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ORIGINAL ARTICLE

Forebrain-speciﬁc ablation of phospholipase Cγ1 causes
manic-like behavior
YR Yang1,2,13, JH Jung3,13, S-J Kim3, K Hamada4, A Suzuki4, HJ Kim3, JH Lee3, O-B Kwon3, YK Lee5, J Kim6, E-K Kim1, H-J Jang1, D-S Kang1,
J-S Choi5, CJ Lee6, J Marshall7, H-Y Koh6, C-J Kim8, H Seok9, SH Kim10, JH Choi1, Y-B Choi11, L Cocco12, SH Ryu3, J-H Kim3 and P-G Suh1
Manic episodes are one of the major diagnostic symptoms in a spectrum of neuropsychiatric disorders that include schizophrenia,
obsessive-compulsive disorder and bipolar disorder (BD). Despite a possible association between BD and the gene encoding
phospholipase Cγ1 (PLCG1), its etiological basis remains unclear. Here, we report that mice lacking phospholipase Cγ1 (PLCγ1) in
the forebrain (Plcg1f/f; CaMKII) exhibit hyperactivity, decreased anxiety-like behavior, reduced depressive-related behavior,
hyperhedonia, hyperphagia, impaired learning and memory and exaggerated startle responses. Inhibitory transmission in
hippocampal pyramidal neurons and striatal dopamine receptor D1-expressing neurons of Plcg1-deﬁcient mice was signiﬁcantly
reduced. The decrease in inhibitory transmission is likely due to a reduced number of γ-aminobutyric acid (GABA)-ergic boutons,
which may result from impaired localization and/or stabilization of postsynaptic CaMKII (Ca2+/calmodulin-dependent protein
kinase II) at inhibitory synapses. Moreover, mutant mice display impaired brain-derived neurotrophic factor-tropomyosin receptor
kinase B-dependent synaptic plasticity in the hippocampus, which could account for deﬁcits of spatial memory. Lithium and
valproate, the drugs presently used to treat mania associated with BD, rescued the hyperactive phenotypes of Plcg1f/f; CaMKII mice.
These ﬁndings provide evidence that PLCγ1 is critical for synaptic function and plasticity and that the loss of PLCγ1 from the
forebrain results in manic-like behavior.
Molecular Psychiatry advance online publication, 31 January 2017; doi:10.1038/mp.2016.261

INTRODUCTION
Synapse formation and function are tightly regulated by multiple
signaling cascades, and disruption of such synaptic signaling
pathways is implicated in various neuropsychiatric disorders.1
Among those, impairment of the phospholipase Cγ1 (PLCγ1)mediated pathway appears to be causally linked to neuropsychiatric disorders such as depression,2 epilepsy3 and bipolar disorder
(BD).4–6 PLCγ1 generates the second messengers inositol-1,4,5triphosphate (IP3) and diacylglycerol via the hydrolysis of
membrane-bound phosphatidylinositol 4,5-bisphosphate when
triggered by multiple neurotransmitters and neuromodulators.
Multiple genome-wide association studies identiﬁed PLC signaling
as a pathway that contributes to the risk for BD,7 although the
association was recently challenged.8 A genome-wide linkage
analysis study also identiﬁed a gene encoding phospholipase Cγ1
(PLCG1) as a susceptibility locus for BD.9 Indeed, BD patients with a
dinucleotide repeat in the PLCG1 genomic region are good
responders to lithium, suggesting involvement of the PLCγ1
signaling pathway in BD.4 Interestingly, PLCγ1 controls recycling of
IP3, which is modulated by lithium.10 Brain-derived neurotrophic
factor (BDNF), a regulator of diverse synaptic functions, regulates

PLCγ1 activity.11 Moreover, a BDNF gene polymorphism has been
identiﬁed as a potential risk allele for BD.12,13 However, despite
this, it remains unclear whether and how dysfunction of
BDNF/PLCγ1 signaling contributes to the lithium-responsive
symptoms of BD.
Here, we found that mice with forebrain-selective deletion of
PLCγ1 (Plcg1f/f; CaMKII mice) exhibit manic-like behavior, as well as
deﬁcits in inhibitory transmission and BDNF-dependent synaptic
plasticity. We also discovered potential molecular mechanisms
whereby the disruption of PLCγ1 signaling in the hippocampus
leads to such dysfunctions of inhibitory synapses. Those synaptic
deﬁcits could contribute to at least some of the manic behavioral
phenotypes displayed by mutant mice. Given the limited number
of animal models that are able to fulﬁll the validity criteria for
manic-like behavior,14 Plcg1f/f; CaMKII mice may be a reliable
model for the manic phase of BD.
MATERIALS AND METHODS
Detailed descriptions of the Methods and materials are included in the
Supplementary Methods section.
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Figure 1. Plcg1f/f; CaMKII mice harboring phospholipase Cγ1 (PLCγ1) deletion in the forebrain exhibit manic-like behavior. (a) Western blots
showing loss of PLCγ1 from the forebrain of Plcg1f/f; CaMKII mice (hippocampus, Hip; cortex, Ctx; striatum, Str) but not from the midbrain (Mid),
hypothalamus (Hypo) or cerebellum (CB). (b and c) Locomotor activity of wild-type (WT) and Plcg1f/f; CaMKII mice in the open ﬁeld test
(n = 8–10 per group), (d) the elevated plus maze test (n = 10–12 per group), (e) the marble burying test (n = 11–12 per group), (f) the forced
swimming test (n = 11–12 per group), (g) the two-bottle sucrose preference test (WT, n = 5 vs Plcg1f/f; CaMKII, n = 9) (two-bottle choice
(W; water, S; sucrose)). (h) Jumping and digging behavior (WT, n = 9 vs Plcg1f/f; CaMKII, n = 6). (i) The novel object recognition test (n = 12 per
group). (j) Cued fear conditioning in WT and Plcg1f/f; CaMKII mice (WT, n = 11 vs Plcg1f/f; CaMKII, n = 10). (k) Startle response test (left graph) and
prepulse inhibition (right graph) in WT and Plcg1f/f; CaMKII mice (n = 12 per group). Error bars represent ± s.e.m. ***Po0.001, **Po 0.01 and
*Po 0.05. CaMKII, Ca2+/calmodulin-dependent protein kinase II.

Mice
CaMKII-Cre15 and Nestin-Cre16 mice were obtained from the Jackson
Laboratory (Bar Harbor, ME, USA) and housed under a 12- h light–dark
cycle and given access to food and water ad libitum. Only male mice were
used for physiological and behavioral analyses. All procedures were
approved by the Institutional Animal Care and Utilization Committee of
POSTECH and conducted in accordance with the UNIST Guide for the Care
and Use of Laboratory Animals (UNISTIACUC-14-005).

Generation of PLCγ1 conditional knockout mice
The Plcg1-targeting vector was designed to delete exons 3 − 5 by inserting
loxP sites into introns 2 and 5. The Neo cassette ﬂanked by FRT sites was
inserted into intron 5 adjacent to the second loxP site. The Plcg1-targeting
vector DNA construct was electroporated into mouse embryonic stem cells
and single clones were microinjected into blastocysts. The F1 mice were
then crossed with ﬂippase transgenic mice to eliminate the FRT-Neo
Molecular Psychiatry (2017), 1 – 10

cassette. Plcg1-ﬂoxed mice, originally on a mixed 129 × C57BL/6 background (Supplementary Figure 1a), were backcrossed with C57BL/6 mice
for at least eight generations before the experiments. The targeted allele
was detected with 5′ and 3′ probes by Southern blotting analysis with
EcoRI digestion (Supplementary Figure 1b). The Plcg1+/+, Plcg1f/+ and
Plcg1f/f mice were genotyped using primer 1 (5′-GCACAGCAGACAGA
CTTGGAC-3′) and primer 2 (5′-GTTGCTCAAGGTGAAGGCTCT-3′) (Supplementary Figure 1c). Deletion of exons 3–5 was achieved by crossing
Plcg1f/+ mice with CaMKII-Cre mice or Nestin-Cre mice to produce postnatal
forebrain- and brain-speciﬁc Plcg1-knockout mice, respectively.

Statistical analysis
Statistical analyses were performed using SPSS (version 17.0) and the
normality of the data distribution was assessed using the Kolmogorov–
Smirnov test. Student’s unpaired T-test, nonparametric Mann–Whitney
U-test or analysis of variance followed by Tukey’s post hoc test was
© 2017 Macmillan Publishers Limited, part of Springer Nature.
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performed, as speciﬁed in the Supplementary Tables. All data are
presented as mean ± s.e.m. Signiﬁcance is indicated by *P o 0.05,
**P o 0.01 and ***P o 0.001.

RESULTS
Hyperactive behavior and memory impairment in mice harboring
forebrain-speciﬁc deletion of PLCγ1
PLCγ1 signaling contributes to neuronal survival, neural circuit
development and synaptic plasticity.11,17,18 Despite its potential
importance, the pathophysiological role of PLCγ1 in mature neural
circuits is poorly understood, partly because global deletion of the
Plcg1 gene results in lethality as early as embryonic day 9.19 To
explore the effect of PLCγ1 loss on the neural function and
behavior of adult animals, we deleted PLCγ1 selectively from
forebrain neurons by crossing ﬂoxed Plcg1 mice with CaMKII-Cre
mice15 (Supplementary Figure 1). Immunoblotting indicated
signiﬁcant suppression of PLCγ1 expression in forebrain areas,
including the cortex, the hippocampus and the striatum
(Figure 1a). Nissl-stained sections of brain from Plcg1f/f; CaMKII
mice revealed intact anatomical features: typical neuronal
organization of the hippocampal formation (Supplementary
Figure 2a) and unaltered number of neurons and astrocytes in
the cortex, CA1 and CA3 (cornu ammonis ﬁelds 1 and 3) regions
(Supplementary Figure 2b).
Behaviorally, we did not detect any impairment in basic motor
and visual functions in Plcg1f/f; CaMKII mice (Supplementary
Figures 3a and b). Importantly, Plcg1f/f; CaMKII mice showed
hyperactivity in the open ﬁeld test (greater total distance traveled)
and spent signiﬁcantly more time in the center of the ﬁeld than
wild-type (WT) littermates, which is a sign of reduced anxiety
(Figures 1b and c). Consistent with the reduction of anxiety levels,
Plcg1f/f; CaMKII mice entered the open arms of the elevated plus
maze more frequently than WT littermates, although they spent a
similar amount of time in the open arms (Figure 1d). In the marble
burying test, another measure of anxiety-like behavior, Plcg1f/f;
CaMKII mice buried fewer marbles (Figure 1e). These results
indicate that mutant mice are less anxious than WT littermates.
Interestingly, Plcg1f/f; CaMKII mice showed signiﬁcantly less
immobility than WT mice in the forced swimming test, which is
a measure of depression-like behavior (Figure 1f), whereas the tail
suspension test revealed no difference between the two
genotypes (Supplementary Figure 3c). In the sucrose preference
test, Plcg1f/f; CaMKII mice consumed more sucrose than WT mice
(Figure 1g), indicating that Plcg1f/f; CaMKII mice tend to be
hyperhedonic, as observed in human mania. Notably, the mutant
mice spent more time repetitively jumping, but less time in
digging in stranger-free home cages (Figure 1h). The weight of
Plcg1f/f; CaMKII mice was comparable with that of WT mice at
4 weeks, but was signiﬁcantly lower at 8 weeks despite greater
food intake (Supplementary Figures 3d and e), which might be
related to increased locomotion.
BDNF-tropomyosin receptor kinase B (TrkB)-mediated PLCγ1
signaling is causally involved in learning and memory, as
evidenced by the cognitive/behavioral deﬁcits of TrkbPLC/PLCknock-in mice lacking TrkB-PLCγ1 docking sites.20,21 Plcg1f/f;
CaMKII and WT mice showed a comparable ability to recognize
novel objects (Figure 1i). Next, we examined whether Plcg1f/f;
CaMKII mice also show impaired learning and memory. To this
end, we compared associative memory between the two
genotypes using the Pavlovian fear conditioning paradigms. In
the auditory fear conditioning test, Plcg1f/f; CaMKII mice exhibited
a signiﬁcantly lower level of freezing response (Figure 1j). We also
observed reduced freezing in the contextual fear (Supplementary
Figure 3f). However, Plcg1f/f; CaMKII and WT mice showed similar
sensitivity to pain (Supplementary Figure 3g), suggesting that the
reduced freezing of Plcg1f/f; CaMKII mice was not due to alteration
of pain sensitivity. Unexpectedly, Plcg1f/f; CaMKII mice exhibited an
© 2017 Macmillan Publishers Limited, part of Springer Nature.

exaggerated startle response to high-decibel tones when compared with WT littermates, but prepulse inhibition did not differ
from that of WT mice (Figure 1k). Thus, the deﬁcit in acquisition
and expression of fear memory did not appear to be simply
attributable to decreased responses toward conditioning stimuli.
Taken together, these results indicate that PLCγ1 expression in the
forebrain is required for normal hippocampus-dependent memory. Importantly, Plcg1f/f; CaMKII mice showed manic-like behavior,
including hyperactivity, hyperphagia, decreased anxiety, hyperhedonia and impaired cognitive ability, as well as increased startle
responses.
BD patients are emotionally unstable and an episode of mania
or depression could be induced by imposed stresses.22 Accordingly, BD mouse models exhibit altered behavioral states in
response to stresses. For example, Dbp−/− mice display a shift from
a depressive state to a manic-like behavior when under stress,
whereas the emotional state of Ank3+/ − mice switches toward
depression-like behavior upon exposure to chronic stress.23,24 To
test whether the manic-like behavior of Plcg1f/f; CaMKII mice can
be reversed or affected by stress, we assessed the effect of
different type of stress or sleep deprivation on behavior. We found
that the manic-like behavior of Plcg1f/f; CaMKII mice was not
affected by acute restraint stress (Supplementary Figures 4a–e),
chronic social isolation stress (Supplementary Figure 4f–j) or sleep
deprivation (Supplementary Figure 5). Unlike Ank3+/ − - and Dbpknockout mice, Plcg1f/f; CaMKII mice show hyperactivity at
baseline. The behavioral differences between Plcg1f/f; CaMKII and
BD-like mice, particularly at baseline, rendered a direct comparison of the stress-induced conversion of behavioral states difﬁcult
in this analysis.
Reduced inhibitory transmission in Plcg1f/f; CaMKII mice
Manic-like behavior and memory impairment in Plcg1f/f; CaMKII
mice prompted us to examine the possible impact of PLCγ1
deletion on synaptic transmission and synaptic plasticity. First, we
assessed glutamatergic transmission by eliciting ﬁeld excitatory
postsynaptic potentials from the hippocampal CA1 area while
stimulating the Schaffer collateral (SC) pathway, but failed to
detect any difference in input–output curves between Plcg1f/f;
CaMKII mice and their WT littermates (Figure 2a). In the whole-cell
patch recording of CA1 neurons, we measured the ratios of Nmethyl-D-aspartic acid (NMDA) receptor (NMDAR)-mediated excitatory postsynaptic currents to α-amino-3-hydroxy-5-methyl-4isoxazole propionate (AMPA) receptor-mediated EPSCs (AMPAREPSCs), but again found no difference (Figure 2b). Thus, the input–
output relationship and NMDAR/AMPAR current ratios represent
intact excitatory transmission in Plcg1f/f; CaMKII mice. Consistent
with the physiological data, western blotting of crude synaptosomal fractions isolated from Plcg1f/f; CaMKII and WT mice revealed
no difference in the expression levels of various postsynaptic
proteins, including AMPAR subunits (GluA1 − 3), NMDAR subunits
(GluN1, 2A and 2B), neuroligins (NL1 − 3) and postsynaptic density
protein-95 (Figure 2c).
To further examine the physiological roles of PLCγ1 in basal
synaptic transmission, we monitored miniature EPSCs and
miniature inhibitory postsynaptic currents (mIPSCs). The frequency
and the amplitude of miniature EPSCs were largely unaffected in
Plcg1f/f; CaMKII CA1 pyramidal neurons (Supplementary Figures 6a
and b). Consistent with miniature EPSC data, dendritic spine
densities were indistinguishable between Plcg1f/f; CaMKII and WT
mice (Supplementary Figures 6c and d). In contrast with miniature
EPSCs, the frequency (but not the amplitude) of mIPSCs was
markedly reduced in hippocampal slices from Plcg1f/f; CaMKII mice
compared with those from WT mice (Figures 2d and e). Given both
the reduced levels of PLCγ1 in the striatum and the hyperactive
locomotion of Plcg1f/f; CaMKII mice, we started to examine
changes in basal synaptic transmission in the dorsal striatum.
Molecular Psychiatry (2017), 1 – 10
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Figure 2. Phospholipase Cγ1 (PLCγ1) deletion reduces inhibitory but not excitatory synaptic transmission. (a) Stimulus intensity vs ﬁeld
excitatory postsynaptic potentials (fEPSPs) slope (input − output relation) at the hippocampal Schaffer collateral (SC)-CA1 synapses of
wild-type (WT) and Plcg1f/f; CaMKII mice (n = 20 per group). Scale bars: 1 mV and 10 ms. (b) The ratios of N-methyl-D-aspartic acid receptor/αamino-3-hydroxy-5-methyl-4-isoxazole propionate receptor-excitatory postsynaptic current (NMDAR/AMPAR-EPSCs) at CA1 pyramidal neurons
from WT (n = 20) and Plcg1f/f; CaMKII (n = 14) mice. Scale bars: 50 pA and 10 ms. (c) Immunoblots (upper) and densitometric quantiﬁcation
(lower) of the synaptosomal fractions of hippocampal lysates from WT and Plcg1f/f; CaMKII mice for the following postsynaptic proteins: AMPA
receptor subunits (GluA1 − 3), NMDA receptor subunits (GluN1, 2A, 2B), postsynaptic density protein-95 (PSD-95) and neuroligin 1–3 (NL1–3).
(d) Representative miniature inhibitory postsynaptic current (mIPSC) traces from WT and Plcg1f/f; CaMKII hippocampal pyramidal CA1 neurons.
(e) Average values for mIPSC frequency and amplitude (WT, n = 6 vs Plcg1f/f; CaMKII, n = 8). (f and g) Representative images of immunostained
neurobiotin-injected neurons. The recorded striatal neurons were identiﬁed either as putative dopamine receptor D1-medium spiny neurons
(D1R-MSNs) (f) or as dopamine receptor D2 (D2R)-MSNs (g) by immunostaining for the D2R-MSN marker, enkephalin. Scale bar = 50 μm.
(h and j) Representative mIPSC traces from putative D1R-MSN (h) or D2R-MSN (j) of WT and Plcg1f/f; CaMKII mice (D1: WT, n = 10 vs Plcg1f/f;
CaMKII, n = 7; D2: WT, n = 8, vs Plcg1f/f; CaMKII, n = 10). (i and k) Bar graphs for D1-MSN (i) or D2-MSN (k) mIPSC frequency and amplitude.
(l and m) Distribution of glutamic acid decarboxylase 67 (GAD67)-positive (l) or parvalbumin (PV)-positive (m) boutons (red) contacting the
somata of WT and Plcg1f/f; CaMKII hippocampal CA1 pyramidal neurons infected with lentivirus expressing GFP. (l) GAD67-positive boutons on
WT (n = 19) and Plcg1f/f; CaMKII (n = 63) somata. (m) PV-positive boutons on WT and Plcg1f/f; CaMKII somata (n = 18 − 37 per group). Scale bars:
50 μm for left images and 20 μm for magniﬁed views. Error bars represent ± s.e.m. ***Po 0.001 and **P o0.01. CaMKII, Ca2+/calmodulindependent protein kinase II.

Intriguingly, the amplitude of mIPSCs was signiﬁcantly and
selectively reduced in the dopamine receptor D1 (D1R)-expressing
striatal neurons, but not in the dopamine receptor D2-expressing
striatal neurons of Plcg1f/f; CaMKII mice, whereas the frequency of
mIPSCs remained unaffected (Figures 2f–k). As activation of D1Rexpressing striatal neurons is sufﬁcient to promote locomotion,25
Molecular Psychiatry (2017), 1 – 10

reduced inhibitory input into D1R-expressing neurons is most
likely to increase locomotor activity, which could contribute to the
hyperactivity observed in Plcg1f/f; CaMKII mice. Taken together,
these physiological data provide evidence that the abnormal
behavior of Plcg1f/f; CaMKII mice results from defective inhibitory
inputs in the hippocampus and the striatum.
© 2017 Macmillan Publishers Limited, part of Springer Nature.
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Figure 3. Deﬁcit in brain-derived neurotrophic factor (BDNF)-TrkB-dependent plasticity at Schaffer collateral (SC)-CA1 synapses of
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and paired-pulse ratios (PPRs). (b) θ-Burst stimulation-long-term potentiation (TBS-LTP) (wild-type (WT), n = 10 vs Plcg1f/f; CaMKII, n = 14).
Inserts above: Superimposed sample baselines and post-TBS fEPSPs. (c) BDNF-induced synaptic enhancement (BDNF-LTP) (WT, n = 7 vs Plcg1f/f;
CaMKII, n = 7). (d) Occlusion of TBS-LTP induction by BDNF-LTP. TBS-LTP induction after BDNF-LTP in WT and Plcg1f/f; CaMKII (n = 7/group). (e)
Effect of the TrkB agonist, 7, 8-dihydroxyﬂavone (7, 8-DHF) (5 μM), on TBS-LTP (n = 9 per group). (f) Synaptically evoked N-methyl-D-aspartic acid
receptor (NMDAR)-LTD (1 Hz at 900 pulses) of the SC-CA1 pathway (WT, n = 10 vs Plcg1f/f; Nestin, n = 18). Scale bars: 1 mV and 10 ms. Error bars
represent ± s.e.m. ***P o0.001. NS, not signiﬁcant. CaMKII, Ca2+/calmodulin-dependent protein kinase II.

Impaired formation of inhibitory synapses in PLCγ1-deﬁcient
pyramidal neurons
Given our physiological data and the fact that the density of
glutamic acid decarboxylase 65 (GAD65), GAD67 and parvalbumin
(PV)-containing cells in the hippocampi of BD patients is
reduced,26 we hypothesized that γ-aminobutyric acid (GABA)ergic connections would be defective in Plcg1f/f; CaMKII mice.
Therefore, we immunostained hippocampi prepared from either
Plcg1f/f; CaMKII mice or WT littermates for GAD67, a major GABAproducing enzyme expressed in the presynaptic terminals of
GABAergic synapses. We detected a signiﬁcant decrease in GAD67
staining on the somata of the CA1 pyramidal neurons of Plcg1f/f;
CaMKII mice compared with those of WT mice, indicating a
reduced number of GABAergic boutons (Figure 2l). As
© 2017 Macmillan Publishers Limited, part of Springer Nature.

PV-expressing GABAergic interneurons causally regulate neuronal
excitability and the generation of γ-oscillations,27 we also
examined changes in GABAergic synapses from PV-positive
neurons to pyramidal neurons. There was also a signiﬁcant
reduction in the number of PV-positive puncta on the somata of
pyramidal neurons in Plcg1f/f; CaMKII mice (Figure 2m). These
ﬁndings indicate that a decrease in inhibitory transmission is
attributable to a reduced number of synaptic inputs from
PV-expressing GABAergic neurons.
PLCγ1 deletion affects BDNF-TrkB-dependent synaptic plasticity
PLCγ1 is involved in BDNF-TrkB signaling-dependent long-term
potentiation (LTP).21,28,29 To investigate the possible effects of
PLCγ1 deletion on BDNF-dependent or -independent forms of
Molecular Psychiatry (2017), 1 – 10
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synaptic plasticity, we induced LTP in hippocampal slices from
Plcg1f/f; CaMKII or WT mice. While neither the basal SC-CA1
excitatory transmission nor the paired-pulse ratios were affected
(Figures 2a and 3a), high-frequency stimulation-induced LTP was
successfully and similarly induced in WT and Plcg1-deﬁcient
hippocampal slices (Supplementary Figure 7a). However, LTP
induced by θ-burst stimulation (TBS), a form of synaptic plasticity
dependent on BDNF-TrkB,30,31 was disrupted in Plcg1f/f; CaMKII
slices when compared with that in WT slices (Figure 3b). TBS-LTP
in Plcg1f/f; CaMKII mice was not rescued by application of
picrotoxin, a GABAA receptor (GABAAR) blocker (Supplementary
Figure 7b), indicating that the impairment was indifferent to any
possible impact of PLCγ1 loss on fast inhibitory transmission.
Because BDNF perfusion itself can enhance excitatory transmission and lead to LTP,30,32 we next tested whether PLCγ1 loss could
also affect BDNF-induced LTP. LTP was induced by application of
BDNF at the SC-CA1 pathway of WT mice, but not of Plcg1f/f;
CaMKII mice (Figure 3c). As the BDNF effect shares the same
mechanisms as TBS when facilitating LTP,30 we further examined
whether BDNF pretreatment occludes TBS-LTP. After treatment of
BDNF, TBS did not induce additional LTP in Plcg1f/f; CaMKII slices,
similar to observations in WT slices (Figure 3d). Moreover, a
selective TrkB agonist, 7, 8-dihydroxyﬂavone33 was unable to
restore TBS-LTP in Plcg1f/f; CaMKII slices (Figure 3e), which
suggests that the underlying deﬁcit seems to occur downstream
from BDNF-TrkB. In addition, long-term depression induced by
low-frequency stimulation or by application of the mGluR agonist
3, 5-dihydroxyphenylglycine did not differ between WT and Plcg1deﬁcient hippocampal slices (Figure 3f and Supplementary
Figure 8). These results indicate that PLCγ1 deﬁciency in
hippocampal CA1 pyramidal neurons impairs BDNF-TrkBdependent LTP, and, as a result, this deﬁcit may underlie the
deﬁcits in spatial learning and memory observed in Plcg1f/f; CaMKII
mice (Figure 1j).

prerequisite for appropriate development of GABAergic currents
because CaMKII-mediated phosphorylation of GABAAR subunits is
necessary for stable insertion into the postsynaptic membrane.37
Accordingly, we reasoned that a reduction in mIPSC frequency
and possible decreases in the number of functional inhibitory
synapses onto PLCγ1-deﬁcient neurons would be attributable to
disruption of the postsynaptic localization of phosphorylated
CaMKIIα. To address this hypothesis, we monitored the distribution of Thr286-phosphorylated CaMKIIα (pCaMKIIα) at inhibitory
synaptic connections. Indeed, colocalization of pCaMKIIα with
gephyrin was reduced in both the somata and neurites of PLCγ1deﬁcient neurons compared with WT neurons (Figures 4c, e and f).
Interestingly, BDNF treatment signiﬁcantly increased the colocalization of gephyrin and pCaMKIIα in WT neurons, but not in
PLCγ1-deﬁcient neurons (Figures 4d–f). As GABAAR α1 is a
substrate of pCaMKIIα,37 it is possible that loss of PLCγ1 decreases
surface expression of the GABAAR α1 subunit on the somata of
hippocampal neurons because this subunit is preferentially
expressed over β2/3 at synapses innervated from PV-positive
inhibitory neurons.38 We compared the surface expression of
GABAAR α1 subunit between WT and Plcg1f/f; Nestin neurons in the
absence of membrane permeabilization. We detected a signiﬁcant
decrease in GABAAR α1 staining in PLCγ1-deﬁcient hippocampal
neurons (Figure 4g). To corroborate the function of PLCγ1 in the
synaptic localization of pCaMKIIα and the ensuing phosphorylation/translocation of GABAAR subunits, we also analyzed the
surface expression of the GABAAR δ subunit, a predominant
isoform of extrasynaptic GABAAR, which is not a substrate of
CaMKIIα.37,39 Supporting the selective effect of CaMKIIα, surface
expression of GABAAR δ was comparable between WT and PLCγ1deﬁcient neurons (Figure 4h). Collectively, these ﬁndings indicate
that PLCγ1 is necessary for the formation and/or maintenance of
functional inhibitory synapses containing GABAAR α1 by modulating the postsynaptic localization of pCaMKII.

Impairment of BDNF-mediated Ca2+ signaling and localization of
CaMKII to inhibitory synapses of PLCγ1-deﬁcient neurons
As BDNF triggers increased [Ca2+]i in hippocampal neurons,34 we
examined the possible effects of PLCγ1 deletion on BDNF-induced
[Ca2+]i elevation. To faithfully delete PLCγ1 from cultured neurons,
we took advantage of Plcg1f/f; Nestin mice, which express Cre
recombinase at an early stage of development.35 BDNF-mediated
[Ca2+]i elevation was markedly attenuated in hippocampal
neurons isolated from Plcg1f/f; Nestin mice when compared with
that in WT neurons (Figure 4a). Transient receptor potential cation
channels (TRPCs) mediate BDNF-mediated [Ca2+]i elevation,17 and
expression and activity of TRPC3 are regulated by PLCγ1.36
Inconsistent with this possibility, however, the expression levels of
both TRPC3 and 6 were indistinguishable between WT and Plcg1f/f;
CaMKII mice (Supplementary Figure 9). Furthermore, application of
a TRPC6 activator, hyperforin, increased [Ca2+]i to a similar extent
in hippocampal neurons prepared from WT and Plcg1f/f; Nestin
mice, which implicates PLCγ1 as one of the upstream regulators of
TRPCs (Supplementary Figure 10). Although it remains unclear
how Ca2+ elevation could be affected by the loss of PLCγ1,
disruption of Ca2+ signaling may account for impairments in TBSLTP- and hippocampus-dependent spatial memory.
TrkB deﬁnes a variety of synaptic features by activating various
signaling molecules, including PLCγ1, phosphoinositide 3-kinase,
extracellular signal-regulated kinase (ERK) and CaMKIIα.11 Thus, we
tested whether disrupting PLCγ1 affects the activity of those
BDNF-induced singling pathways. BDNF-induced phosphoactivation of ERK, CaMKII and cAMP-response element-binding protein
was signiﬁcantly reduced in PLCγ1-deﬁcient neurons, whereas
phosphorylation of thymoma viral proto-oncogene (AKT) and
mechanistic target of rapamycin remained unaltered (Figure 4b).
Localization of phosphorylated CaMKII to inhibitory synapses is a

Reversal of hyperactive behavior of Plcg1f/f; CaMKII mice
To examine the predictive validity of Plcg1f/f; CaMKII mice as an
animal model of mania, we investigated the effects of the mood
stabilizers normally used to treat BD patients (lithium and valproic
acid (VPA) on Plcg1f/f; CaMKII mice. To examine possible reversal of
hyperactive behavior, mice were given lithium chloride (LiCl) in
the drinking water (300 mg l − 1) for 14 days. We found that
consumption of lithium decreased the locomotor activity of
Plcg1f/f; CaMKII mice in the open ﬁeld test to a level comparable
with that of WT littermates (Figures 5a and b). Interestingly, the
levels of anxiety and depression in Plcg1f/f; CaMKII mice were also
normalized by lithium treatment (Figures 5c and d). Moreover,
acute injection of LiCl (100 mg kg − 1) reduced the open ﬁeld
activity of Plcg1f/f; CaMKII mice to the level of vehicle-treated WT
mice, while having no signiﬁcant effect in WT mice
(Supplementary Figures 11a and b). Thus, lithium restored the
abnormal behavior of Plcg1f/f; CaMKII mice to normal levels.
Similarly, VPA (200 mg kg − 1), reduced the locomotor activity of
Plcg1f/f; CaMKII mice to level observed in vehicle-treated WT
littermates without any effect on the locomotion of WT mice
(Figure 5e).
As a possible means of ameliorating the hyperactivity of Plcg1f/f;
CaMKII mice, we also attempted to use hyperforin, a TRPC6
channel activator that stimulates downstream effectors of the
PLCγ1 pathway (such as CaMKII and cAMP-response elementbinding protein).17,40 When mice were injected intraperitoneally
with hyperforin (1 mg kg − 1 body weight), the hyperlocomotor
activity of Plcg1f/f; CaMKII mice was signiﬁcantly reduced, although
there was no effect on WT mice (Supplementary Figures 11c and
d). Given the evidence that activation of TRPC6 elevates [Ca2+]i in
Plcg1-deﬁcient neurons as effectively as in WT neurons
(Supplementary Figure 10), restoration of Ca2+ signaling by TRPC6
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Figure 4. Impaired brain-derived neurotrophic factor (BDNF)-mediated Ca2+ signaling and altered distribution of activated Ca2+/calmodulindependent protein kinase II (CaMKII) in phospholipase Cγ1 (PLCγ1)-deleted neurons. (a) Representative 380 nm excitation images (upper); 30–
50 neurons in each group. The Fura-2 ﬂuorescence ratio (340/380 nm, F/F0) (lower left) and the maximum change in F340/380 (lower right) as a
measure of [Ca2+]i after BDNF treatment of cultured wild-type (WT) or PLCγ1-deﬁcient hippocampal neurons is shown. Scale bar = 50 μm. (b)
Cultured WT (n = 21) and PLCγ1-deﬁcient hippocampal neurons from Plcg1f/f; Nestin mice (n = 22) were stimulated with BDNF (100 ng ml − 1) for
the indicated times and subjected to immunoblotting (left). Quantiﬁcation of phosphoprotein levels (right). (c and d) Representative images
of cultured WT and Plcg1f/f; Nestin neurons after treatment with or without BDNF (100 ng ml − 1) for 30 min at days in vitro 20–21, followed by
immunostaining for phosphorylated CaMKIIα (pCaMKII) (green) and gephyrin (red). (e and f) Quantiﬁcation of pCaMKII − gephyrin
colocalization at inhibitory postsynaptic somata (n = 35 − 40 per group) (e) and neurites (n = 81 − 97 per group) (f) from four independent
cultures. (g and h) Representative images of hippocampal neurons and quantiﬁcation of immunoﬂuorescence signals in WT and Plcg1f/f; Nestin
mice (n = 30 − 39) after immunostaining (red) for surface GABAA receptor (GABAAR) α1 (g) or GABAAR δ (h). Scale bars: 50 μm for full-scale
images and 20 μm for insets. Error bars represent ± s.e.m. ***P o0.001 and **P o0.01.

may contribute to restoration of locomotion in Plcg1f/f;
CaMKII mice.
BD is a chronic and long-term illness that is often misdiagnosed
as attention deﬁcit hyperactivity disorder (ADHD).41 However,
ADHD symptoms tend to disappear with age42 and ADHD mouse
models also show reduced hyperactivity with age.43 Plcg1f/f;
CaMKII mice continue to display hyperlocomotor activity when
compared with age-matched WT mice, even at 8 months of age
(Supplementary Figure 12). We also examined the behavioral
response to amphetamine (Amp), a psychostimulant normally
used to treat ADHD, but induces manic episodes in BD patients.44
Amp administration increases locomotion in various manic-like
models such as GluR6-, Erk-, Clock-knockout, and Shank3© 2017 Macmillan Publishers Limited, part of Springer Nature.

overexpressing mice.45–48 Supporting a manic-like, rather than
an ADHD-like, behavioral phenotype, acute injection of Amp
aggravated the hyperactivity of Plcg1f/f; CaMKII mice (Figure 5f).
Therefore, Plcg1f/f; CaMKII does not appear to be directly related to
ADHD; however, these mice may be a potential model of manic
episodes associated with BD.
DISCUSSION
Aberrant synaptic functions and plasticity are believed to underlie
neuropsychiatric disorders such as schizophrenia, ADHD and
BD.49,50 Here we show that PLCγ1 deletion affects inhibitory inputs
and BDNF-dependent forms of synaptic plasticity (Supplementary
Molecular Psychiatry (2017), 1 – 10
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Figure 5. Behavior of Plcg1f/f; CaMKII mice is normalized by lithium chloride (LiCl) or valproic acid (VPA), but not by amphetamine (Amp). (a–d)
Locomotor activity of wild-type (WT) and Plcg1f/f; CaMKII mice (n = 7–11 per group) in the open ﬁeld (a and b), elevated plus maze (c) and
forced swimming test (d) after LiCl treatment (300 mg l − 1 for 14 days). (e) Locomotor activity in the open ﬁeld after injection of saline or VPA
(n = 9–10 per group). (f) Locomotor activity in the open ﬁeld after injection of saline or Amp (n = 7–9 per group). Error bars represent ± s.e.m.
***P o0.001, **P o0.01 and *P o0.05. NS, nonsigniﬁcant.

Figure 13). Although PLCγ1 is an essential mediator of BDNF-TrkB
signaling for synaptic features of inhibitory transmission,51,52 our
ﬁnding that PLCγ1 has a role in the translocation of CaMKIIα to
inhibitory synapses provides a mechanistic basis for how BDNFTrkB signaling promotes the postsynaptic expression of functional
GABAA receptors.53 Emerging evidence indicates that the imbalance between excitatory and inhibitory inputs (E/I) is a major
cause of various neuropsychiatric disorders54,55 and the GABAergic
dysfunction observed in the hippocampi of BD patients.56
Therefore, PLCγ1 deletion is highly likely to alter the E/I balance
Molecular Psychiatry (2017), 1 – 10

in forebrain circuits such as the hippocampus and striatum,
leading to behavioral abnormalities. Lithium or VPA increases
inhibitory input into hippocampal neurons.57,58 Thus, it is reasonable that lithium or VPA enhances basal inhibitory activity in
Plcg1f/f; CaMKII mice and thereby normalizes the E/I balance, which
can ameliorate the hyperactive behavior.
Interestingly, we observed that loss of PLCγ1 affects BDNFmediated ERK, CaMKII, CaMKIV and cAMP-response elementbinding protein activation, but not the phosphoinositide 3-kinase/
AKT signaling pathway (Figure 4b). It is highly likely that deleting
© 2017 Macmillan Publishers Limited, part of Springer Nature.
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PLCγ1 disrupts BDNF-mediated TRPC channel activation, which in
turn interferes with the activation of ERK. Our data are consistent
with those of a previous study showing that activation of ERK,
CaMKIV and cAMP-response element-binding protein is mediated
by Ca2+ inﬂux via PLCγ1-triggered TRPC3/6 channels and IP3
generation in cerebellar granule neurons.17 Moreover, we cannot
exclude the possibility that receptor tyrosine kinase-mediated
cascades11,59 other than the BDNF-TrkB pathway control synaptic
functions and lead to behavioral changes in Plcg1f/f; CaMKII mice.
Indeed, neurotrophins stimulate mitogen-activated protein kinase,
phosphoinositide 3-kinase and PLCγ1 through respective Trk
receptors, and neuregulins (NRG1–6) can activate diverse signaling pathways, including the phosphoinositide 3-kinase, mitogenactivated protein kinase and PLCγ1 pathways.59 Interestingly,
NRG1 and NRG3 SNPs are also associated with BD.60,61 Given the
conceivable alterations of TrkB- or other receptor tyrosine kinasesmediated signaling pathways in Plcg1f/f; CaMKII mice, the underlying molecular mechanisms and functional consequences merit
subsequent investigation.
TrkbPLC/PLC-knock-in mice lacking PLCγ1 docking sites substantiated the requirement of PLCγ1 activity for normal synaptic
plasticity and associative memory.20,21 However, in contrast to
Plcg1f/f; CaMKII mice, TrkbPLC/PLC-knock-in mice showed normal
locomotor activity and anxiety-like behavior. Although it should
be clearly clariﬁed how the two types of mice display disparate
behavioral phenotypes, it may simply be due to their different
genetic backgrounds or perhaps distinct signaling pathways in
which either TrkbPLC/PLC-knock-in or Plcg1f/f; CaMKII mice are
defective. For example, it is possible that PLCγ1 could be activated
through its catalytic domains and by multidomains responsible for
protein–protein and protein–lipid interactions62 in TrkbPLC/PLCknock-in mice, but not directly by TrkB. The residual activity of
PLCγ1 would possibly support the normal locomotion and anxiety
observed in TrkbPLC/PLC-knock-in mice.
Here we provide substantial evidence that the BDNF-mediated
PLCγ1 signaling is required for the formation and function of
inhibitory synapses, and that dysfunction of PLCγ1 in the forebrain
contributes to hyperactive behavior. As Plcg1f/f; CaMKII mice
exhibited a constellation of manic-like behaviors, but neither
sensory-gating deﬁcits nor depression-like behavior, we argue that
mice deﬁcient in PLCγ1 would be a reliable model for the manic
phase of BD. Considering the necessity and importance of genetic
animal models for neuropsychiatric diseases, Plcg1f/f; CaMKII mice
may be a reliable and representative model of manic episodes of
BD and may have potential use in future drug development
studies.
CONFLICT OF INTEREST
The authors declare no conﬂict of interest.

ACKNOWLEDGMENTS
This work was supported by a National Research Foundation of Korea (NRF) Grant,
funded by the Korean Government (MOE) (2013R1A1A2064434) and a grant by the
Korean Government (MSIP) (2010-0028684 and 2007-341-C00027; to P-GS), and by
NRF Grants (2014051826, 2015R1A2A1A15054037 and 2015M3C7A1027351; to J-HK).
We thank MP Kong at POSTECH for supporting generation of PLCγ1 conditional
knockout mice, YH Lee at UNIST for maintaining mice and technical support, JH Hur
at UNIST-Olympus Biomedical imaging Center (UOBC) for technical support and M
Suh at the Korea Institute of Science and Technology (KIST) for experimental support
for the behavior test. We also thank CH Bailey (Neuroscience, Columbia University) for
critical reading and comments.

REFERENCES
1 Greer PL, Greenberg ME. From synapse to nucleus: calcium-dependent gene
transcription in the control of synapse development and function. Neuron 2008;
59: 846–860.

© 2017 Macmillan Publishers Limited, part of Springer Nature.

2 Rantamaki T, Hendolin P, Kankaanpaa A, Mijatovic J, Piepponen P, Domenici E
et al. Pharmacologically diverse antidepressants rapidly activate brain-derived
neurotrophic factor receptor TrkB and induce phospholipase-Cγ signaling
pathways in mouse brain. Neuropsychopharmacology 2007; 32: 2152–2162.
3 Gu B, Huang YZ, He XP, Joshi RB, Jang W, McNamara JO. A peptide uncoupling
BDNF receptor TrkB from phospholipase Cγ1 prevents epilepsy induced by status
epilepticus. Neuron 2015; 88: 484–491.
4 Turecki G, Grof P, Cavazzoni P, Duffy A, Grof E, Ahrens B et al. Evidence for a role
of phospholipase C-γ1 in the pathogenesis of bipolar disorder. Mol Psychiatry
1998; 3: 534–538.
5 Lovlie R, Berle JO, Stordal E, Steen VM. The phospholipase C-γ1 gene (PLCG1) and
lithium-responsive bipolar disorder: re-examination of an intronic dinucleotide
repeat polymorphism. Psychiatr Genet 2001; 11: 41–43.
6 Serretti A, Mandelli L. The genetics of bipolar disorder: genome 'hot regions,'
genes, new potential candidates and future directions. Mol Psychiatry 2008; 13:
742–771.
7 Nurnberger JI Jr, Koller DL, Jung J, Edenberg HJ, Foroud T, Guella I et al. Identiﬁcation of pathways for bipolar disorder: a meta-analysis. JAMA Psychiatry 2014;
71: 657–664.
8 Hou L, Heilbronner U, Degenhardt F, Adli M, Akiyama K, Akula N et al. Genetic
variants associated with response to lithium treatment in bipolar disorder:
a genome-wide association study. Lancet 2016; 387: 1085–1093.
9 Radhakrishna U, Senol S, Herken H, Gucuyener K, Gehrig C, Blouin JL et al. An
apparently dominant bipolar affective disorder (BPAD) locus on chromosome
20p11.2-q11.2 in a large Turkish pedigree. Eur J Hum Genet 2001; 9: 39–44.
10 Berridge MJ, Downes CP, Hanley MR. Neural and developmental actions of
lithium: a unifying hypothesis. Cell 1989; 59: 411–419.
11 Park H, Poo MM. Neurotrophin regulation of neural circuit development and
function. Nat Rev Neurosci 2013; 14: 7–23.
12 Okada T, Hashimoto R, Numakawa T, Iijima Y, Kosuga A, Tatsumi M et al.
A complex polymorphic region in the brain-derived neurotrophic factor (BDNF)
gene confers susceptibility to bipolar disorder and affects transcriptional activity.
Mol Psychiatry 2006; 11: 695–703.
13 Sklar P, Gabriel SB, McInnis MG, Bennett P, Lim Y, Tsan G et al. Family-based
association study of 76 candidate genes in bipolar disorder: BDNF is a potential
risk locus. Brain-derived neutrophic factor. Mol Psychiatry 2002; 7: 579–593.
14 Chen G, Henter ID, Manji HK. Translational research in bipolar disorder:
emerging insights from genetically based models. Mol Psychiatry 2010; 15:
883–895.
15 Minichiello L, Korte M, Wolfer D, Kuhn R, Unsicker K, Cestari V et al. Essential role
for TrkB receptors in hippocampus-mediated learning. Neuron 1999; 24: 401–414.
16 Tronche F, Kellendonk C, Kretz O, Gass P, Anlag K, Orban PC et al. Disruption of
the glucocorticoid receptor gene in the nervous system results in reduced
anxiety. Nat Genet 1999; 23: 99–103.
17 Jia Y, Zhou J, Tai Y, Wang Y. TRPC channels promote cerebellar granule neuron
survival. Nat Neurosci 2007; 10: 559–567.
18 Trovo L, Ahmed T, Callaerts-Vegh Z, Buzzi A, Bagni C, Chuah M et al. Low
hippocampal PI(4,5)P-2 contributes to reduced cognition in old mice as a result of
loss of MARCKS. Nat Neurosci 2013; 16: 449–455.
19 Ji QS, Winnier GE, Niswender KD, Horstman D, Wisdom R, Magnuson MA et al.
Essential role of the tyrosine kinase substrate phospholipase C-γ1 in mammalian
growth and development. Proc Natl Acad Sci USA 1997; 94: 2999–3003.
20 Gruart A, Sciarretta C, Valenzuela-Harrington M, Delgado-Garcia JM, Minichiello L.
Mutation at the TrkB PLCγ-docking site affects hippocampal LTP and associative
learning in conscious mice. Learn Mem 2007; 14: 54–62.
21 Minichiello L, Calella AM, Medina DL, Bonhoeffer T, Klein R, Korte M. Mechanism
of TrkB-mediated hippocampal long-term potentiation. Neuron 2002; 36:
121–137.
22 Bender RE, Alloy LB. Life stress and kindling in bipolar disorder: review of the
evidence and integration with emerging biopsychosocial theories. Clin Psychol
Rev 2011; 31: 383–398.
23 Leussis MP, Berry-Scott EM, Saito M, Jhuang H, de Haan G, Alkan O et al. The ANK3
bipolar disorder gene regulates psychiatric-related behaviors that are modulated
by lithium and stress. Biol Psychiatry 2013; 73: 683–690.
24 Le-Niculescu H, McFarland MJ, Ogden CA, Balaraman Y, Patel S, Tan J et al.
Phenomic, convergent functional genomic, and biomarker studies in a
stress-reactive genetic animal model of bipolar disorder and co-morbid alcoholism. Am J Med Genet B 2008; 147B: 134–166.
25 Kravitz AV, Freeze BS, Parker PR, Kay K, Thwin MT, Deisseroth K et al. Regulation of
parkinsonian motor behaviours by optogenetic control of basal ganglia circuitry.
Nature 2010; 466: 622–626.
26 Knable MB, Barci BM, Webster MJ, Meador-Woodruff J, Torrey EF. Molecular
abnormalities of the hippocampus in severe psychiatric illness: postmortem
ﬁndings from the Stanley Neuropathology Consortium. Mol Psychiatry 2004; 9:
609–620.

Molecular Psychiatry (2017), 1 – 10

Manic-like behavior due to lack of PLCγ1 in the forebrain
YR Yang et al

10
27 Hu H, Gan J, Jonas P. Interneurons. Fast-spiking, parvalbumin(+) GABAergic
interneurons: from cellular design to microcircuit function. Science 2014; 345:
1255263.
28 Korte M, Minichiello L, Klein R, Bonhoeffer T. SHC-binding site in the TRKB
receptor is not required tor hippocampal long-term potentiation. Neuropharmacology 2000; 39: 717–724.
29 Gartner A, Polnau DG, Staiger V, Sciarretta C, Minichiello L, Thoenen H et al.
Hippocampal long-term potentiation is supported by presynaptic and postsynaptic tyrosine receptor kinase B-mediated phospholipase Cγ signaling.
J Neurosci 2006; 26: 3496–3504.
30 Kang H, Welcher AA, Shelton D, Schuman EM. Neurotrophins and time: different
roles for TrkB signaling in hippocampal long-term potentiation. Neuron 1997; 19:
653–664.
31 Patterson SL, Pittenger C, Morozov A, Martin KC, Scanlin H, Drake C et al. Some
forms of cAMP-mediated long-lasting potentiation are associated with release of
BDNF and nuclear translocation of phospho-MAP kinase. Neuron 2001; 32:
123–140.
32 Ji Y, Lu Y, Yang F, Shen W, Tang TT, Feng L et al. Acute and gradual increases in
BDNF concentration elicit distinct signaling and functions in neurons. Nat
Neurosci 2010; 13: 302–309.
33 Jang SW, Liu X, Yepes M, Shepherd KR, Miller GW, Liu Y et al. A selective TrkB
agonist with potent neurotrophic activities by 7,8-dihydroxyﬂavone. Proc Natl
Acad Sci USA 2010; 107: 2687–2692.
34 Rose CR, Blum R, Pichler B, Lepier A, Kaﬁtz KW, Konnerth A. Truncated TrkB-T1
mediates neurotrophin-evoked calcium signalling in glia cells. Nature 2003; 426:
74–78.
35 Zimmerman L, Parr B, Lendahl U, Cunningham M, McKay R, Gavin B et al. Independent regulatory elements in the nestin gene direct transgene expression to
neural stem cells or muscle precursors. Neuron 1994; 12: 11–24.
36 van Rossum DB, Patterson RL, Sharma S, Barrow RK, Kornberg M, Gill DL et al.
Phospholipase Cγ1 controls surface expression of TRPC3 through an intermolecular PH domain. Nature 2005; 434: 99–104.
37 Houston CM, He Q, Smart TG. CaMKII phosphorylation of the GABA(A) receptor:
receptor subtype- and synapse-speciﬁc modulation. J Physiol 2009; 587:
2115–2125.
38 Klausberger T, Roberts JDB, Somogyi P. Cell type- and input-speciﬁc differences in
the number and subtypes of synaptic GABA(A) receptors in the hippocampus.
J Neurosci 2002; 22: 2513–2521.
39 Brickley SG, Mody I. Extrasynaptic GABA(A) receptors: their function in the CNS
and implications for disease. Neuron 2012; 73: 23–34.
40 Hofmann T, Obukhov AG, Schaefer M, Harteneck C, Gudermann T, Schultz G.
Direct activation of human TRPC6 and TRPC3 channels by diacylglycerol. Nature
1999; 397: 259–263.
41 Scheffer RE. Concurrent ADHD and bipolar disorder. Curr Psychiatry Rep 2007;
9: 415–419.
42 Barkley RA. Attention Deﬁcit Hyperactivity Disorder in Adults: The Latest Assessment
and Treatment Strategies, vol. vi. Jones and Bartlett Publishers: Sudbury, MA, USA,
2010, p 81.
43 Won H, Mah W, Kim E, Kim JW, Hahm EK, Kim MH et al. GIT1 is associated with
ADHD in humans and ADHD-like behaviors in mice. Nat Med 2011; 17: 566–572.
44 Anand A, Verhoeff P, Seneca N, Zoghbi SS, Seibyl JP, Charney DS et al. Brain SPECT
imaging of amphetamine-induced dopamine release in euthymic bipolar disorder
patients. Am J Psychiatry 2000; 157: 1108–1114.

45 Shaltiel G, Maeng S, Malkesman O, Pearson B, Schloesser RJ, Tragon T et al.
Evidence for the involvement of the kainate receptor subunit GluR6 (GRIK2) in
mediating behavioral displays related to behavioral symptoms of mania. Mol
psychiatry 2008; 13: 858–872.
46 Engel SR, Creson TK, Hao Y, Shen Y, Maeng S, Nekrasova T et al. The extracellular
signal-regulated kinase pathway contributes to the control of behavioral excitement. Mol Psychiatry 2009; 14: 448–461.
47 Roybal K, Theobold D, Graham A, DiNieri JA, Russo SJ, Krishnan V et al. Mania-like
behavior induced by disruption of CLOCK. Proc Natl Acad Sci USA 2007; 104:
6406–6411.
48 Han K, Holder JL Jr, Schaaf CP, Lu H, Chen H, Kang H et al. SHANK3 overexpression
causes manic-like behaviour with unique pharmacogenetic properties. Nature
2013; 503: 72–77.
49 Ryan MM, Lockstone HE, Huffaker SJ, Wayland MT, Webster MJ, Bahn S. Gene
expression analysis of bipolar disorder reveals downregulation of the ubiquitin
cycle and alterations in synaptic genes. Mol Psychiatry 2006; 11: 965–978.
50 Ting JT, Peca J, Feng G. Functional consequences of mutations in postsynaptic
scaffolding proteins and relevance to psychiatric disorders. Annu Rev Neurosci
2012; 35: 49–71.
51 Minichiello L. TrkB signalling pathways in LTP and learning. Nat Rev Neurosci 2009;
10: 850–860.
52 Frerking M, Malenka RC, Nicoll RA. Brain-derived neurotrophic factor (BDNF)
modulates inhibitory, but not excitatory, transmission in the CA1 region of the
hippocampus. J Neurophysiol 1998; 80: 3383–3386.
53 Marsden KC, Shemesh A, Bayer KU, Carroll RC. Selective translocation of Ca2
+
/calmodulin protein kinase IIalpha (CaMKIIalpha) to inhibitory synapses. Proc Natl
Acad Sci USA 2010; 107: 20559–20564.
54 Yizhar O, Fenno LE, Prigge M, Schneider F, Davidson TJ, O'Shea DJ et al. Neocortical excitation/inhibition balance in information processing and social
dysfunction. Nature 2011; 477: 171–178.
55 Uhlhaas PJ, Singer W. Neuronal dynamics and neuropsychiatric disorders: toward
a translational paradigm for dysfunctional large-scale networks. Neuron 2012; 75:
963–980.
56 Benes FM, Lim B, Matzilevich D, Walsh JP, Subburaju S, Minns M. Regulation of the
GABA cell phenotype in hippocampus of schizophrenics and bipolars. Proc Natl
Acad Sci USA 2007; 104: 10164–10169.
57 Yong W, Zhang MM, Wang S, Ruan DY. Effects of sodium valproate on synaptic
transmission and neuronal excitability in rat hippocampus. Clin Exp Pharmacol
Physiol 2009; 36: 1062–1067.
58 Lee SH, Sohn JW, Ahn SC, Park WS, Ho WK. Li+ enhances GABAergic inputs to
granule cells in the rat hippocampal dentate gyrus. Neuropharmacology 2004; 46:
638–646.
59 Mei L, Nave KA. Neuregulin-ERBB signaling in the nervous system and neuropsychiatric diseases. Neuron 2014; 83: 27–49.
60 Thomson PA, Christoforou A, Morris SW, Adie E, Pickard BS, Porteous DJ et al.
Association of neuregulin 1 with schizophrenia and bipolar disorder in a second
cohort from the Scottish population. Mol Psychiatry 2007; 12: 94–104.
61 Meier S, Strohmaier J, Breuer R, Mattheisen M, Degenhardt F, Muhleisen TW et al.
Neuregulin 3 is associated with attention deﬁcits in schizophrenia and bipolar
disorder. Int J Neuropsychopharmacol 2013; 16: 549–556.
62 Yang YR, Choi JH, Chang JS, Kwon HM, Jang HJ, Ryu SH et al. Diverse cellular and
physiological roles of phospholipase C-γ1. Adv Biol Regul 2012; 52: 138–151.

Supplementary Information accompanies the paper on the Molecular Psychiatry website (http://www.nature.com/mp)

Molecular Psychiatry (2017), 1 – 10

© 2017 Macmillan Publishers Limited, part of Springer Nature.

