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mGIuR2/3 agonist LY379268 rescues NMDA and GABAA receptor level deficits
induced in a two-hit mouse model of schizophrenia

Abstract

Rationale An imbalance of excitatory and inhibitory neurotransmission underlies the glutamate
hypothesis of schizophrenia. Agonists of group Il metabotropic glutamate receptors, mGIuR2/3, have
been proposed as novel therapeutic agents to correct this imbalance. However, the influence of mGIuR2/3
activity on excitatory and inhibitory neurotransmitter receptors has not been explored. Objectives We
aimed to investigate the ability of a novel mGIluR2/3 agonist, LY379268, to modulate the availability of the
excitatory N-methyl-d-aspartate receptor (NMDA-R) and the inhibitory gamma-aminobutyrate-A receptor
(GABAA-R), in a two-hit mouse model of schizophrenia. Methods Wild type (WT) and heterozygous
neuregulin 1 transmembrane domain mutant mice (NRG1 HET) were treated daily with phencyclidine (10
mg/kg ip) or saline for 14 days. After a 14-day washout, an acute dose of the mGIuR2/3 agonist LY379268
(3 mg/kg), olanzapine (antipsychotic drug comparison, 1.5 mg/kg), or saline was administered. NMDA-R
and GABAA-R binding densities were examined by receptor autoradiography in several schizophrenia-
relevant brain regions. Results In both WT and NRG1 HET mice, phencyclidine treatment significantly
reduced NMDA-R and GABAA-R binding density in the prefrontal cortex, hippocampus, and nucleus
accumbens. Acute treatment with LY379268 restored NMDA-R and GABAA-R levels in the two-hit mouse
model comparable to olanzapine. Conclusions We demonstrate that the mGIuR2/3 agonist LY379268
restores excitatory and inhibitory deficits with similar efficiency as olanzapine in our two-hit schizophrenia
mouse model. This study significantly contributes to our understanding of the mechanisms underlying
the therapeutic effects of LY379268 and supports the use of agents aimed at mGIuR2/3.
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Abstract

Rationale An imbalance of excitatory and inhibitory neurotransmission underlies the glutamate
hypothesis of schizophrenia. Agonists of Group II metabotropic glutamate receptors, mGluR2/3, have
been proposed as novel therapeutic agents to correct this imbalance. However, the influence of
mGluR2/3 activity on excitatory and inhibitory neurotransmitter receptors has not been explored.
Objectives We aimed to investigate the ability of a novel mGIluR2/3 agonist, LY379268, to modulate
the availability of the excitatory N-methyl-D-aspartate receptor (NMDA-R) and the inhibitory
gamma-aminobutyrate-A receptor (GABAA-R), in a two-hit mouse model of schizophrenia.

Methods Wild type (WT) and heterozygous neuregulin 1 transmembrane domain mutant mice (Nrgl
HET) were treated daily with phencyclidine (10mg/kg ip) or saline for 14 days. After a 14 day
washout, an acute dose of the mGluR2/3 agonist LY379268 (3mg/kg), olanzapine (antipsychotic drug
comparison, 1.5mg/kg) or saline was administered. NMDA-R and GABAA-R binding densities were
examined by receptor autoradiography in several schizophrenia-relevant brain regions.

Results In both WT and NRG1 HET mice, phencyclidine treatment significantly reduced NMDA-R
and GABAA-R binding density in the prefrontal cortex, hippocampus and nucleus accumbens. Acute
treatment with LY379268 restored NMDA-R and GABAA-R levels in the two-hit mouse model
comparable to olanzapine.

Conclusions We demonstrate that the mGIluR2/3 agonist LY379268 restores excitatory and inhibitory
deficits with similar efficiency as olanzapine in our two-hit schizophrenia mouse model. This study
significantly contributes to our understanding of the mechanisms underlying the therapeutic effects of

LY379268, and supports the use of agents aimed at mGIluR2/3.

Keywords mGluR2/3, LY379268, agonist, NMDA receptor, GABAA receptor, Schizophrenia,
Neuregulin 1; Phencyclidine; two hit; antipsychotic.



1. Introduction

Schizophrenia is a severe neuropsychiatric disorder caused by an interaction of genetic and
environmental factors. Substantial evidence from human and animal studies links an imbalance of
excitatory glutamate and inhibitory gamma-aminobutyric acid (GABA) neurotransmission to the
pathophysiology of schizophrenia (Javitt, 2010; Nakazawa et al., 2012). Recent studies report reduced
expression of glutamatergic N-methyl-D-aspartate receptors (NMDA-R) and suggest an increase in
glutamatergic state via activation of non-NMDA glutamate receptors in individuals with
schizophrenia (Geddes et al., 2011; Hu et al., 2014; Moghaddam and Javitt, 2012; Nakazawa et al.,
2012; Weickert et al., 2013). Furthermore, reduced expression levels of GABA synthesizing enzymes
and transporters together with increased expression of GABAA receptors (GABAA-R) have been
identified in several disease-relevant brain regions in individuals with schizophrenia (recently
reviewed by Inan et al., 2013). Consequently, the hyperglutamatergic hypothesis suggests that an
overstimulation of glutamatergic neurons and thus reduced GABA signaling in schizophrenia
contributes to the severe symptoms (Moghaddam and Javitt, 2012). A promising strategy for
antipsychotic drug development might therefore be to reduce hyperglutamatergia in order to re-

balance GABAergic neurotransmission.

Group II metabotropic glutamate receptors, mGluR2 and mGluR3, have been reported to inhibit the
release of glutamate and GABA in response to neurotransmitter levels in the synaptic cleft (Newell et
al., 2014). mGluR2/3 are G-protein coupled glutamate receptors primarily expressed on the pre-
terminal region of the presynapse. They are negatively coupled to adenylate cyclase and cyclic
adenosine monophosphate via Gqq activation, and largely function as auto- and hetero-receptors.
Notably, mGluR2/3 have the ability to regulate glutamatergic tone and are distributed in regions
implicated in schizophrenia pathology (Lu et al., 1997; Tamaru et al., 2001), highlighting their
potential as a therapeutic target to correct the hyperglutamatergia in schizophrenia. Agonist activation
of mGluR2/3 reduces release of glutamate and GABA, as well as reversing the effects of
psychomimetics in both rodents and humans (Hashimoto et al., 2013; Imre, 2007; Krystal et al., 2005;
Spooren et al., 2003). Several clinical, preclinical and in vitro studies have explored the consequences
of mGluR2/3 endogenous and exogenous activation; however, the therapeutic suitability of mGluR2/3
agonists remains unclear. Recently, the mGluR2/3 agonist LY2140023 has been tested in clinical
trials against symptoms of schizophrenia, with initially promising results (Patil et al., 2007), but was
later stopped due to limited benefits in phase I1I (Adams et al., 2013). A follow up study reported a
positive correlation between treatment outcome and a mutation in the neuregulin 1 (NRG1) and
serotonin receptor genes, suggesting treatment benefits for specific populations of individuals with
schizophrenia (Liu et al., 2012).



Genome wide association studies and population studies indicate that schizophrenia is a multi-
factorial disorder, with both environmental and genetic factors contributing to its onset (Brown,
2010). Animal models for treatment development are thus most advantageous and relevant when they
incorporate both environmental and genetic aspects. For example, several single nucleotide
polymorphisms within the NRG1 gene have been associated with an increased risk for developing
schizophrenia in different patient populations (Agim et al., 2013; Buonanno, 2010; Petryshen et al.,
2005; Stefansson et al., 2002). Furthermore, mild schizophrenia-like behavior and neurochemical
impairments have been reported to result from different modifications of the NRG1 gene in animals,
supporting the contribution of this gene to the development of schizophrenia (Desbonnet et al., 2009).
Additionally, stressors that contribute to the development of schizophrenia symptoms include the
consumption of illicit substances such as cannabis (Wilkinson et al., 2014), methamphetamine
(Callaghan et al., 2012) and phencyclidine (PCP) during adolescence (Swartz et al., 2014). Pre-
clinical animal models that combine genetic risk factors with late developmental stressors result in a
wide range of behavioral and neurochemical impairments, strongly supporting the “two-hit”

hypothesis of schizophrenia (Karl and Arnold, 2014).

We therefore aimed to investigate the treatment effect of the mGluR2/3 agonist LY379268, with
tenfold higher mGluR2/3 affinity than LY2140023(Mezler et al., 2010), on glutamatergic and
GABAergic neurotransmitter systems relevant to schizophrenia. We chose the NRGI transmembrane
heterozygous mouse (NRG1 HET) as a relevant genetic predisposition model (Karl et al., 2007; Long
et al., 2013; Newell et al., 2013; O’Tuathaigh et al., 2010) combined with PCP treatment as a
subsequent second hit insult during adolescence. Chronic PCP treatment of rodents has been reported
to result in several schizophrenia-like behavioral impairments as well as differences in the
glutamatergic and GABAergic neurotransmitter systems (reviewed in Mouri et al., 2007). The specific
aim of this two-hit strategy was to induce a dysregulation of glutamatergic and GABAergic
neurotransmission, similar to neurochemical alterations observed in patients with schizophrenia
(Moghaddam and Javitt, 2012). Due to the role of mGluR2/3 as modulator of glutamate and GABA
presynaptic release, we hypothesized that mGluR2/3 agonists would reduce the impact of the two-hit
model on NMDA-R and GABAA-R expression in schizophrenia-relevant brain areas. To evaluate the
therapeutic benefit of LY379268 compared to existing treatment options, we selected the commonly

used antipsychotic olanzapine as comparison treatment.



2. Material and methods

2.1 Animals

Heterozygous NRGI " transmembrane domain knockout mice (NRG1 HET; allele tm2Zhou,
backcrossed over 10 generations to C57BL/6JArc backgrounds) and C57BL/6JArc wild type (WT)
littermates, were provided from a colony maintained at the Garvan Institute of Medical Research
(Sydney, Australia), as previously described (Karl et al., 2007). Animals were subsequently bred and
pair-housed under standard conditions (20 °C+£2; 12 hour light/dark cycle, light on at 6 AM) with food
and water available ad libitum, in the animal facility of the University of Wollongong. Details
regarding the generation, genotyping and characterization of NRG1 HET mice have been described
elsewhere (Stefansson et al., 2002). The Animal Ethics Committee of the University of Wollongong
and the Australian Code of Practice approved all animal and research procedures in this study. Every

effort was made to minimize suffering and the number of animals used in this study.

2.2 Animal Treatment

At 7 weeks of age, 36 male NRG1 HET mice and 36 male WT littermates were given a daily
subcutaneous injection of either saline (3 ml/kg; pH 7.4; n=18/group) or 10 mg/kg PCP (diluted in
saline, Sigma; n=18/group) for 14 days, which has shown to cause several relevant behavioral
impairments in mice (Barzilay et al., 2011; Corbett et al., 1999; Nagai et al., 2009; Wang et al., 2007).
Thereafter, all animals remained untreated for a period of 14 days. Two hours before euthanasia, the
mice were given an intraperitoneal injection of olanzapine (Eli lily, USA), which at 1.5 mg/kg has
shown to achieve clinically relevant D2 occupancy (Kapur et al., 2003), the mGluR2/3 agonist
LY379268 (Eli Lilly, USA), which at 3 mg/kg has shown to prevent PCP-induced hyperlocomotion
(Cartmell et al., 1999), or vehicle (saline). Final groups consisted of 6 animals/treatment/genotype.
Immediately after euthanasia, brains were rapidly removed, snap frozen and stored at -80 °C until

sectioning.

2.3 Animal tissue dissection and preparation

Brains were sectioned at -17 °C into 14 um coronal sections using a cryostat (Leica CM 1950,
Germany), at the levels of the prefrontal cortex (cingulate/prelimbic area, PFC, Bregma +2.1 mm),
striatum (caudate putamen, CPu; Nucleus accumbens, NAcb, Bregma +0.98 mm), lateral septum (LS,
Bregma +0.5 mm), whole hippocampus and subregions (CA1 and dentate gyrus, DG, Bregma -1.7
mm) and amygdala regions (central amygdala, CeA; basolateral amygdala, BLA; medial amygdala,



MeA, Bregma -1.7 mm). Identification of regions was based on a standard mouse brain atlas (Paxinos
and Franklin, 2001). Sections were thaw-mounted onto Polysine™ slides and stored at -20 °C until

usc.

2.4 Receptor autoradiography

NMDA-R and GABAA-R binding was based on the protocols previously described by Du Bois et al.
(2009).

2.4.1 NMDA-R [PH]MK-801 binding

Sections were incubated in 30 mM HEPES buffer (pH 7.5), 100 uM glycine, 100 uM glutamate, 1
mM EDTA and 20 nM [*H]MK-801 (specific activity 27.5 Ci/mmol; PerkinElmer, USA) for 2.5 h at
room temperature and washed 2x20 min in 30 mM HEPES containing 1 mM EDTA at 4 °C.

2.4.2  GABAA-R [PH]Muscimol binding

Sections were pre-incubated in a 50 mM Tris buffer (pH 7.0; citrate adjusted), 3x5 min at 4 °C.
Incubation was performed with a 12 nM [®H]Muscimol solution (specific activity 29.5 Ci/mmol;
PerkinElmer, USA) in Tris buffer for 45 min at 4°C, followed by 4x2 sec washes in Tris buffer at 4
°C.

2.4.3  Analyses

All slides were rinsed in cold distilled water, air-dried, and were exposed to Kodak BioMax MR film
and analyzed using the Multi-Analyst imaging system (Bio-Rad, USA). The PFC, CPu, NAcb, LSW,
CAL, DG, CeA, BLA, MeA regions were identified using a standard brain atlas (Paxinos and
Franklin, 2001) and the average density of left and right hemispheres of two separate sections per
animal were analyzed in these regions. Optical density values were compared to co-exposed standard
[3H]microscales (Amersham, UK) and transformed into radiographic densities using the Multi-

Analyst imaging system (Bio-Rad, USA).
2.5 Statistical Analysis

Statistical analysis was performed using SPSS 17.0. Normal distribution for all data was confirmed
using the Kolmogorov-Smirnov test. Two-way ANOV As were used to analyze effects and
interactions of the two-hit options (WT SAL, WT PCP, NRG1 HET SAL or NRG1 HET PCP) with

the acute treatment options (vehicle, olanzapine or LY379268), followed by post-hoc Bonferroni



multiple comparisons. Spearman’s correlations were used to determine whether NMDA-R binding
levels were associated with GABAA-R levels following the different modelling strategies and acute
treatment options. Significance was accepted at p<0.05. Data are presented as means+standard error

of the means (SEM).



3. Results
3.1 PCP treatment reduces NMDA-R binding in several brain regions of NRG1 transgenic

mice

To confirm the two-hit mouse model for evaluating the role of the mGIluR2/3 agonist in altering
glutamatergic neurotransmission via the NMDA-R, we measured the binding density of NMDA-R
antagonist MK801 in several schizophrenia relevant brain regions. Two-way ANOVA revealed an
overall effect of the model options on NMDA-R binding density in the PFC, Nacb, Hipp and LS (Fs,
60>5.31, P<0.01; Table 1A). Analyzing the vehicle groups of each two-hit model option (WT or
NRG1 HET with chronic PCP or saline) revealed that NRG1 HET PCP mice had reduced NMDA-R
binding in the PFC (52.86%, P<0.001), Nacb (61.15%, P<0.001), Hipp (50.81%, P<0.001), CA1l
(87.78%, P<0.01), DG (81.76%, P<0.001) and LS (74.67%, P<0.05) when compared to saline treated
WT littermates (Error! Reference source not found.C-D). The NRG1 HET mice showed no
difference in NMDA-R density in the regions examined when treated with saline only. WT animals
had reduced NMDA-R density following PCP treatment in the PFC (73.95%, P<0.01) and Hipp
(74.91%, P<0.05; Error! Reference source not found.B) when compared to saline treated WT
animals. There were no differences in NMDA-R density values in the amygdala regions (CeA, BLA,

MeA) between saline treated WT mice and the two-hit models (data not shown).

Table 1: Two-way analysis of variance values for NMDA-R binding densities across several brain regions with
factor (a) two-hit models (wild type or neuregulin 1 heterozygous transmembrane domain knockout mice with
sub-chronic saline or phencyclidine treatment) and factor (b) acute treatment options (vehicle, olanzapine,
LY379268) on NMDA-R binding.

Brain region (a) Two-hit models (b) Acute treatments Interaction

F (3,60) P-value F (2,60) P-value F (6,60) P-value
PFC 8.73 <0.001 47.26 <0.001 6.611 <0.001
CPU 1.33 >0.05 9.67 <0.001 1.315 >0.05
Nacb 5.31 <0.01 37.28 <0.001 6.085 <0.001
Hipp 5.55 <0.01 49.46 <0.001 5.783 <0.001
CAl 2.54 >0.05 22.54 <0.001 2.946 <0.01
DG 1.49 >0.05 27.99 <0.001 2.196 >0.05
CeA 1.10 >0.05 11.09 <0.001 0.319 >0.05
BLA 0.72 >0.05 3.58 <0.05 0.222 >0.05
MeA 0.44 >0.05 6.77 <0.01 0.531 >0.05
LS 6.76 <0.001 9.43 <0.001 0.917 >0.05

Abbreviations: N-methyl-D-aspartate receptor (NMDA-R), prefrontal cortex (PFC), caudate putamen (CPu),
Nucleus accumbens (NAch), whole hippocampus (Hipp) and subregions (CA1) dentate gyrus (DG), central
amygdala (CeA), basolateral amygdala (BLA), medial amygdala (MeA), lateral septum (LS).
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Fig. 1 Acute LY 379268 and olanzapine treatment restore NMDA-R binding density levels in several brain
regions of two-hit NRG1 HET (PCP) mice.

Wild type mice (WT) and neuregulin 1 heterozygous transmembrane domain knockout mice (HET) received
chronic phencyclidine (PCP) or saline (SAL) treatment for 14 days and an acute treatment of LY379268 or
olanzapine after 14 days washout. N-methyl-D-aspartate receptors (NMDA-R) binding was quantified in the
prefrontal cortex (PFC), caudate putamen (CPu), Nucleus accumbens (NAcb), whole hippocampus (Hipp) and
subregions (CA1) dentate gyrus (DG), lateral septum (LS). Data presented as mean binding density nCi/mg
tissuex standard error of the mean (n=6), Statistical significance:*P<0.05, **P<0.01, ***P<0.001 as compared
to WT(SAL) Vehicle

3.2 Deficits in NMDA-R binding are restored following acute treatment with LY379268 and
olanzapine

Two weeks after the chronic PCP or saline treatment, animals received an acute single injection of the
mGIuR2/3 agonist LY 379268, olanzapine or vehicle. Two-way ANOVA revealed an overall effect of
acute treatments on NMDA-R binding density in all assessed brain regions (F, 0>3.58, P<0.03; Table
1B). In WT saline animals, neither LY 379268 nor olanzapine acute treatment affected NMDA-R
density (Error! Reference source not found.A). In WT PCP mice, LY379268 and olanzapine
increased NMDA-R binding deficits in the PFC above PCP levels, with LY 379268 treatment also
increasing NMDA-R binding density in the Nacb (167.77%, P<0.001; Error! Reference source not
found.B). Treating NRG1 HET saline mice with LY379268 increased NMDA-R density in the Nach
(170.25%, P<0.001) and PFC (125.17%, P<0.01), while olanzapine had no effect (Error! Reference
source not found.C). In the combined two-hit NRG1 HET PCP mice, LY 379268 treatment restored
NMDA-R density to WT saline vehicle levels in the Hipp, CAl and DG, while increasing the density
in the PFC (126.28%, P<0.01) and Nacb (172.72%, P<0.001) (Error! Reference source not
found.D). Olanzapine reduced binding levels in the PFC (76.56%, P<0.05) and CA1 (75.83%,



P<0.05) of NRG1 HET PCP animals, while restoring binding levels in the Nacb, Hipp and DG

(Error! Reference source not found.D).

3.3 PCP treatment reduces GABAA-R binding in several brain regions of NRG1 transgenic

mice

GABAA-R density, as assessed through the binding potential of muscimol, was significantly altered
in the PFC, Nacb and DG (F (3,60)>3.59, P<0.05; Table 2A) following the different modelling
strategies. Comparing the vehicle group of each two-hit option revealed that WT PCP animals had
reduced GABAA-R density in the Hipp and DG (66.66%, P<0.001 and 64.57%, P<0.01 compared to
WT saline animals; Error! Reference source not found.B). NRG1 HET saline mice showed no
difference in GABAA-R density in any of the quantified brain regions (Error! Reference source not
found.C). NRG1 HET PCP mice displayed reduced GABAA-R binding in the PFC (52.59%,
P<0.001), Hipp (60.41%, P<0.001), CA1 (56.07%, P<0.01) and DG (53.54%, P<0.001) when
compared to WT saline littermates (Error! Reference source not found.B). There were no
differences in GABAA-R density values in the amygdala regions (CeA, BLA, MeA) between saline
treated WT mice and the two-hit models (data not shown).

Table 2. Two-way analysis of variance values for GABAA-R binding densities across several brain with factor
(A) two-hit models (wild type or neuregulin 1 heterozygous transmembrane domain knockout mice with sub-
chronic saline or phencyclidine treatment) and factor (B) acute treatment options (vehicle, olanzapine,
LY379268) on GABAA-R binding.

Brain region (A) Two-hit models (B) Acute treatments Interaction

F (3,60) P-value F (2,60) P-value F (s,60) P-value
PFC 6.71 <0.001 6.47 <0.01 2.157 >0.05
CPU 1.35 >0.05 9.63 <0.001 0.841 >0.05
Nacb 8.02 <0.001 5.37 <0.01 0.547 >0.05
Hipp 2.02 >0.05 34.63 <0.001 4.180 <0.001
CAl 1.14 >0.05 10.99 <0.001 3.707 <0.01
DG 3.59 <0.05 10.54 <0.001 2.790 <0.05
CeA 1.41 >0.05 10.35 <0.001 0.675 >0.05
BLA 0.82 >0.05 5.67 <0.01 0.642 >0.05
MeA 1.042 >0.05 11.53 <0.001 0.679 >0.05
LS 1.78 >0.05 7.85 <0.001 1.102 >0.05

Abbreviations: the inhibitory gamma-aminobutyrate-A receptor (GABAA-R), prefrontal cortex (PFC), caudate
putamen (CPu), Nucleus accumbens (NAcb), whole hippocampus (Hipp) and subregions (CA1) dentate gyrus
(DG), central amygdala (CeA), basolateral amygdala (BLA), medial amygdala (MeA), lateral septum (LS).
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Fig. 2 Acute LY 379268 and olanzapine treatment restore GABAA-R binding density levels in several brain
regions of two-hit NRG1 HET (PCP) mice.

Wild type mice (WT) and neuregulin 1 heterozygous transmembrane domain knockout mice (HET) received
chronic phencyclidine (PCP) or saline (SAL) treatment for 14 days and an acute treatment of LY379268 or
olanzapine after 14 days washout. Gamma-aminobutyric acid receptor A (GABAA-R) binding was quantified in
the prefrontal cortex (PFC), caudate putamen (CPu), Nucleus accumbens (NAcb), whole hippocampus (Hipp)
and subregions (CA1) dentate gyrus (DG), lateral septum (LS). Data presented as mean binding density nCi/mg
tissue + standard error of the mean (n=6), Statistical significance:*P<0.05, **P<0.01, ***P<0.001 as compared
to WT(SAL) Vehicle.

3.4 Deficits in GABAA-R binding are restored following acute treatment with LY 379268

The acute treatments significantly affected GABAA-R density in all assessed brain regions
(F260>5.37, P<0.01; Table 2B). In WT saline animals, LY379268 reduced GABAA-R density in the
Hipp and DG (43.05%, P<0.001 and 58.25%, P<0.01 respectively) compared to vehicle treatment
(Error! Reference source not found.), while acute olanzapine reduced binding levels in the Hipp
(54.16%, P<0.001) (Error! Reference source not found.A). In WT PCP animals, GABAA-R
binding levels remained below WT saline animals following LY 379268 (Hipp: 45.83%, P<0.001;
DG: 58.26%, P<0.01) and olanzapine (Hipp: 62.5%, P<0.001) treatment (Error! Reference source
not found.B). NRG1 HET saline mice also showed reduced GABAA-R binding levels in the Hipp
following either LY 379268 (40.27%, P<0.001) or olanzapine (69.44%, P<0.01) treatment compared
to WT saline vehicle animals (Error! Reference source not found.C). In the combined two-hit
NRG1 HET PCP mice, LY 379268 treatment restored binding density in the PFC and CA1, while
Hipp and DG levels were below WT saline vehicle (Hipp: 39.57%, P<0.001; DG: 48.03%, P<0.001)
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(Error! Reference source not found.D). GABAA-R density following olanzapine treatment in
NRG1 HET PCP mice showed increased GABAA-R binding in the Nacb (159.26%, P<0.05) and
reduced in the Hipp (69.44%, P<0.01) compared to WT saline vehicle animals (Error! Reference

source not found.D).

3.5 LY379268 treatment restored correlation between NMDA-R and GABAA-R binding

Spearman’s correlations for NMDA-R and GABAA-R binding levels are presented in Error!

Reference source not found.. Wild type mice expressed a strong positive correlation between

NMDA-R and GABAA-R binding levels across all brain regions. This correlation was severely

impaired following chronic PCP treatments in both WT and NRG1 HET mice. Acute treatment with
LY379268 restored the correlation between NMDA-R and GABAA-R binding in PCP treated NRG1
HET mice to control levels, without altering the binding correlation in WT animals. NMDA-R and

GABAA-R levels did not correlate in any group following acute olanzapine treatment (Error!

Reference source not found.).
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Fig. 3 Acute LY 379268 treatment restores positive correlation between NMDA-R and GABAA-R binding
levels across brain regions in two-hit NRG1 HET(PCP) mice.
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Spearman’s correlation plots depicting the relationship between NMDA-R and GABAA-R binding
levels across all brain regions, following the different modelling strategies and acute treatment
options. Abbreviations: wild type mice (WT), neuregulin 1 heterozygous transmembrane domain
knockout mice (NRG1), chronic phencyclidine treatment (PCP), chronic saline treatment (SAL)
*P>0.05, **P>0.01
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4. Discussion
We have for the first time explored the ability of the mGIuR2/3 agonist LY 379268 to restore NMDA.-
R and GABAA-Rs, as measured by binding densities, in a schizophrenia-relevant animal model. The
combination of a NRG1 mutation with adolescent chronic PCP treatment resulted in a robust
reduction in NMDA-R and GABAA-R in several schizophrenia-relevant brain regions, particularly in
the PFC and hippocampus. Subsequently, we showed that a single treatment with the mGIluR2/3
agonist restored NMDA-R and GABAA-R levels as efficient as olanzapine. These findings suggest
that mGIluR2/3 activity moderates alterations in excitatory-inhibitory neurotransmitter receptors, and
thus mGIuR2/3 might be a valuable therapeutic target to restore the imbalance between excitatory and

inhibitory neurotransmission in schizophrenia.

4.1 The two-hit NRG1-PCP model shows reduced NMDA-R and GABAA-R expression

NMDA-R and GABAA-R receptor binding were reduced in several brain regions, including in the
schizophrenia-relevant prefrontal cortex and hippocampus in PCP-treated NRG1 HET mice. Reduced
NMDA-R expression in several brain regions, including the frontal cortex and hippocampus, has been
found in individuals with schizophrenia (Errico et al., 2013; Geddes et al., 2014, 2011; Weickert et al.,
2013). GABAA-R expression level differences vary between receptor subtypes and brain regions in
individuals with schizophrenia (Benes et al., 1996a, 1996b; Duncan et al., 2010). The reduction in
NMDA-R and GABAA-R binding supports our two-hit modelling strategy as neither NRG1 HET
mice nor chronic PCP treatment alone showed such robust impairments in the present study or in
previously published experiments (Beninger et al., 2010; Bullock et al., 2009; Dean et al., 2008;
Hanania et al., 1999; Lindahl and Keifer, 2004; Long et al., 2013, 2012; Newell et al., 2013;
Stefansson et al., 2002; Wang et al., 2005). Cognitive and memory functions rely on balanced
glutamatergic and GABAergic neurotransmission (Klausberger and Somogyi, 2008). The NRG1 HET
genetic predisposition would likely result in impaired cognitive and memory abilities following the
PCP insult by extending the impact onto glutamatergic and GABAergic neurotransmission in the PFC
and hippocampus. While differences in amygdala-related behavior and glutamatergic
neurotransmission have previously been reported following PCP treatment (Bustillo et al., 2012;
Katayama et al., 2009; Lee et al., 2005; Zavitsanou et al., 2008), our data suggests that NMDA-R and
GABAA-R are not contributing to these symptoms.

The treatment potential of LY379268 has previously been assessed in single-hit rodent models,

including acute and chronic PCP treatment and shown to improve behavioral impairments (Amitai
and Markou, 2010; Cartmell et al., 2000, 1999; Clark et al., 2002). To increase the relevance of the
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treatment outcomes for the clinical setting, we developed a two-hit mouse model and assessed the
treatment potential against neurochemical impairments. The combination of a mutation in the known
susceptibility gene NRG1, with the pharmacological insult of chronic PCP during adolescence, caused
robust glutamatergic and GABAergic receptor differences with strong relevance to schizophrenia

pathophysiology in our two-hit model.

4.2 The mGIluR2/3 agonist LY 379268 restores NMDA-R and GABAA-R expression levels

As mGIuR2/3 are located on the presynapse where they function as endogenous modulators of
glutamatergic tone, it has been hypothesized that these receptors have the potential to correct
imbalances of excitatory and inhibitory neurotransmission (Gu et al., 2008). The expression of
mGIuR2/3 in cortical regions appears to vary between populations of patients, with reduced (Corti et
al., 2007; Ghose et al., 2009; Gonzélez-Maeso et al., 2008; Gupta et al., 2005) and unchanged levels
being reported (Frank et al., 2011; Matosin et al., 2014). In accordance, increasing the activity of
mGIuR2/3 receptors might therefore be a viable treatment strategy. The upregulation of mGluR2/3
signaling using agonists or modulators of mGIuR2/3 has been shown to have therapeutic potential in
schizophrenia relevant behavioral paradigms (Li et al., 2015). However, none of these studies have
assessed the potential of these agents to correct core NMDA-R and GABAA-R deficits and/or

imbalances.

We thus set out to explore the consequence of increased mGIluR2/3 signaling on schizophrenia-
relevant neurochemical impairments. Compellingly, a single injection with LY 379268 restored the
NMDA-R density levels in all brain regions that were previously impaired by the two-hit strategy.
Furthermore, LY 379268 treatment restored reduced GABAA-R binding levels in the PFC and
hippocampus, specifically CAl and DG. Finally, acute LY 379268 treatment restored the correlation
between NMDA-R and GABAA-R binding in NRG1 HET PCP mice to a similar level as in saline
WT animals. These findings provide the first evidence for the ability of mGIuR2/3 agonists to restore
NMDA-R and GABAA-R levels and ratios, indicative of rebalancing excitatory:inhibitory

neurotransmission.

As aforementioned, existing animal studies have shown that mGIluR2/3 agonists can counteract the
psychotic behavioral effects induced by PCP, ketamine and MK-801 (potent NMDA-R antagonists)
treatment in rodents (Cartmell et al., 2000, 1999; Harich et al., 2007; Hikichi et al., 2013, 2010; Imre
et al., 2006; Moghaddam and Adams, 1998; Patil et al., 2007; Pitsikas and Markou, 2014; Rorick-
Kehn et al., 2007; Spooren et al., 2000). The therapeutic potential has however been shown to vary

between different mGIuR2/3 agonists, as some agonists failed to improve PCP-induced behavioral
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impairments (Schlumberger et al., 2009). Treatment specifically with the mGIuR2/3 agonist
LY379268 used in this study has been shown to reduce MK-801-induced hippocampal-PFC synaptic
transmission and gamma band oscillation; this supports the utility of LY379268 to restore the balance
between glutamatergic and GABAergic neurotransmission in cortical and subcortical regions (Blot et
al., 2013; Hiyoshi et al., 2014). Together with the present results, these findings suggest activating
mGIuR2/3 receptors could attenuate hypoglutamatergia by increasing the number of active NMDA-R,
possibly via the NMDA-R regulating SRC kinase (Trepanier et al., 2013). mGIluR2/3 activation has
also been shown to increase non-NMDA glutamate receptor levels (Wang et al., 2013), which could
contribute to the restoration of GABAA-R binding levels through reduced GABA release (Drew and
Vaughan, 2004; Satake et al., 2000). Finally, Gorrie and colleagues have reported that more than 6 h
are required for the synthesis of GABAA-R and its integration into the cell membrane (Gorrie et al.,
1997), with GABAA-receptors more likely being recycled back into the membrane than replaced with
new receptors (Thomas et al., 2005). The rapid increase in GABAA-R binding within 2 h after acute
treatment thus suggests that LY 379268 triggered the integration of existing, stored GABAA-R into
the cell membrane over the production of new receptors. While our experiment cannot fully elucidate
the neurochemical events following LY379268 administration, by restoring the NMDA-R and
GABAA-R binding in the two-hit schizophrenia model, LY379268 shows a promising antipsychotic

potential.

4.3 The mGIluR2/3 agonist LY379268 shows stronger therapeutic potential than olanzapine
in restoring NMDA-R and GABAA-R expression levels in this study

To evaluate the treatment potential of LY 379268, we administered olanzapine as a benchmark
comparison for currently used antipsychaotics. A single injection with olanzapine restored the NMDA-
R binding density in all areas previously impaired by the two-hit strategy. GABAA-R levels remained
below WT levels in the Hipp following olanzapine treatment, while NAcb GABAA-R levels were
increased and CA1 and DG levels restored to WT levels. Furthermore, NMDA-R and GABAA-R
binding did not correlate in WT, NRG1 HET and NRG1 HET + PCP mice following acute
olanzapine. LY379268 was similarly effective as olanzapine in restoring NMDA-R and GABAA-R
binding levels in the two-hit model. Research by Elsworth and colleagues has shown that chronic
PCP-induced dendritic spine loss can be restored by a single olanzapine injection within 90 min of
treatment (Elsworth et al., 2011), a mechanism possibly contributing to the recovery of NMDA-R and
GABAA-R binding levels. Olanzapine, however, did not restore the positive correlation between
NMDA-R and GABAA-R binding levels, while LY379268 did. The LY379268 dose used in the
present study (3 mg/kg) has been shown to have no effect on rodent behavior, while olanzapine at

therapeutically comparable concentrations has been reported to cause behavior impairments in some
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studies (Cartmell et al., 2000; Gleason and Shannon, 1997). Combined with the present finding,
LY379268 clearly appears as a valuable treatment option against schizophrenia-relevant molecular

and behavioral impairments.

With their role in modulating glutamate, GABA, dopamine and serotonin release, mGIluR2/3 receptors
at their pre-synaptic location in schizophrenia-relevant brain regions present themselves as critical
treatment targets. While the mGIluR2/3 agonist LY2140023 has been discontinued during the clinical
trial phase 111 due to a lack of significant improvement above placebo, more selective agonists,
including LY 379268, have been hypothesized to exert a stronger therapeutic action (Li et al., 2015).
In the present study, we have shown that acute treatment with the mGluR2/3 agonist LY379268
restores NMDA-R and GABAA-R binding levels in several brain regions of a robust schizophrenia-
relevant two-hit mouse model. The findings from the present study thus support the therapeutic
potential of mMGIuR2/3 agonist LY 379268, specifically to correct an imbalance in excitatory:inhibitory
neurotransmission in individuals with schizophrenia. However, considering that genetic variations
influenced the impact on the patient treatment response to LY2140023 (Liu et al., 2012), future
studies should aim to determine the patient subtype that will benefit from mGIluR2/3 agonist

treatments.

17



5. References

Adams, D.H., Kinon, B.J., Baygani, S., Millen, B.A., Velona, |., Kollack-Walker, S., Walling, D.P.,
2013. A long-term, phase 2, multicenter, randomized, open-label, comparative safety study of
pomaglumetad methionil (LY2140023 monohydrate) versus atypical antipsychotic standard
of care in patients with schizophrenia. BMC Psychiatry 13, 143. doi:10.1186/1471-244X-13-
143

Agim, Z.S., Esendal, M., Briollais, L., Uyan, O., Meschian, M., Martinez, L.A.M., Ding, Y., Basak,
A.N., Ozcelik, H., 2013. Discovery, validation and characterization of Erbb4 and Nrgl
haplotypes using data from three genome-wide association studies of schizophrenia. PL0oS
ONE 8, e53042. doi:10.1371/journal.pone.0053042

Amitai, N., Markou, A., 2010. Effects of metabotropic glutamate receptor 2/3 agonism and
antagonism on schizophrenia-like cognitive deficits induced by phencyclidine in rats. Eur. J.
Pharmacol 639, 67-80. doi:10.1016/j.ejphar.2009.12.040

Barzilay, R., Ben-Zur, T., Sadan, O., Bren, Z., Taler, M., Lev, N., Tarasenko, I., Uzan, R., Gil-Ad, I.,
Melamed, E., Weizman, A., Offen, D., 2011. Intracerebral adult stem cells transplantation
increases brain-derived neurotrophic factor levels and protects against phencyclidine-induced
social deficit in mice. Translational Psychiatry 1.

Benes, F.M., Khan, Y., Vincent, S.L., Wickramasinghe, R., 1996a. Differences in the subregional and
cellular distribution of GABAA receptor binding in the hippocampal formation of
schizophrenic brain. Synapse 22, 338—349. doi:10.1002/(SICI)1098-
2396(199604)22:4&1t;338::AID-SYN5&gt;3.0.CO;2-C

Benes, F.M., Vincent, S.L., Marie, A., Khan, Y., 1996b. Up-regulation of GABAA receptor binding
on neurons of the prefrontal cortex in schizophrenic subjects. Neuroscience 75, 1021-1031.

Beninger, R.J., Beuk, J., Banasikowski, T.J., van Adel, M., Boivin, G.A., Reynolds, J.N., 2010.
Subchronic phencyclidine in rats: alterations in locomotor activity, maze performance, and
GABA(A) receptor binding. Behav Pharmacol 21, 1-10.
d0i:10.1097/FBP.0b013e3283347091

Blot, K., Kimura, S.-1., Bai, J., Kemp, A., Manahan-Vaughan, D., Giros, B., Tzavara, E., Otani, S.,
2013. Modulation of Hippocampus-Prefrontal Cortex Synaptic Transmission and Disruption
of Executive Cognitive Functions by MK-801. Cereb. Cortex. doi:10.1093/cercor/bht329

Brown, A.S., 2010. The environment and susceptibility to schizophrenia. Prog. Neurobiol.
doi:10.1016/j.pneurobio.2010.09.003

Bullock, W.M., Bolognani, F., Botta, P., Valenzuela, C.F., Perrone-Bizzozero, N.I., 2009.
Schizophrenia-like GABAergic gene expression deficits in cerebellar Golgi cells from rats
chronically exposed to low-dose phencyclidine. Neurochemistry International 55, 775-782.

Buonanno, A., 2010. The neuregulin signaling pathway and schizophrenia: from genes to synapses
and neural circuits. Brain Res. Bull. 83, 122-131. doi:10.1016/j.brainresbull.2010.07.012

Bustillo, J., Galloway, M.P., Ghoddoussi, F., Bolognani, F., Perrone-Bizzozero, N., 2012. Medial-
frontal cortex hypometabolism in chronic phencyclidine exposed rats assessed by high
resolution magic angle spin 11.7T proton magnetic resonance spectroscopy. Neurochemistry
international. doi:10.1016/j.neuint.2012.04.003

Callaghan, R.C., Cunningham, J.K., Allebeck, P., Arenovich, T., Sajeev, G., Remington, G., Boileau,
I., Kish, S.J., 2012. Methamphetamine use and schizophrenia: a population-based cohort
study in California. Am J Psychiatry 169, 389-396. doi:10.1176/appi.ajp.2011.10070937

Cartmell, J., Monn, J.A., Schoepp, D.D., 2000. Attenuation of specific PCP-evoked behaviors by the
potent mGlu2/3 receptor agonist, LY379268 and comparison with the atypical antipsychotic,
clozapine. Psychopharmacology 148, 423-429.

Cartmell, J., Monn, J.A., Schoepp, D.D., 1999. The metabotropic glutamate 2/3 receptor agonists
LY354740 and LY379268 selectively attenuate phencyclidine versus d-amphetamine motor
behaviors in rats. J. Pharmacol. Exp. Ther. 291, 161-170.

18



Clark, M., Johnson, B.G., Wright, R.A., Monn, J.A., Schoepp, D.D., 2002. Effects of the mGlu2/3
receptor agonist LY379268 on motor activity in phencyclidine-sensitized rats. Pharmacology
Biochemistry and Behavior 73, 339-346.

Corbett, R., Zhou, L., Sorensen, S.M., Mondadori, C., 1999. Animal models of negative symptoms:
M100907 antagonizes PCP-Induced immobility in a forced swim test in mice.
Neuropsychopharmacology 21, S211-S218.

Corti, C., Crepaldi, L., Mion, S., Roth, A.L., Xuereb, J.H., Ferraguti, F., 2007. Altered dimerization of
metabotropic glutamate receptor 3 in schizophrenia. Biol. Psychiatry 62, 747—755.
doi:10.1016/j.biopsych.2006.12.005

Dean, B., Karl, T., Pavey, G., Boer, S., Duffy, L., Scarr, E., 2008. Increased levels of serotonin 2A
receptors and serotonin transporter in the CNS of neuregulin 1 hypomorphic/mutant mice.
Schizophr. Res. 99, 341-349. doi:10.1016/j.schres.2007.10.013

Desbonnet, L., Waddington, J.L., Tuathaigh, C.M., 2009. Mice mutant for genes associated with
schizophrenia: common phenotype or distinct endophenotypes? Behav Brain Res 204, 258—
73.

Drew, G.M., Vaughan, C.W., 2004. Multiple metabotropic glutamate receptor subtypes modulate
GABAergic neurotransmission in rat periaqueductal grey neurons in vitro.
Neuropharmacology 46, 927-934. doi:10.1016/j.neuropharm.2004.01.015

Duncan, C.E., Webster, M.J., Rothmond, D.A., Bahn, S., Elashoff, M., Shannon Weickert, C., 2010.
Prefrontal GABA(A) receptor alpha-subunit expression in normal postnatal human
development and schizophrenia. J Psychiatr Res 44, 673-681.
doi:10.1016/j.jpsychires.2009.12.007

Elsworth, J.D., Morrow, B.A., Hajszan, T., Leranth, C., Roth, R.H., 2011. Phencyclidine-induced loss
of asymmetric spine synapses in rodent prefrontal cortex is reversed by acute and chronic
treatment with olanzapine. Neuropsychopharmacology 36, 2054-2061.
d0i:10.1038/npp.2011.96

Errico, F., Napolitano, F., Squillace, M., Vitucci, D., Blasi, G., de Bartolomeis, A., Bertolino, A.,
D’Aniello, A., Usiello, A., 2013. Decreased levels of D-aspartate and NMDA in the
prefrontal cortex and striatum of patients with schizophrenia. J Psychiatr Res 47, 1432—-1437.
d0i:10.1016/j.jpsychires.2013.06.013

Frank, E., Newell, K.A., Huang, X.F., 2011. Density of metabotropic glutamate receptors 2 and 3
(mGIuR2/3) in the dorsolateral prefrontal cortex does not differ with schizophrenia diagnosis
but decreases with age. Schizophrenia Research 128, 56-60.
doi:10.1016/j.schres.2011.01.008

Geddes, A.E., Huang, X.-F., Newell, K.A., 2014. GIuN2B protein deficits in the left, but not the right,
hippocampus in schizophrenia. BMC psychiatry 14, 274.

Geddes, A.E., Huang, X.-F., Newell, K.A., 2011. Reciprocal signalling between NR2 subunits of the
NMDA receptor and neuregulinl and their role in schizophrenia. Prog.
Neuropsychopharmacol. Biol. Psychiatry 35, 896-904. doi:10.1016/j.pnpbp.2011.02.017

Ghose, S., Gleason, K.A., Potts, B.W., Lewis-Amezcua, K., Tamminga, C.A., 2009. Differential
Expression of Metabotropic Glutamate Receptors 2 and 3 in Schizophrenia: A Mechanism for
Antipsychotic Drug Action? American Journal of Psychiatry 166, 812-820.
doi:10.1176/appi.ajp.2009.08091445

Gleason, S.D., Shannon, H.E., 1997. Blockade of phencyclidine-induced hyperlocomotion by
olanzapine, clozapine and serotonin receptor subtype selective antagonists in mice.
Psychopharmacology (Berl.) 129, 79-84.

Gonzalez-Maeso, J., Ang, R.L., Yuen, T., Chan, P., Weisstaub, N.V., Lopez-Giménez, J.F., Zhou, M.,
Okawa, Y., Callado, L.F., Milligan, G., Gingrich, J.A., Filizola, M., Meana, J.J., Sealfon,
S.C., 2008. Identification of a serotonin/glutamate receptor complex implicated in psychosis.
Nature 452, 93-97. doi:10.1038/nature06612

Gorrie, G.H., Vallis, Y., Stephenson, A., Whitfield, J., Browning, B., Smart, T.G., Moss, S.J., 1997.
Assembly of GABAA receptors composed of alphal and beta2 subunits in both cultured
neurons and fibroblasts. J. Neurosci. 17, 6587—6596.

Gu, G., Lorrain, D.S., Wei, H., Cole, R.L., Zhang, X., Daggett, L.P., Schaffhauser, H.J., Bristow, L.J.,
Lechner, S.M., 2008. Distribution of metabotropic glutamate 2 and 3 receptors in the rat

19



forebrain: Implication in emotional responses and central disinhibition. Brain Res. 1197, 47—
62. doi:10.1016/j.brainres.2007.12.057

Gupta, D.S., McCullumsmith, R.E., Beneyto, M., Haroutunian, V., Davis, K.L., Meador Woodruff,
J.H., 2005. Metabotropic glutamate receptor protein expression in the prefrontal cortex and
striatum in schizophrenia. Synapse 57, 123-131. doi:10.1002/syn.20164

Hanania, T., Hillman, G.R., Johnson, K.M., 1999. Augmentation of locomotor activity by chronic
phencyclidine is associated with an increase in striatal NMDA receptor function and an
upregulation of the NR1 receptor subunit. Synapse 31, 229-239. doi:10.1002/(SICI)1098-
2396(19990301)31:3<229::AID-SYN8>3.0.CO;2-3

Harich, S., Gross, G., Bespalov, A., 2007. Stimulation of the metabotropic glutamate 2/3 receptor
attenuates social novelty discrimination deficits induced by neonatal phencyclidine treatment.
Psychopharmacology 192, 511-519.

Hashimoto, K., Malchow, B., Falkai, P., Schmitt, A., 2013. Glutamate modulators as potential
therapeutic drugs in schizophrenia and affective disorders. Eur Arch Psychiatry Clin Neurosci
263, 367-377. doi:10.1007/s00406-013-0399-y

Hikichi, H., Kaku, A., Karasawa, J., Chaki, S., 2013. Stimulation of metabotropic glutamate (mGlu) 2
receptor and blockade of mGlul receptor improve social memory impairment elicited by MK-
801 in rats. J. Pharmacol. Sci. 122, 10-16.

Hikichi, H., Murai, T., Okuda, S., Maehara, S., Satow, A., Ise, S., Nishino, M., Suzuki, G., Takehana,
H., Hata, M., Ohta, H., 2010. Effects of a novel metabotropic glutamate receptor 7 negative
allosteric modulator, 6-(4-methoxyphenyl)-5-methyl-3-pyridin-4-ylisoxazonolo[4,5-
c]pyridin-4(5H)-one (MMPIP), on the central nervous system in rodents. Eur. J. Pharmacol.
639, 106-114. doi:10.1016/j.ejphar.2009.08.047

Hiyoshi, T., Kambe, D., Karasawa, J., Chaki, S., 2014. Involvement of glutamatergic and GABAergic
transmission in MK-801-increased gamma band oscillation power in rat cortical
electroencephalograms. Neuroscience 280, 262—-274. doi:10.1016/j.neuroscience.2014.08.047

Hu, W., MacDonald, M.L., Elswick, D.E., Sweet, R.A., 2014. The glutamate hypothesis of
schizophrenia: evidence from human brain tissue studies. Ann. N. Y. Acad. Sci. 1338, 38-57.
doi:10.1111/nyas.12547

Imre, G., 2007. The Preclinical Properties of a Novel Group Il Metabotropic Glutamate Receptor
Agonist LY379268. CNS Drug Reviews 13, 444-464. doi:10.1111/j.1527-3458.2007.00024.x

Imre, G., Salomons, A., Jongsma, M., Fokkema, D.S., Den Boer, J.A., Ter Horst, G.J., 2006. Effects
of the mGIluR2/3 agonist LY 379268 on ketamine-evoked behaviours and neurochemical
changes in the dentate gyrus of the rat. Pharmacol. Biochem. Behav. 84, 392-399.
d0i:10.1016/j.pbb.2006.05.021

Inan, M., Petros, T.J., Anderson, S.A., 2013. Losing your inhibition: linking cortical GABAergic
interneurons to schizophrenia. Neurobiol. Dis. 53, 36-48. d0i:10.1016/j.nbd.2012.11.013

Javitt, D.C., 2010. Glutamatergic theories of schizophrenia. Isr J Psychiatry Relat Sci 47, 4-16.

Kapur, S., VanderSpek, S.C., Brownlee, B.A., Nobrega, J.N., 2003. Antipsychotic dosing in
preclinical models is often unrepresentative of the clinical condition: a suggested solution
based on in vivo occupancy. J. Pharmacol. Exp. Ther. 305, 625-631.
d0i:10.1124/jpet.102.046987

Karl, T., Arnold, J.C., 2014. Schizophrenia: a consequence of gene-environment interactions?
Frontiers in behavioral neuroscience 8.

Karl, T., Duffy, L., Scimone, A., Harvey, R.P., Schofield, P.R., 2007. Altered motor activity,
exploration and anxiety in heterozygous neuregulin 1 mutant mice: Implications for
understanding schizophrenia. Genes, Brain and Behavior 6, 677—687.

Katayama, T., Jodo, E., Suzuki, Y., Hoshino, K.Y, Takeuchi, S., Kayama, Y., 2009. Phencyclidine
affects firing activity of basolateral amygdala neurons related to social behavior in rats.
Neuroscience 159, 335-343.

Klausberger, T., Somogyi, P., 2008. Neuronal diversity and temporal dynamics: the unity of
hippocampal circuit operations. Science 321, 53-57. doi:10.1126/science.1149381

Krystal, J.H., Abi-Saab, W., Perry, E., D’Souza, D.C., Liu, N., Gueorguieva, R., McDougall, L.,
Hunsberger, T., Belger, A., Levine, L., Breier, A., 2005. Preliminary evidence of attenuation
of the disruptive effects of the NMDA glutamate receptor antagonist, ketamine, on working

20



memory by pretreatment with the group 1l metabotropic glutamate receptor agonist,
LY354740, in healthy human subjects. Psychopharmacology 179, 303-309.

Lee, P.R., Brady, D.L., Shapiro, R.A., Dorsa, D.M., Koenig, J.I., 2005. Social interaction deficits
caused by chronic phencyclidine administration are reversed by oxytocin.
Neuropsychopharmacology 30, 1883-1894.

Li, M.-L., Hu, X.-Q., Li, F., Gao, W.-J., 2015. Perspectives on the mGIluR2/3 agonists as a therapeutic
target for schizophrenia: Still promising or a dead end? Progress in Neuro-
Psychopharmacology and Biological Psychiatry 60, 66—-76. doi:10.1016/j.pnpbp.2015.02.012

Lindahl, J.S., Keifer, J., 2004. Glutamate receptor subunits are altered in forebrain and cerebellum in
rats chronically exposed to the NMDA receptor antagonist phencyclidine.
Neuropsychopharmacology 29, 2065-2073. doi:10.1038/sj.npp.1300485

Liu, W., Downing, A.C.M., Munsie, L.M., Chen, P., Reed, M.R., Ruble, C.L., Landschulz, K.T.,
Kinon, B.J., Nisenbaum, L.K., 2012. Pharmacogenetic analysis of the mGlu2/3 agonist
LY2140023 monohydrate in the treatment of schizophrenia. Pharmacogenomics J. 12, 246—
254. doi:10.1038/tpj.2010.90

Long, L.E., Chesworth, R., Huang, X.-F., McGregor, I.S., Arnold, J.C., Karl, T., 2013.
Transmembrane domain Nrgl mutant mice show altered susceptibility to the
neurobehavioural actions of repeated THC exposure in adolescence. Int. J.
Neuropsychopharmacol. 16, 163-175. do0i:10.1017/S1461145711001854

Long, L.E., Chesworth, R., Huang, X.-F., Wong, A., Spiro, A., McGregor, I.S., Arnold, J.C., Karl, T.,
2012. Distinct neurobehavioural effects of cannabidiol in transmembrane domain neuregulin
1 mutant mice. PLoS ONE 7, €34129. doi:10.1371/journal.pone.0034129

Lu, R., Roberts, J.D.B., Shigemoto, R., Ohishi, H., Somogyi, P., 1997. Differential plasma membrane
distribution of metabotropic glutamate receptors mGIluR1, mGIluR2 and mGIuR5, relative to
neurotransmitter release sites. Journal of Chemical Neuroanatomy 13, 219-241.

Matosin, N., Fernandez-Enright, F., Frank, E., Deng, C., Wong, J., Huang, X.F., Newell, K.A., 2014.
Metabotropic glutamate receptor mGluR2/3 and mGIuRS5 binding in the anterior cingulate
cortex in psychotic and nonpsychotic depression, bipolar disorder and schizophrenia:
implications for novel mGluR-based therapeutics. Journal of Psychiatry & Neuroscience 39,
130242-130242.

Mezler, M., Geneste, H., Gault, L., Marek, G.J., 2010. LY-2140023, a prodrug of the group Il
metabotropic glutamate receptor agonist LY-404039 for the potential treatment of
schizophrenia. Curr Opin Investig Drugs 11, 833-845.

Moghaddam, B., Adams, B.W., 1998. Reversal of phencyclidine effects by a group Il metabotropic
glutamate receptor agonist in rats. Science 281, 1349-1352.

Moghaddam, B., Javitt, D., 2012. From revolution to evolution: the glutamate hypothesis of
schizophrenia and its implication for treatment. Neuropsychopharmacology 37, 4-15.
d0i:10.1038/npp.2011.181

Mouri, A., Noda, Y., Enomoto, T., Nabeshima, T., 2007. Phencyclidine animal models of
schizophrenia: approaches from abnormality of glutamatergic neurotransmission and
neurodevelopment. Neurochem. Int. 51, 173-184. d0i:10.1016/j.neuint.2007.06.019

Nagai, T., Murai, R., Matsui, K., Kamei, H., Noda, Y., Furukawa, H., Nabeshima, T., 2009.
Aripiprazole ameliorates phencyclidine-induced impairment of recognition memory through
dopamine D1 and serotonin 5-HT1A receptors. Psychopharmacology 202, 315-328.

Nakazawa, K., Zsiros, V., Jiang, Z., Nakao, K., Kolata, S., Zhang, S., Belforte, J.E., 2012.
GABAergic interneuron origin of schizophrenia pathophysiology. Neuropharmacology 62,
1574-1583. doi:10.1016/j.neuropharm.2011.01.022

Newell, K.A., Karl, T., Huang, X.F., 2013. A neuregulin 1 transmembrane domain mutation causes
imbalanced glutamatergic and dopaminergic receptor expression in mice. Neuroscience 248,
670-680. doi:10.1016/j.neuroscience.2013.06.037

Newell, K.A., Matosin, N., Lum, J.S., 2014. Metabotropic glutamate receptors: molecular
mechanisms, role in neurological disorders and pharmacological effects, Neuroscience
Research Progress. Nova Science Publishers, Inc, Hauppauge, NY.

O’Tuathaigh, C.M.P., Harte, M., O’Leary, C., O’Sullivan, G.J., Blau, C., Lai, D., Harvey, R.P., Tighe,
0., Fagan, A.J., Kerskens, C., Reynolds, G.P., Waddington, J.L., 2010. Schizophrenia-related

21



endophenotypes in heterozygous neuregulin-1 “knockout” mice. European Journal of
Neuroscience 31, 349-358.

Patil, S.T., Zhang, L., Martenyi, F., Lowe, S.L., Jackson, K.A., Andreev, B.V., Avedisova, A.S.,
Bardenstein, L.M., Gurovich, I.Y., Morozova, M.A., Mosolov, S.N., Neznanov, N.G., Reznik,
A.M., Smulevich, A.B., Tochilov, V.A., Johnson, B.G., Monn, J.A., Schoepp, D.D., 2007.
Activation of mGlu2/3 receptors as a new approach to treat schizophrenia: a randomized
Phase 2 clinical trial. Nat. Med. 13, 1102—-1107. doi:10.1038/nm1632

Paxinos, G., Franklin, K., 2001. The Mouse Brain in Stereotaxic Coordinates. Academic Press, San
Diego.

Petryshen, T.L., Middleton, F.A., Kirby, A., Aldinger, K.A., Purcell, S., Tahl, A.R., Morley, C.P.,
McGann, L., Gentile, K.L., Rockwell, G.N., Medeiros, H.M., Carvalho, C., Macedo, A.,
Dourado, A., Valente, J., Ferreira, C.P., Patterson, N.J., Azevedo, M.H., Daly, M.J., Pato,
C.N., Pato, M.T., SKlar, P., 2005. Support for involvement of neuregulin 1 in schizophrenia
pathophysiology. Mol. Psychiatry 10, 366-374, 328. doi:10.1038/sj.mp.4001608

Pitsikas, N., Markou, A., 2014. The metabotropic glutamate 2/3 receptor agonist LY 379268
counteracted ketamine-and apomorphine-induced performance deficits in the object
recognition task, but not object location task, in rats. Neuropharmacology 85, 27-35.
doi:10.1016/j.neuropharm.2014.05.008

Rorick-Kehn, L.M., Johnson, B.G., Knitowski, K.M., Salhoff, C.R., Witkin, J.M., Perry, K.W.,
Griffey, K.1., Tizzano, J.P., Monn, J.A., McKinzie, D.L., Schoepp, D.D., 2007. In vivo
pharmacological characterization of the structurally novel, potent, selective mGlu2/3 receptor
agonist LY404039 in animal models of psychiatric disorders. Psychopharmacology 193, 121—
136.

Satake, S., Saitow, F., Yamada, J., Konishi, S., 2000. Synaptic activation of AMPA receptors inhibits
GABA release from cerebellar interneurons. Nat. Neurosci. 3, 551-558. doi:10.1038/75718

Schlumberger, C., Schéfer, D., Barberi, C., More, L., Nagel, J., Pietraszek, M., Schmidt, W.J.,
Danysz, W., 2009. Effects of a metabotropic glutamate receptor group 11 agonist LY 354740
in animal models of positive schizophrenia symptoms and cognition. Behav Pharmacol 20,
56-66. doi:10.1097/FBP.0b013e3283242f57

Spooren, W., Ballard, T., Gasparini, F., Amalric, M., Mutel, V., Schreiber, R., 2003. Insight into the
function of Group | and Group Il metabotropic glutamate (mGlu) receptors: behavioural
characterization and implications for the treatment of CNS disorders. Behavioural
pharmacology 14, 257.

Spooren, W.P., Gasparini, F., van der Putten, H., Koller, M., Nakanishi, S., Kuhn, R., 2000. Lack of
effect of LY314582 (a group 2 metabotropic glutamate receptor agonist) on phencyclidine-
induced locomotor activity in metabotropic glutamate receptor 2 knockout mice. Eur. J.
Pharmacol. 397, R1-2.

Stefansson, H., Sigurdsson, E., Steinthorsdottir, V., Bjornsdottir, S., Sigmundsson, T., Ghosh, S.,
Brynjolfsson, J., Gunnarsdottir, S., Ivarsson, O., Chou, T.T., Hjaltason, O., Birgisdottir, B.,
Jonsson, H., Gudnadottir, V.G., Gudmundsdottir, E., Bjornsson, A., Ingvarsson, B., Ingason,
A, Sigfusson, S., Hardardottir, H., Harvey, R.P., Lai, D., Zhou, M., Brunner, D., Mutel, V.,
Gonzalo, A., Lemke, G., Sainz, J., Johannesson, G., Andresson, T., Gudbjartsson, D.,
Manolescu, A., Frigge, M.L., Gurney, M.E., Kong, A., Gulcher, J.R., Petursson, H.,
Stefansson, K., 2002. Neuregulin 1 and susceptibility to schizophrenia. Am. J. Hum. Genet
71, 877-892. doi:10.1086/342734

Swartz, M.S., Swanson, J.W., Hiday, V.A., Borum, R., Wagner, H.R., Burns, B.J., 2014. Violence
and severe mental illness: the effects of substance abuse and nonadherence to medication.

Tamaru, Y., Nomura, S., Mizuno, N., Shigemoto, R., 2001. Distribution of metabotropic glutamate
receptor mGIuR3 in the mouse CNS: Differential location relative to pre- and postsynaptic
sites. Neuroscience 106, 481-503.

Thomas, P., Mortensen, M., Hosie, A.M., Smart, T.G., 2005. Dynamic mobility of functional
GABAA receptors at inhibitory synapses. Nat. Neurosci. 8, 889-897. doi:10.1038/nn1483

Trepanier, C., Lei, G., Xie, Y.-F., MacDonald, J.F., 2013. Group Il metabotropic glutamate receptors
modify N-methyl-D-aspartate receptors via Src kinase. Sci Rep 3, 926.
doi:10.1038/srep00926

22



Wang, C., Fridley, J., Johnson, K.M., 2005. The role of NMDA receptor upregulation in
phencyclidine-induced cortical apoptosis in organotypic culture. Biochem. Pharmacol. 69,
1373-1383. doi:10.1016/j.bcp.2005.02.013

Wang, D., Noda, Y., Zhou, Y., Nitta, A., Furukawa, H., Nabeshima, T., 2007. Synergistic effect of
combined treatment with risperidone and galantamine on phencyclidine-induced impairment
of latent visuospatial learning and memory: Role of nAChR activation-dependent increase of
dopamine D1 receptor-mediated neurotransmission. Neuropharmacology 53, 379-89.
doi:S0028-3908(07)00162-1 [pii] 10.1016/j.neuropharm.2007.05.026

Wang, M.-J.,, Li, Y.-C., Snyder, M.A., Wang, H., Li, F., Gao, W.-J., 2013. Group Il metabotropic
glutamate receptor agonist LY 379268 regulates AMPA receptor trafficking in prefrontal
cortical neurons. PLoS ONE 8, e61787. doi:10.1371/journal.pone.0061787

Weickert, C.S., Fung, S.J., Catts, V.S., Schofield, P.R., Allen, K.M., Moore, L.T., Newell, K.A.,
Pellen, D., Huang, X.-F., Catts, S.V., Weickert, T.W., 2013. Molecular evidence of N-methyl-
D-aspartate receptor hypofunction in schizophrenia. Mol. Psychiatry 18, 1185-1192.
d0i:10.1038/mp.2012.137

Wilkinson, S.T., Radhakrishnan, R., D’Souza, D.C., 2014. Impact of Cannabis Use on the
Development of Psychotic Disorders. Curr Addict Rep 1, 115-128. doi:10.1007/s40429-014-
0018-7

Zavitsanou, K., Nguyen, V., Newell, K., Ballantyne, P., Huang, X.F., 2008. Rapid cortico-limbic
alterations in AMPA receptor densities after administration of PCP: implications for
schizophrenia. J. Chem. Neuroanat. 36, 71-76. doi:10.1016/j.jchemneu.2008.06.004

23



	mGluR2/3 agonist LY379268 rescues NMDA and GABAA receptor level deficits induced in a two-hit mouse model of schizophrenia
	Recommended Citation

	mGluR2/3 agonist LY379268 rescues NMDA and GABAA receptor level deficits induced in a two-hit mouse model of schizophrenia
	Abstract
	Disciplines
	Publication Details
	Authors

	/var/tmp/StampPDF/nw6S6Jr2Ut/tmp.1467251289.pdf.SJNIM

