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Abstract

Background—Angelman syndrome (AS) is a human neuropsychiatric disorder associated with
autism, mental retardation, motor abnormalities, and epilepsy. In most cases, AS is caused by the
deletion of the maternal copy of UBE3A gene, which encodes the enzyme ubiquitin ligase E3A,
also termed E6-AP. A mouse model of AS has been generated and these mice exhibit many of the
observed neurological alterations in humans. Because of clinical and neuroanatomical similarities
between AS and schizophrenia, we examined AS model mice for alterations in the neuregulin-
ErbB4 pathway, which has been implicated in the pathophysiology of schizophrenia. We focused
our studies on the hippocampus, one of the major brain loci impaired in AS mice.

Methods—We determined the expression of NRG1 and ErbB4 receptors in AS mice and wild-
type littermates (ages 10-16 weeks), and studied the effects of ErbB inhibition on long-term
potentiation (LTP) in hippocampal area CA1 and on hippocampus-dependent contextual fear
memory.

Results—We observed enhanced neuregulin-ErbB4 signaling in the hippocampus of AS model
mice and found that ErbB inhibitors could reverse deficits in LTP, a cellular substrate for learning
and memory. In addition, we found that an ErbB inhibitor enhanced long-term contextual fear
memory in AS model mice.

Conclusions—Our findings suggest that neuregulin-ErbB4 signaling is involved in synaptic
plasticity and memory impairments in AS model mice, suggesting that ErbB inhibitors have
therapeutic potential for the treatment of AS.
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Introduction

Angelman syndrome (AS) is a human neurological disorder associated with symptoms that
include autism, mental retardation, motor abnormalities, and epilepsy (1, 2). In most cases,
AS is caused by the deletion of small portions on the maternal copy of chromosome 15,
which includes the UBE3A gene (3-6). The phenomenon in which only the maternal copy of
the UBE3A gene is expressed is called “imprinting”, and is found in multiple brain areas,
including excitatory and inhibitory interneurons (7-9). The UBE3A gene encodes ubiquitin
ligase E3A (also termed E6-AP) that covalently attaches polyubiquitin chains to specific
proteins to signal for their recognition and degradation by the 26S proteasome. A mouse
model of AS was generated and exhibits seizures, impaired motor function, and cognitive
abnormalities that correlate with neurological alterations observed in humans (10). AS
model mice also exhibit impairments in hippocampal long-term potentiation (LTP) and
deficits in hippocampus-dependent memory (10, 11), which suggests hippocampal
dysfunction in AS.

Neuregulin 1 (NRG1) is one of a family of proteins encoded by four genes (NRG1 through
NRG4), each of which contains an epidermal growth factor (EGF)-like domain (12). NRG1
signals via the receptor tyrosine kinase ErbB4, which is related to the EGF family of
receptors (13). It has been demonstrated that bath application of NRG1 to hippocampal
slices blocks LTP (14). In addition, NRG1 induces depotentiation and constitutively
suppresses LTP (15, 16). Moreover, pharmacological and genetic studies showed that the
blockade of LTP by NRGL1 required stimulation of ErbB4 (16). On the other hand, NRG1
global knockout mice exhibit contextual fear conditioning deficits resembling those in AS
model mice, perhaps to compensatory changes in NRG1-ErbB4 signaling during
development (17).

The NRG1-ErbB4 pathway has been implicated in the pathophysiology of schizophrenia
(18-21). Interestingly, AS and schizophrenia share some common features (Table S1 in the
Supplement) and the UBE3A gene has been linked to schizophrenia (22). These findings
prompted us to determine whether there were alterations in NRG1-ErbB4 signaling in AS
model mice. In addition, we examined whether inhibitors of NRG1-ErbB4 signaling could
improve synaptic and cognitive deficits displayed by AS model mice. The results of our
studies indicate that altered NRG1-ErbB4 signaling plays a role in abnormal synaptic
plasticity and memory impairments in AS model mice.

Methods and Materials
Mice

Angelman syndrome (AS) model mice were generated and genotyped using specific primers
as described previously (10). For details regarding mice please see SI Methods.

Tissue preparation, immunoprecipitation, and Western blots

AS mice and wild-type littermates were decapitated, the brain was quickly extracted, and
hippocampi from both hemispheres were removed, tissue was prepared, and Western blots
were performed using standard protocols. For details concerning homogenization buffers,
immunoprecipitation, Western blot procedures and sources and concentrations of antibodies,
please see SI Methods.

Biol Psychiatry. Author manuscript; available in PMC 2013 August 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kaphzan et al.

Page 3

Extracellular and intracellular electrophysiology

Brains from AS model mice and their wild-type littermates (10-16 weeks of age) were
quickly removed and transverse hippocampal slices were prepared using standard
techniques. For details concerning the preparation of slices, the various recording conditions
and manipulations, please see SI Methods.

Hippocampal Cannulation and Drug infusion

Mice were anesthetized with isoflurane, placed in a stereotaxic frame (Kopf Instruments),
and implanted with 22-gauge guide cannulae (Plastics One). PD158780 infusions were
given immediately post-training to limit drug effects to the consolidation phase of memory
formation. After injection mice were returned to their home cages and transported back to
the colony. For details concerning the cannulation procedure and the drug infusion, please
see S| Methods.

Contextual Fear Conditioning

Results

Mice (ages 10-16 weeks) were singly housed and handled for 1-2 min on three consecutive
days in the same room that fear conditioning was conducted. Training and testing occurred
during the light phase. Contextual fear conditioning was performed using a standard
technique, as described previously (11). For details concerning the contextual fear
conditioning training and test, please see SI Methods.

Altered Expression of NRG1 and ErbB4 in AS Model Mice

Because of several similarities between AS and schizophrenia (Table S1 in the Supplement)
and previous studies linking the NRG1-ErbB4 signaling pathway to the pathophysiology of
schizophrenia, we examined NRG1 and ErbB4 expression, as well as ErbB4
phosphorylation in the hippocampus of AS model mice. Specifically, we examined NRG1
type I-11 protein levels (23) because its MRNA is present in large quantities in all
hippocampal subregions (24). We observed a significant increase in NRG1 levels in the
hippocampus of AS model mice in comparison to their wild-type littermates (% of wild-type
NRG levels: wild-type = 100+7, n=9 and AS = 139410, n=22, p<0.01) (Figure 1A4). We
proceeded to examine the phosphorylation state of three ErbB4 tyrosine residues in AS
model mice: tyrosine 1056, 1162, and 1188. We observed significant increases in the
phosphorylation of ErbB4 on tyrosine 1056 and tyrosine 1162 in the AS model mice (% of
wild-type Y1056: wild-type = 100+9, AS = 204440, p<0.05; % of wild-type Y1162: wild-
type = 100+5, n=9 and AS = 13819, n=11, p<0.01). Although there was a trend, the
phosphorylation of ErbB4 on tyrosine 1188 in the AS mice was not significantly enhanced
(% of wild-type Y1162: wild-type = 100+9, n=9 and AS = 132+15, n=11, p=0.1) (Figure
1B). We also observed a significant decrease in the total levels of ErbB4 in the AS mice
compared to their wild-type littermates (wild-type = 100+6, n=9 and AS=67+6, n=11,
p<0.01) (Figure 10). Significant decreases in ErbB4 expression also were observed in
primary hippocampal neuronal cultures from AS mouse embryos (Figure S1A in the
Supplement). Taken together with previous studies showing that ErbB4 activation results in
its poly-ubiquitination and degradation (25, 26), our current findings suggested that in AS
mice, NRG1-ErbB4 signaling is enhanced and that the activated, phosphorylated ErbB4
receptor is most likely degraded, probably via the ubiquitin proteasome system. To examine
this possibility, we stimulated primary neuronal cultures from AS mice and their wild-type
littermates with the active form of NRG1. We observed that the NRG1 stimulation induced
an increase in ErbB4 ubiquitination in both genotypes (Figure S1B8in the Supplement).
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Because NRG1 and ErbB4 levels are altered in AS mice, we determined whether these
molecules interact directly with E6-AP. We utilized transgenic mice that express an E6-AP-
yellow fluorescent protein (E6-AP-YFP) fusion protein (27) and performed
immunoprecipitation experiments with an antibody directed against YFP. We found that
neither ErbB4 nor NRG1 co-immunoprecipitated with E6-AP (Figure 10), suggesting that
neither NRG1 nor ErbB4 interact directly with E6-AP.

ErbB Inhibition Reverses LTP Impairments in AS Model Mice

AS model mice display dramatic impairments in hippocampal LTP (10, 11). Because
constitutive ErbB4 activity inhibits LTP (15, 16), and our findings suggest that AS mice
exhibit enhanced NRG1-ErbB4 signaling (Figure 1), we investigated whether inhibition of
ErbB receptors could reverse LTP impairments in AS mice. We stimulated hippocampal
slices from AS mice and their wild-type littermates with two trains of high-frequency
stimulation (HFS) in the presence of either the ErbB inhibitor PD158780 (10 wM) or
vehicle. The LTP impairment displayed by the AS mice was completely reversed by
PD158780 (% of baseline fEPSP: wild-type = 1637, wild-type+PD158780 = 176+19, AS =
93+18, AS+PD158780 = 175£31, at 90 min; n=8 slices and mice for each group, p<0.05
RM-ANOVA) (Figure 2A,B). Paired-pulse facilitation (PPF), before and after HFS in AS
hippocampal slices treated with PD158780, was not altered, suggesting that the LTP rescue
effect of PD158780 is postsynaptic (Figure 2C). Finally, we conducted additional LTP
rescue experiments with slices from AS mice with PD168393, another ErbB inhibitor
structurally unrelated to PD158780. Similar to PD158780, we found that PD168393 (10
M) rescued the LTP impairment in slices from AS mice (Figure S2A in the Supplement).
PPF in the PD168393-treated slices before and after HFS was not changed, supporting again
a postsynaptic mechanism (Figure S2B8 in the Supplement). Taken together these findings
suggest that inhibiting ErbB signaling rescues LTP impairments in slices from AS model
mice.

The Effect of ErbB Inhibitors on Contextual Fear Conditioning in AS Model Mice

Contextual fear conditioning, a hippocampus- and amygdala-dependent form of associative
memory, is impaired in AS mice (10). Therefore, we hypothesized that PD158780 would
rescue impairments in contextual fear memory displayed by AS mice. We performed
experiments using bilateral intra-hippocampal infusions of either vehicle or PD158780
immediately after training. The infusion of the drug occurred immediately after training in
order to not affect memory acquisition with the stress of the procedure. Memory acquisition
did not differ between groups (WT and AS, with infused with either vehicle or PD158780)
(Figure S3 in the Supplement). We observed a differential effect between drug treatment and
genotype on long-term memory (LTM). AS mice treated with vehicle exhibited the usual
LTM impairment, but AS mice injected with PD158780 exhibited a significant enhancement
in LTM, similar to that of wild-type mice treated with vehicle (Figure 2D). In contrast, wild-
type mice showed an impairment of memory after PD158780 injection (average % freezing
in last three minutes of exposure to context: wild-type+vehicle = 49.4+9.3%, wild-type
+PD158780 = 27.9+4.5%, AS+vehicle = 30.61+6.2%, AS+PD158780 = 46.6+6.3%, n=8
mice for all 4 groups, p<0.01, 2-way-ANOVA) (Figure 2D). This differential effect of
PD158780 on wild-type and AS mice also was observed during context recognition and the
freezing response during the entire 5-minute exposure (p<0.0001 RM-ANOVA) (Figure
2E). Similar results were observed when we examined remote memory 36 days after training
as there was a differential effect of PD158780 on the interaction between genotype and
treatment (p<0.05 2way ANOVA) (Figure S4A in the Supplement). The increase in freezing
response displayed by the AS mice during the 5-minute period due to exposure to the
context also was significant (p<0.001 RM-ANOVA). Posthoc Bonferroni analysis indicated
that there was no difference between wild-type mice treated with vehicle and AS mice
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treated with PD158780, and a significant increase between AS mice treated with vehicle and
AS mice treated with PD158780 (p<0.05). Wild-type mice treated with vehicle and AS mice
treated with vehicle were significantly different as well (p<0.01) (Figure S4B in the
Supplement).

Expression and Function of AMPA and NMDA Receptors in AS Model Mice

Because NRG1-ErbB4 signaling has been reported to impair LTP via modulation of AMPA
and NMDA receptors (15, 28) and NRG1-ErbB4 signaling is elevated in AS mice (Fig. 1),
we examined the expression, phosphorylation, and function of these receptors in the
hippocampus of AS mice. We observed no significant differences in the expression of the
GIuR1 subunit of the AMPA receptor between wild-type and AS mice (% of wild-type
GluR1 levels: wild-type = 100+5, AS = 109+3) (Figure 3A4). Moreover, there were no
differences in the major phosphorylation sites on GIuR1 reported to be relevant for LTP
(29). Neither serine 831 phosphorylation nor serine 845 phosphorylation were altered in the
AS mice compared to their wild-type littermates (% of wild-type S831 levels: wild-type =
1004, AS = 97+4 for S831; % of wild-type S845 levels: wild-type = 100£3, n=9 and AS =
97+3, n=11 for S845) (Figure 3A). Similar to GIuR1, the expression of the NR1, NR2A, and
NR2B subunits of the NMDA receptor did not significantly differ between wild-type and AS
littermates (% of wild-type NR1: wild-type = 100£5, n=9 and AS = 111+6%, n=11; % of
wild-type NR2A: wild-type = 100+6, n=9 and AS = 117+7, n=11; % of wild-type NR2B:
wild-type = 100+£12, n=9 and AS = 86+10, n=11) (Figure 35). Furthermore,
phosphorylation of NR2B on tyrosine 1472, previously shown to be stimulated by NRG1-
ErbB4 signaling via fyn (30), was similar between the wild-type and AS mice (% of wild-
type Y1472: wild-type = 100£4, n=9 and AS = 96+3, n=11) (Figure 3B). These findings
indicate that the expression and phosphorylation state of AMPA and NMDA receptors are
normal in AS mice.

Next we measured AMPA and NMDA currents in hippocampal slices from AS mice and
their wild-type littermates. We found that the AMPA/NMDA ratio in the AS mice was
comparable to that of wild-type mice. (AMPA/NMDA ratios: wild-type=1.64+0.26,
AS=1.77+0.25; n=15 cells from 8 mice) (Figure 3C). Thus, consistent with our biochemical
results, the function of AMPA and NMDA receptors in the AS mice appear to be similar to
that of their wild-type littermates.

Inhibition of ErbB Receptors Reduces Inhibitory Chloride Currents in AS Model Mice

Because glutamate receptors expression and function was unaltered in AS mice, we
postulated that the enhanced NRG1-ErbB4 signaling impairs LTP in AS mice via an
increase in inhibitory synaptic transmission. Therefore, we isolated ligand-gated chloride
currents in CA1 pyramidal neurons in hippocampal slices from AS and wild-type mice and
measured the effect of PD158780 on these currents. PD158780 induced a significantly faster
and more robust decrease in chloride inhibitory currents in AS mice compared to their wild-
type littermates (p<0.01, RM-ANOVA) (Figure 4A4). In AS mice, the PD158780-induced
decrease in chloride currents reached its maximum effect within 2 minutes of application.
The difference between the AS and wild-type mice was evident from the beginning (after 2
min: 91+£3% vs. 75+5% of baseline, wild-type and AS mice respectively, n=15 cells from 8
mice, p<0.01, Student’s #test) and at the end of the PD158780 application (after 10 min:
80+4 vs. 6316, wild-type and AS mice, respectively, n=15 cells from 8 mice, p<0.05
Student’s t-test) (Figure 4B). It should be noted that although PD158780 induced a slower
and less robust decrease of the chloride currents in the wild-type mice, this inhibition was
significant as well (88+3% and 80£4% after 3 and 10 minutes respectively) (Figure 4A4).
These results suggest that chloride currents are more sensitive to modulation by ErbB
receptors in AS model mice compared to their wild-type littermates.

Biol Psychiatry. Author manuscript; available in PMC 2013 August 01.
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We then measured miniature inhibitory postsynaptic currents (mIPSCs) before and after four
minutes of PD158780 application. We observed that PD158780 induced a significant
reduction in the frequency of mIPSCs (wild-type baseline = 5.3+0.5 Hz, wild-type
+PD158780 =4.0+0.4 Hz, AS baseline = 6.8+0.8 Hz, AS+PD158780 = 5.1+0.7 Hz; n=13
cells from 4 mice in each group; p<0.05 for treatment and p<0.05 for group in 2-way-
ANOVA) (Figure 4C). In contrast, the mIPSC amplitude did not differ between the four
groups (wild-type baseline = 24.5+2.7 pA, wild-type+PD158780 = 23.5+2.5 pA, AS
baseline = 23.7+2.4 pA, AS+PD158780 = 21.3£1.9 pA; n=13 cells from 4 mice in each
group) (Figure 4D). These findings indicate that there is an increase in mIPSC frequency in
AS mice (p<0.05 in 2-way-ANOVA), suggesting that there is increased presynaptic
inhibition onto CA1 pyramidal neurons. In addition, PD158780 reduces the mIPSC
frequency in both AS and wild-type mice, indicating that inhibiting ErbB receptors reduces
presynaptic inhibitory input to CA1 pyramidal cells.

Blocking Inhibitory Synaptic Transmission Reverses LTP Impairments in AS Model Mice

Because chloride currents were more sensitive to inhibition of ErbB receptors in AS model
mice, we determined whether blocking inhibitory synaptic transmission could reverse LTP
impairments in AS mice in a manner similar to ErbB inhibitors. We induced LTP in slices
from AS mice and their wild-type littermates in the presence of 20 WM bicuculline, a
GABA(A) receptor antagonist. In the absence of bicuculline, LTP was impaired in slices
from AS mice (Figure 5A). In contrast, we observed a marked and significant potentiation in
bicuculline-treated AS slices that persisted after washout (Figure 5A). In wild-type mice,
potentiation was observed in slices treated with and without bicuculline, with no significant
differences between them. (% of baseline fEPSP: wild-type = 172+10, wild-type
+bicuculline = 204+20, AS = 101+10, AS+bicuculline = 176£16, at 60 min; n=8 slices and
mice per group, p<0.05 RM-ANOVA) (Figure 5B8). There were no differences in PPF before
and after HFS in the bicuculline-treated slices from AS mice (Figure 5C), suggesting that the
LTP rescue effect of bicuculline is by a postsynaptic mechanism. These findings indicate
that the application of bicuculline, in coincidence with HFS, rescues LTP impairments in the
AS model mice.

Discussion

The involvement of NRG1-ErbB4 signaling pathway in schizophrenia has been well
documented (18-21). Due to several shared features between schizophrenia and AS (Table
S1 in the Supplement) and a possible genetic linkage of UBE3A gene to schizophrenia (22),
we hypothesized that NRG1-ErbB4 signaling is involved in the pathophysiology of AS. We
found that NRG1 levels and ErbB4 phosphorylation on two tyrosine residues were
significantly increased (Figure 1A, B), whereas total ErbB4 levels were decreased (Figure
1C) in the hippocampus of AS model mice. There is general agreement that enhanced
phosphorylation of ErbB4 is correlated with its activation (31). Moreover, activation and
phosphorylation of ErbB4 have been shown previously to trigger its degradation via the
ubiquitin proteasome system. Thus, our findings suggest that NRG1-ErbB4 signaling is
constitutively elevated in the hippocampus of AS mice. Alternatively, a reduction in ErbB4
expression could result in a compensatory feedback upregulation of NRG1 in the AS mice.

ErbB receptors have several roles during brain development, including influencing neuronal
migration and radial glial development (32). Thus, similar to schizophrenia, a component of
the pathological development in the AS brain could be related to an early, aberrant
functioning of NRG1-ErbB4 in glial cells (33). Recent studies indicate that the primary
ErbB receptor subtype in adult mouse neurons is ErbB4, with diminished expression of
ErbB1 in neurons after one week of age and ErbB3 expression restricted to glial cells (34).
Moreover, of all the ErbB receptor subtypes, the involvement of ErbB4 in schizophrenia is
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the most commonly reported, although ErbB1 (35) and ErbB3 (36) also have been
implicated in this disorder. Therefore, in the future it will be important to examine the
expression and function of other ErbB receptors in AS mice. Previous studies have shown
that NRG1-ErbB4 signaling impairs hippocampal LTP (15, 16, 30) and that this inhibition is
constitutive (16). The most robust synaptic phenotype described thus far in the hippocampus
of AS mice is impaired LTP (10, 11, 37). Because we observed enhanced NRG1-ErbB4
signaling in the hippocampus of AS mice, we posited that inhibiting NRG1-ErbB4 signaling
would rescue the impaired hippocampal LTP in AS mice. Indeed, two mechanistically
distinct ErbB inhibitors rescued the LTP impairment in AS model mice (Figures 24 and S2
in the Supplement). These findings suggest that constitutively elevated NRG1-ErbB4
signaling specifically contributes to LTP impairments in AS model mice.

Hippocampus-dependent contextual fear memory is impaired in AS mice (10, 11). We found
that intra-hippocampal infusion of PD158780 rescued the LTM impairments exhibited by
the AS mice, but unlike the LTP experiments, we observed differential effects of the drug on
wild-type and AS mice. In AS mice, long-term contextual fear memory was enhanced by
PD158780, but in wild-type mice long-term memory was impaired by PD158780 (Figure
2E). These results support the idea that NRG1-ErbB4 signaling is altered in AS mice and
impairs hippocampus-dependent function. The impairment in contextual fear memory
caused by PD158780 in wild-type mice is consistent with previous findings demonstrating
that NRG1 mutant mice (17) and mice with a genetic deletion of ErbB4 in interneurons
exhibit similar memory impairments (38). These findings suggest that under normal
conditions ErbB receptors are required for hippocampus-dependent memory. Differential
effects on hippocampus-dependent memory also have been reported for rapamycin, which
inhibits mammalian target of rapamycin complex 1 (MTORC1). Rapamycin was shown to
reverse context fear discrimination deficits in a mouse model of tuberous sclerosis complex
(TSC), a neurodevelopmental disorder (39), but also has been shown to impair various forms
of hippocampus-dependent memory in wild-type mice (40-42). Thus, similar to selective
utilization of rapamycin to inhibit upregulation of mMTORC1 signaling as a therapy for TSC,
selective utilization of ErbB inhibitors might serve as a therapy for AS.

NRG1-ErbB4 signaling has been shown to induce depotentiation of hippocampal LTP via
reduction of AMPA receptor currents (15), as well as phosphorylation of NR2B (Y1472)
(30), while in the PFC it induces a reduction of NMDA currents (28). However, in the AS
model mice, in spite of the NRG1-ErbB4 alterations, there were no changes in either the
phosphorylation and expression of total GIuR1 or the phosphorylation and expression of
NR1, NR2A, and NR2B (Figure 3A,B). Moreover, the NMDA-to-AMPA current ratio did
not differ between AS model mice and their wild-type littermates (Figure 3C). These
findings suggest that the LTP impairment in AS model mice is not directly related to either
AMPA or NMDA receptors.

Several studies have shown that NRG1-ErbB4 signaling regulates inhibitory transmission in
the prefrontal cortex (24, 43, 44), including the enhancement of depolarization-induced
GABA release inhibitory currents (24). Moreover, in the hippocampus, it was shown that
ErbB4 receptors are expressed solely in interneurons and not in pyramidal neurons (45, 46).
Therefore, we examined the effect of PD158780 on evoked inhibitory post-synaptic currents
(eIPSCs) in CA1 pyramidal neurons and found that it induced a rapid reduction in the
elPSCs in both wild-type and AS model mice. Nevertheless, in the AS mice this reduction
was significantly faster and larger (Figure 4A4,B), suggesting that inhibitory transmission in
AS mice is more sensitive to ErbB inhibition than wild-type mice. Furthermore, we showed
that PD158780 significantly reduced mIPSC frequency, but not mIPSC amplitude (Figure
4C,D), indicating that the impact of inhibiting ErbB receptors on inhibitory currents is
presynaptic. Thus, inhibiting ErbB4 receptors in the AS mice likely reduces the inhibitory
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input to CA1 pyramidal neurons, enabling the induction of LTP at the Schaffer collateral
excitatory synapses.). We also observed an increase inmIPSC frequency in AS mice
compared to their wild-type littermates, which was reversed by inhibiting ErbB receptors
(Figure 4C,D).

PD158780 was reported to induce a small increase of fEPSPs in hippocampal area CA1
(15). Furthermore, it was demonstrated that constitutive ErbB4 signaling affects LTP
induction (16). These data, when taken together with our results, suggest that in the basal
homeostatic condition ErbB4 is constitutively active, affecting basal synaptic transmission
by enhancing GABAergic inhibition. Furthermore, these data support the hypothesis that
constitutive activity of ErbB4 is enhanced in hippocampal area CA1 of AS mice. Thus,
inhibiting ErbB4 in AS mice induces a stronger reduction of inhibition, enabling CAl
pyramidal neurons to reach the threshold for LTP induction. Consistent with this idea, we
demonstrated that alleviating inhibition with bicuculline facilitates LTP induction in AS
mice (Figure 5A,B). Nevertheless, there is a qualitative difference between the effect of
PD158780 and bicuculline on LTP in AS mice. Bicuculline application induced epileptiform
activity in hippocampal slices (Figure 5A4), whereas PD158780 did not. These observations
suggest that compared to bicuculine, PD158780 has a milder effect on inhibitory
transmission, though sufficient to enable LTP. Furthermore, these findings suggest that there
are additional mechanisms by which ErbB inhibitors contribute to the rescue of LTP in AS
mice.

The idea that alleviating enhanced inhibitory synaptic transmission as a potential therapeutic
treatment for AS is somewhat counterintuitive. AS mice are prone to epilepsy and in humans
the more severe forms of AS are in individuals who have an extended deletion of GABA-A
receptor subunit B3 (GABAR-B3) (47-49). However, it is important to note that the epilepsy
in AS is not necessarily hippocampal in origin and that other receptor and channel
abnormalities could lead to epilepsy (50-52). Furthermore, GABAR-B3 is not the most
prevalent GABA-A receptor subunit (53), and in the hippocampus it is mostly an
extrasynaptic receptor with slow kinetics that has a minimal impact on fast synaptic
transmission (54). Thus, prudent reduction of inhibitory synaptic transmission in the
hippocampus might be of therapeutic value for cognitive dysfunction in AS.

In conclusion, we have presented evidence for increased NRG1-ErbB4 signaling in AS
mice. Inhibiting this signaling pathway in AS mice reduces the inhibitory input to CA1
pyramidal cells, enabling the induction of LTP and LTM consolidation in AS mice. In
support of this idea, we showed that alleviating inhibition in area CAL in itself is sufficient
to rescue the LTP impairment in AS mice. The identification of the involvement of NRG1-
ErbB4 signaling, especially its effects on the inhibitory system, in synaptic plasticity
impairments in AS mice, might aid in understanding the mechanisms underlying synaptic
and behavioral abnormalities observed in AS, as well as other developmental disorders and
schizophrenia. Moreover, our findings also support recent animal and clinical studies that
indicate the involvement of the GABAergic system in the pathophysiology of Angelman
syndrome (55) and other developmental disorders (56-61).
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Fig. 1.

Altered NRG1-ErbB4 signaling in Angelman syndrome model mice. Western blots of
hippocampal homogenates from Angelman syndrome (AS) mice and their wild-type (WT)
littermates were probed with various antibodies to examine NRG1-ErbB4 signaling. (A)
NRG1 levels are enhanced in AS model mice. (B) Phosphorylated ErbB4 on residues
Y1056, Y1162 and Y1188 in AS model mice and their wild-type littermates. The blots were
stripped and probed for total ErbB4. (C) Total ErbB4 levels are decreased in AS model
mice. (D) E6-AP does not interact with either NRG1 or ErbB4. Hippocampal homogenates
were prepared from E6-AP-YFP transgenic mice and immunoprecipitated with antibodies to
YFP (left column) Input, supernatants, and immunoprecipitates were examined on Western
blots with antibodies for NRG1, ErbB4, YFP, and ERK1/2 as a control. The same
homogenates were immunuoprecipated with antibodies to ErbB4 (right column, top) and
NRG1 (right column, bottom) and probed for E6-AP-YFP with an antibody to YFP. *
denotes statistical significance (p<0.05), ** denotes statistical significance (p<0.01) with a
Student’s t-test. For all panels, n=11 for AS mice and n=9 for wild-type mice.
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Fig. 2.

Different hippocampal phenotypes in AS mice, such as LTP in the CA1 and contextual fear
conditioning, are rescued by ErbB receptor inhibition. (A) Hippocampal slices from
Angelman syndrome (AS) and wild-type (WT) mice were treated with either vehicle (0.1%
DMSO) or PD158780 (10 M) for 10 minutes, beginning 2 minutes prior to two trains of
high-frequency stimulation (HFS, indicated by the arrows). For all conditions, n=8 (number
of mice and slices). (B) Cumulative data showing the amount of LTP 90 min after the final
train of HFS. (C) Paired-pulse facilitation (PPF) curve for AS slices treated with PD158780
10 iM before and after HFS. (D) AS model mice and their WT littermates were treated with
either vehicle or PD158780 via bilateral intra-hippocampal infusions. All results are
displayed as % freezing. N=8 for all groups. Long-term memory 7 days after training as
measured by averaged % freezing during the last three minutes of exposure to context.
Posthoc Bonferroni analysis showed that AS mice treated with PD158780 exhibit a
significant increase in freezing response compare to AS vehicle treated (p<0.01), and no
difference from wild-type littermates treated with vehicle. ** denotes statistical significance
of p<0.01 between the AS groups (vehicle and PD158780) and for interaction of group and
treatment in 2-Way-ANOVA. (E) The freezing response curve during the entire 5 minutes
of exposure 7 days after training shows a significant group effect (group meaning the
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combination of genotype and treatment) along the exposure time. *** denotes statistical
significance p<0.0001 with RM-ANOVA.
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Fig. 3.

Expression and phosphorylation of AMPA and NMDA receptors in Angelman syndrome
model mice. Western blots of hippocampal homogenates from Angelman syndrome (AS)
model mice and their wild-type littermates were probed with various antibodies to AMPA
and NMDA receptors. (A) Total levels of GIuR1, actin, phosphorylated GIuR1 on S831 and
S845. For total GIuR1 expression, GIuR1 and actin were probed on the same blot. For
phosphorylated GIuR1, blots were probed for the phosphorylated form, stripped, and
reprobed for total GIuR1. (B) Total levels of NR1, NR2A and NR2B. All were compared to
actin on the same blots. For phosphorylated NR2B (Y1472), blots were probed for the
phosphorylated form, stripped, and reprobed for total NR2B. n=11 for WT mice and n=9 for
AS mice in panels A and B. (C) NMDA to AMPA ratio is similar between AS mice and
their WT littermates. NMDA/AMPA current ratio was tested in voltage clamp. For AMPA,
the peak amplitude was measured at -70 mV (negative current) and for NMDA the
amplitude was measured 100 ms after the peak at +40mV (positive current). (WT: n=15
cells, 8 mice; AS: n=15 cells, 8 mice).
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Fig. 4.

ErbB inhibition induces a larger reduction in evoked inhibitory currents in Angelman
syndrome mice compare to wild-type mice. ErbB4 effect on the IPSC reduction is via a
presynaptic mechanism. (A) Inhibitory currents were measured as the peak amplitude in
voltage clamp at -70 mV with high chloride concentrations in the recording pipette, before
and during application of PD158780 (10 wM) application. The bath solution of ACSF
contained D-APV 50 uM and DNQX 40 wM. ** denotes p<0.01 RM-ANOVA (B)
Cumulative data 2 and 10 min following the application of PD158780 indicates that the
reduction of inhibitory currents was larger in the AS mice was compared to their WT
littermates. (WT: n=15 cells, 8 mice; AS: n=15 cells, 8 mice). * denotes p<0.05 and **
denotes p<0.01 in student’s t-tests. (C-D) mIPSC recordings from CA1 pyramidal neurons
before and after application of PD158780 (10pM) for 4 min resulted in a significant
reduction in frequency (C) but not the amplitude (D) of the mIPSCs. The bath solution of
ACSF contained D-APV (50 uM), DNQX (40 M) and tetrodotoxin (1M). Wild-type
(WT) mice: n=13 cells, 4 mice. Angelman syndrome (AS): n=13 cells, 4 mice. * denotes
p<0.05 for group effect and for treatment effect in 2-way-ANOVA.
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LTP in hippocampal area CA1 in Angelman syndrome model mice is rescued by inhibition
of GABA(A) receptors. (A) Hippocampal slices from Angelman syndrome (AS) model mice
and their wild-type (WT) littermates were treated with either vehicle (ACSF) or bicuculline
(20 M) for 10 minutes, beginning 2 minutes prior to two trains of high-frequency
stimulation (HFS, indicated by the arrows). For all conditions, n=8 (number of mice and
slices). (B) Cumulative data showing the amount of LTP 60 min after the final train of HFS.
(C) Paired-pulse facilitation (PPF) curves for AS slices treated with bicuculline 20 uM
before and after HFS.
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