregulin 1 and its
receptor erbB4 increases susceptibility to schizophrenia. Am J Med Genet B
Neuropsychiatr Genet 141B:96-101.

22. Silberberg G, Darvasi A, Pinkas-Kramarski R, Navon R (2006) The involvement of ErbB4
with schizophrenia: Association and expression studies. Am J Med Genet B
Neuropsychiatr Genet 141B:142-148.

23. Law AJ, Kleinman JE, Weinberger DR, Weickert CS (2007) Disease-associated intronic
variants in the ErbB4 gene are related to altered ErbB4 splice-variant expression in the
brain in schizophrenia. Hum Mol Genet 16:129-141.

24. Gerlai R, Pisacane P, Erickson S (2000) Heregulin, but not ErbB2 or ErbB3,

heterozygous mutant mice exhibit hyperactivity in multiple behavioral tasks. Behav

Brain Res 109:219-227.

w

o

~

0o

©

2

=

1216 | www.pnas.org/cgi/doi/10.1073/pnas.0910302107

with access to food and water ad libitum. Experiments with animals were
approved by the Institutional Animal Care and Use Committee of the
Medical College of Georgia. PFC slices were prepared as described previously
(18) and recorded for elPSCs and pyramidal neuron activity as described in S/
Materials and Methods.

Immunofluorescence staining and Western blot analysis were performed as
previously described (18). Behavioral analysis was carried out with 8- to 12-
week-old mice by investigators unaware of their genotype. Detailed proce-
dures are described in SI Materials and Methods. Data were analyzed by
paired or unpaired t test, one-way ANOVA followed by Dunnett’s test, or
repeated measures ANOVA. Data were expressed as mean + SEM, and stat-
istical significance was considered when P < 0.05.
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