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Abstract GRM) (coding for metabotropic glutamate receptor
5, mGlIuR5) is a promising target for the treatment of cognitive
deficits in schizophrenia, but there has been little investigation
of its association with cognitive and brain phenotypes within
this disorder. We examined the effects of common genetic
variation in GRM5 with cognitive function, hippocampal
volume, and hippocampal mGIluR5 protein levels in
schizophrenia patients relative to healthy controls. Two
independent GRMS5 variants 1rs60954128 [C>T] and
rs3824927 [G>T] were genotyped in a schizophrenia
case/control cohort (n=249/261). High-resolution ana-
tomical brain scans were available for a subset of the
cohort (n=103 schizophrenia /78 control). All partici-
pants completed a standard set of neuropsychological
tests. In a separate postmortem cohort (n=19 schizophrenia/
20 controls), hippocampal mGIuRS5 protein levels were exam-
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ined among individuals of different GRMS5 genotypes.
Schizophrenia minor allele carriers of rs60954128 had re-
duced right hippocampal volume relative to healthy controls
of the same genotype (—12.3%); this effect was exaggerated in
males with schizophrenia (—15.6%). For rs3824927,
compared to major allele homozygotes, minor allele car-
riers with schizophrenia had lower Intelligence
Quotients (IQ). Examination in hippocampal postmortem
tissue showed no difference in mGIuRS protein expression
according to genotype for either rs60954128 or rs3824927.
While these genetic variants in GRMS5 were associated
with cognitive impairments and right hippocampal vol-
ume reduction in schizophrenia, they did not affect pro-
tein expression. Further study of these mechanisms may
help to delineate new targets for the treatment of cog-
nitive deficits in schizophrenia, and may be relevant to
other disorders.

Keywords Metabotropic glutamate receptor 5 - mGIluRS5 -
GRMS - Schizophrenia - Case-control - 1Q

Introduction

Schizophrenia is a complex psychiatric disorder, with genetic
understanding inherently challenged by its heterogeneous
clinical presentation and polygenic origin, as highlighted by
recent genome-wide association studies (GWAS;
Schizophrenia Working Group of the Psychiatric Genomics
Consortium 2014). Despite the success of these GWAS in-
volving large global consortia, there remains a need for can-
didate gene approaches to determine the functional signifi-
cance of implicated genes, particularly when there is strong
apriori evidence for potential mechanisms of interest based on
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other biological data (Tabor et al. 2002; Wilkening et al.
2009). Aberrant glutamate transmission has been implicated
in the pathophysiology of schizophrenia for several decades
(Beck et al. 2016; Tsai et al. 1998) and specifically cognitive
function in the disorder (Yang et al. 2016). More recently the
role of glutamate signaling has been supported by the associ-
ation of several common genetic variants (including GRM3,
GRIN2A and GRIA1) with schizophrenia within large-scale
GWAS (Schizophrenia Working Group of the Psychiatric
Genomics Consortium 2014). This also includes the detection
of rare copy number variations affecting post-synaptic N-
methyl-D-aspartate receptor (NMDAR) function (Kirov
etal. 2012). Among relevant genetic candidates affecting glu-
tamate transmission, GRMYS encodes for the postsynaptic me-
tabotropic glutamate receptor 5 (mGluR5). mGluRS5 is a com-
pelling drug target for the treatment of cognitive deficits in
schizophrenia because of its ability to mediate post-synaptic
NMDA receptor NMDAR) currents (Attucci et al. 2001; Jia
et al. 1998; Mannaioni et al. 2001), with proper function of
NMDARSs being critical for cognition (Malhotra et al. 1996).
However, there has been little investigation of novel GRM5
variants in relation to cognitive and brain features of schizo-
phrenia that would assist to determine its utility as a therapeu-
tic target. The goal of the present study was thus to investigate
the association of GRMS5 polymorphisms with specific cogni-
tive, molecular and morphological brain indices, as well as
cognitive subtypes of schizophrenia.

Relatively few studies have examined genetic variation
within GRM5 in schizophrenia, despite the first report being
over a decade ago. This study showed genetic linkage of a
long-range restriction map covering the GRM5 locus was as-
sociated with schizophrenia within a large Scottish pedigree
(Millar et al. 1998). A novel intragenic microsatellite in this
gene was subsequently associated with schizophrenia in a
Caucasian case-control study (Devon et al. 2001). Alongside
these human studies, GRM5 knockout or pharmacological
blockade of mGIuRS in rodent models were shown to induce
a wide range of schizophrenia-like behaviors. In particular
deficits in hippocampal-dependent functions were reported,
including, spatial learning and memory (Ayala et al. 2009;
Manahan-Vaughan and Braunewell 2005). mGIuRS5 activity
in the hippocampus is critical for modulation of the molecular
mechanisms underlying hippocampal synaptic plasticity
(Manahan-Vaughan and Braunewell 2005), and recent reports
indicate that the expression of mGluRS5 and mGIuRS5 regula-
tory proteins may be altered in hippocampal tissues from
schizophrenia patients (Matosin et al. 2015a). Although no
single GRM variant has reached the high threshold of signif-
icance in recent genome-wide association studies (Ripke et al.
2011; Ripke et al. 2013; Schizophrenia Working Group of the
Psychiatric Genomics Consortium 2014), a convergent func-
tional genomics study ranked GRM3 as a top candidate gene
for schizophrenia (Ayalew et al. 2012). The effects of GRMS5
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on cognitive and brain phenotypes of schizophrenia require
further exploration.

In this study, we examined association of GRMYS variants
with schizophrenia, as well as a range of cognitive functions
typically impaired in schizophrenia. Particular focus was giv-
en to the hippocampus following evidence from postmortem
brain studies indicating alterations to mGluR5 expression and
regulation in this region (Matosin et al. 2015a). While other
GRMS5 variants have been previously examined in schizophre-
nia (Ayalew et al. 2012; Devon etal. 2001; Timms et al. 2013),
we were specifically interested in variants located in the 3’
untranslated region (3" UTR) of GRMS, as this region is in-
volved in post-transcriptional regulation of protein expression,
and is highly relevant considering mGluR5 protein levels are
affected in the postmortem schizophrenia brain (Matosin,
Fernandez-Enright, Lum, and Newell 2015). Two genet-
ically independent GRMS5 wvariants (rs60954128 and
rs3824927) were selected based on their minor allele
frequency (MAF) in Caucasian populations, which was
greater than 10%. The association of these variants with
hippocampal volume and related cognitive functions
were investigated in an established case-control cohort,
and the association of these variants with mGIuRS pro-
tein abundance in the CA1l hippocampal region was ex-
amined in an independent case-control postmortem brain
cohort.

Methods
Case-control cohort

Participants DNA for 249 schizophrenia cases and 261 con-
trols was acquired from the Australian Schizophrenia
Research Bank (ASRB; Loughland et al. 2010). All subjects
were Caucasian to prevent potential confounding effects of
population stratification; schizophrenia cases were diagnosed
according to DSM-IV criteria, and matched with controls (no
prior personal or family history of mental disorders) according
to sex and age (Table 1). The majority of schizophrenia sub-
jects were medicated (58 typical antipsychotics, 211 atypical
antipsychotics, 54 mood stabilizer, 92 antidepressants). This
work was approved by the University of Wollongong
(HE10/161) and the University of New South Wales
(HC12658).

Genotyping Two SNPs within the 3' UTR of the GRMS5 gene
(rs60954128 [C > T], 11:88,506,288; rs3824927 [G > T],
11:88,508,028; see Fig. 1; Sherry et al. 2001) were selected
on the basis of their position in the 3’UTR of GRMS5 and
having MAF > 10% in a Caucasian population in the
National Centre for Biotechnology Information (NCBI) ge-
netic database. High-throughput genotyping was performed
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Table 1 Sample characteristics
of the ASRB case-control sample
used in this study

Control Schizophrenia Comparison (SZ:HC)
FIX° P-value
Gender (males, females) 166, 95 174,75 0.159° 0.079
Age (mean, sd) 38.6, 12.55 39.94,10.99 0.077* 0.781
Years of education (mean, SD) 15.52,2.978 13.33,2.723 74.246% <0.001
GAF score (mean, SD) 84.82,8.219 52.70, 12.486 969.153* <0.001
NES score (mean, SD) 3.65, 3.409 8.80, 6.868 110.853* <0.001
Positive symptoms (mean, SD)° - 10.423, 4.012 - -
Negative symptoms (mean SD)* - 27.85,17.571 - -
DIP onset age (<25 years, >25 years) - 184, 65 - -
Family history of schizophrenia (yes, no) - 80, 197 - -
DIP lifetime cannabis (yes, no) 4,85 96, 143 38.941° <0.001
DIP lifetime alcohol (yes, no) 5,87 89, 151 32.82° <0.001
WTAR scores (mean, SD) 40.84, 5.97 36.32,7.83 53.644* <0.001
WASI (mean, SD) 118.01, 10.266 102.69, 13.944 201.050* <0.001
LNS score (mean, SD) 12.39, 2.75 9.54,2.76 138.488" <0.001
Total COWAT (mean, SD) 44.18, 11.76 34.92, 12.31 76.679% <0.001
RBANS total score (mean, SD) 508.85, 41.435 426.74, 53.482 190.250% <0.001
RBANS construction (mean, SD) 98.84, 15.663 86.13, 15.273 43.134* <0.001
RBANS language (mean, SD) 105.38, 11.020 94.04, 11.564 64.465" <0.001
RBANS attention (mean, SD) 105.27, 15.55 83.48, 17.80 225.393% <0.001
RBANS immediate memory (mean, SD) 101.16, 14.25 30.10, 17.87 219.313% <0.001
RBANS delayed memory (mean, SD) 98.2, 11.50 82.26, 16.63 164.833% <0.001

DIP, Diagnostic Interview for Psychosis; F, female; GAF, Global Assessment of Functioning; GoM, Grade of
Membership; M, male; NES, Neurological Evaluation Scale; s.d., standard deviation; SANS,

* ANOVA (analyses of variance)
°\? test

¢ derived from DIP hallucination and delusion items

94 derived from SANS

using MassARRAY® (Sequenom, Inc., San Diego, CA,
USA) and analyzed by matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (MALDI-TOF
MS). Polymerase-chain reaction (PCR) and extension primer
design, selection and multiplexing were performed using
MassARRAY® Designer Software (Sequenom, Inc.).

Structural magnetic resonance imaging processing

Imaging data from the ASRB was available for a subset of 78
controls (55 males) and 103 cases (72 males). High-resolution

GRMS5

88504576

T1-weighted structural MRI scans (MPRAGE; 176 contiguous
1 mm sagittal slices; field-of-view 250 x 250 mmz, time-to-
repetition 1980 ms, time-to-echo 4.3 ms, data acquisition ma-
trix 256 x 256, voxel size 0.98 x 0.98 x 1.0 mm°, flip angle
15°) were collected on Siemens Avanto 1.5 T scanners across
five Australian research sites (Loughland et al. 2010). Scan
quality control was performed by a trained researcher, whilst
blind to all genetic, clinical and diagnostic data. Stringent ex-
clusion criteria were applied for excess motion or other artifacts
(Supplementary Methods M1).
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Fig.1 Location of Examined Variants in GRM5. Representative the positions of the single nucleotide polymoprhisms examined in this study, located in
the 3’ untranslated region of the GRMS5 gene
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Neuropsychological measures Standardized estimates of
premorbid and current intelligence quotient (IQ) were obtain-
ed using the Wechsler Tests for Adult Reading (WTAR;
Wechsler 2001) and Wechsler Abbreviated Scale of
Intelligence (WASI; Wechsler 1997). Executive functions
were assessed using the Controlled Oral Word Association
Test (COWAT; Spreen 1998) and the Letter Number
Sequencing Test (LNS; Wechsler 1997). The Repeatable
Battery for the Assessment of Neuropsychological Status
(RBANS) was used to derive indices of attention, delayed
memory, immediate memory, visuospatial construction, and
language (Randolph 1998).

Postmortem cohort

Postmortem human samples from the cornu ammonis (CA)1
region of 39 subjects (19 schizophrenia, 20 control; Table 2)
were obtained from the New South Wales Brain Bank
Network (Sydney, Australia). mGIuRS protein levels were
previously determined by quantitative immunoblot (Matosin
et al. 2015a). Genomic DNA was extracted from postmortem
tissues using the QIAamp DNA Mini Kit (Qiagen, Australia).
This work was approved by the University of Wollongong
(HE 10/161 and HE99/222).

Statistical methods

All analyses were performed using SPSS (v22, IBM).
Genotypic distributions were assessed for deviation from
Hardy Weinberg Equilibrium (HWE; P > 0.05). Analyses
were tested against a significance level of « = 0.05 and
Bonferroni-Holm adjusted P values were computed to control
for multiple comparisons (Aickin and Gensler 1996). All anal-
yses were additionally performed separately for males and
females (Goldstein et al. 2013). Minor allele carriers were
compared to major allele homozygotes in cases of small

Table 2
this study

Sample characteristics of the postmortem brain cohort used in

Total (n = 40)

Samples derived from CAl region

Brain pH 6.6+04
Postmortem interval (hours) 275+1.8
RNA integrity number 72+0.1

Age at Death (years) 56.9+2.0
Gender 11 F,29M
Hemisphere 23R, 17L
DSM-IV Diagnosis 20 HC, 20 SZ

F female, HC healthy control, L left, M male, R right, SZ schizophrenia.
Data are expressed as mean + standard deviation. Breakdown of schizo-
phrenia and control characteristics are described previously (14)
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sample sizes (in all analyses except ), as described below.
Potential effects of medication dosage could not be considered
in the ASRB sample, due to limited details of medication
history and dosage collected at the time of testing.

(1) Allelic/genotypic frequency among cases/controls:
Differences in allelic and genotypic frequencies between
the schizophrenia group and controls were examined
using X analyses performed for each SNP. Linkage dis-
equilibrium (LD) analyses based on absolute D’ values
(pairwise comparison) and haplotype association tests
(per haplotype) were also generated (v8.2 SVS Institute,
Cary, NC, USA; SNP & Variation Suite, Golden Helix).

(i) SNP effects on hippocampal volume: The effects of ge-
notype, diagnosis, and their potential interactive effects
on the adjusted hippocampal volumes were examined

using mixed-design multiple analyses of covariance
(MANCOVAs), with the left and right adjusted hippo-
campal volumes as dependent variables, genotype (ma-
jor allele homozygotes/minor allele carriers) and diagno-
sis (cases/controls) as independent factors, and age, sex
and scan location as covariates. Significant effects were
followed up with relevant ANCOVA models.

(i) SNP effects on cognition: For each of nine cognitive
performance measures, main effects of genotype, diag-
nosis and their interaction were examined using a series
of mixed-design multiple analyses of variance
(MANOVAs), with two levels of the between-subjects
factors of genotype (major allele homozygotes/minor
allele carriers) and diagnosis (cases/controls).
Significant interactions were followed up with analyses
of variance (ANOVAs) using Tukey’s post-hoc tests.

(iv) SNP effects on protein levels in postmortem brain tissue:
mGIuRS protein levels were drawn from our previous
immunoblot study in CA1 hippocampal tissues (Matosin
et al. 2015a). Spearman correlations were initially used to
identify potential correlations of mGIuRS with confound-
ing factors, including brain pH, age at death, postmortem
interval, RNA integrity, freezer storage time (months),
brain volume, illness duration and lifetime antipsychotic
drug exposure (chlorpromazine equivalent); ANCOVAs
were then implemented to test the effect of genotype on
mGIuRS protein levels in all subjects (irrespective of di-
agnosis due to limited sample size).

Results
Genotypic/allelic frequencies and differences among SNPs

rs60954128 and rs3824927 did not deviate from HWE. The
control group showed a similar MAF as those reported in
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Caucasian populations (http://www.ncbi.nlm.nih.
gov/projects/SNP; MAF-rs60954128 = 14.2%; MAF-
rs3824927 = 51.5%; Table 3). No significant results were
found from the haplotype association analysis after
Bonferroni-Holm correction for multiple comparisons.
Pairwise LD statistics of the sample revealed low to moderate
LD between rs60954128 and rs3824927 (D’ =0.37, R* = 0.23
; Supplementary Fig. S1) and haplotype association analysis
did not reveal any significant associations, after Bonferroni-
Holm correction for multiple comparisons. These results sup-
port the hypothesis of a limited effect of substructure popula-
tion in our control group although further analysis will be
necessary to confirm this hypothesis.

A significant difference in rs60954128 allelic frequency was
observed in cases relative to controls ()(2 = 5.133, Bonferroni-
Holm corrected P < 0.001; Table 3). Sex-specific analyses
showed that 1s60954128 minor alleles and homozygous geno-
types were over-represented in male schizophrenia cases rela-
tive to male controls following Bonferroni-Holm correction
(allelic frequency: x* = 6.106, Bonferroni-Holm corrected
P = 0.004; genotypic frequency: x> = 9.085, P = 0.011,
Bonferroni-Holm corrected P = 0.002). For rs3824927, there
was no difference in genotype or allele frequency in the schizo-
phrenia group relative to controls (Table 3).

Effects of genotypes on hippocampal volume

A significant group-by-genotype interaction for rs60954128
was observed in the right hippocampus (F; 13; = 6.512,
P = 0.012, Bonferroni-Holm corrected P = 0.001). Post-hoc
analyses for the right hippocampus showed schizophrenia mi-
nor allele carriers had reduced right hippocampal volume
compared to control subjects of the same genotype
(P < 0.001, Bonferroni-Holm corrected P < 0.001; —12.3%;
Fig. 2b), but not compared to schizophrenia major allele ho-
mozygotes at the reduced significance following Bonferroni-
Holm correction (P = 0.030; Bonferroni-Holm corrected

=—0.022). Sex-specific analyses for schizophrenia showed

this interaction was driven by men (F; 95 = 6.507, P = 0.012;
Bonferroni-Holm corrected P < 0.001), with male schizophre-
nia rs60954128 minor allele carriers having reduced right hip-
pocampal volume relative to control minor allele carriers
(P < 0.001; —15.8%) and compared to male schizophrenia
major allele carriers (P = 0.003; —15.6%). No effects of
rs3824927 were observed on hippocampal volumes.

Effects of genotypes on cognitive function

Schizophrenia subjects performed significantly worse than
controls on all cognitive assessments (F3 45, > 7.36,
P < 0.007; Supplementary Table S1). There were no main
effects of either SNP after Bonferroni-Holm correction. For
rs3824927, group-by-genotype interaction effects for
rs3824927 were observed for WASI (IQ estimates;
F3.457 = 10.866, P = 0.001, Bonferroni-Holm corrected
P = 0.001), with scores in this test significantly lower in
schizophrenia minor allele carriers compared to schizophrenia
major allele homozygotes (P = 0.015; Fig. 3). Sex-specific
analysis showed the same effect was present in only males
(F3300 = 11.073, P < 0.001, Bonferroni-Holm corrected
P <0.001). No other effects of r1s60954128 or rs3824927 were
observed following Bonferroni-Holm correction
(Supplementary Table S1).

Effects of genotype on postmortem mGluRS protein levels
in CAl

One schizophrenia subject (male) was removed from the final
analysis due to technical issues, and thus these results are
presented for 20 control and 19 schizophrenia subjects. As
distribution of mGIluRS protein was skewed to the right
(Matosin et al. 2015a), normalized distribution for these pro-
teins for parametric tests was achieved by transforming to the
natural logarithm of the relative protein values. Spearman’s
Rho were initially used to identify potential correlations of
untransformed mGluRS protein values with confounding

Table 3  Minor genotypic and allelic frequencies in the cohort (HC, SZ), and tests of association (SZ:HC only)

SNP Location Minor allele HWE MGF (%) MAF (%)
P (HC/SZ) HC  SZ X P HC  SZ X’ P
1560954128 88,506,288 T 0.224/0289  all 1.0 5.0 7408 0025 138 197 5133 0.023
male 0.0 5.7 9085 0011 116 196 6106  0.009
female 2.5 34 0468 0791 175 202 0447  0.504
153824927 88,508,028 T 0273/0437 il 237 286 2767 0251 496 491 0127 0721
male 234 300 2723 0256 487 476 0252 0616
female 241 257 0432 0806 489 478  0.031 086l

CD, schizophrenia subjects displaying cognitive deficits, CS schizophrenia subjects cognitively spared relative to the CD group, HC healthy controls, SZ
schizophrenia patients, MAF minor allelic frequency, MGF minor genotypic frequency, HWE Hardy-Weinberg equilibrium. Significant values are in

bold
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Fig. 2 a Increased minor allele frequency of rs60954128 with
schizophrenia and specifically in males. b Reduced right hippocampal
volume in schizophrenia minor allele carriers relative to control minor
allele carriers. Abbreviations: Adj hippocampal vol, adjusted

factors, including brain pH, age at death, postmortem interval,
RNA integrity, freezer storage time (months), brain volume,
illness duration and lifetime antipsychotic drug exposure
(chlorpromazine equivalent); mGIuRS protein level was sig-
nificantly associated with brain pH (R = —0.355, P = 0.026)
and freezer storage time (R = 0.356, P = 0.026). Subsequent
ANCOVA, using brain pH and freezer storage time as covar-
iates, showed that neither rs60954128 (n =27 CCand n =12
CT, no TT carriers; Fy 39 = 0.038; P = 0.847) nor rs3824927
(n=10GG,n=22GTandn=7TT; F39=0.274; P=0.762)
significantly affected mGIuRS protein level. Genotype-by-
diagnosis interactions could not be performed owing to small
sample sizes.

Discussion

This study examined the association of two genetic polymor-
phisms (rs60954128 and rs3824927) situated in the 3’UTR of
GRMS5, with cognitive functions, hippocampal volume and
levels of mGluRS protein in the hippocampus, in people with

130 B major allele carrier (GG)

o 3 minor allele carrier (GT/TT)
= 120 .
c
@
®©
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| I— | I L
HC Sz

Fig. 3 Effects of rs3814927 on WASI 1Q scores, which was reduced in
schizophrenia minor allele carriers relative to schizophrenia major allele
carriers, and both control genotypes. Abbreviations: HC, healthy
control; SZ, schizophrenia; WASI, Wechsler Abbreviated Scale of
Intelligence. *significance according to Bonferroni-Holm correction for
multiple comparisons
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hippocampal volume; HC, healthy control; SZ, schizophrenia.
*significance according to Bonferroni-Holm correction for multiple
comparisons

schizophrenia. There have been no such investigations of
these genetic variants to date, despite accumulating evidence
for the role of GRM3 in schizophrenia etiology. In this study,
rs60954128 minor alleles were more highly represented in
patients with schizophrenia compared to controls, with these
minor allele carriers also having reduced volumes of the right
hippocampus compared to healthy participants of the same
genotype. These effects were strongest in males with schizo-
phrenia. Allelic frequency of rs3824927 was not different in
schizophrenia relative to controls, but minor allele carriers
with schizophrenia had lower IQ scores compared to major
allele homozygotes with schizophrenia, and all control sub-
jects regardless of genotype. In the postmortem samples,
GRMS5 genotypes were not associated with the difference of
mGluRS protein levels in the CA1 region in the tested cohort.
The two SNPs examined in this study were in low to moderate
LD, suggesting that they operate independently. The differen-
tial associations with brain structure and cognition observed in
this study may be taken as some support for this.

That rs60954128 minor allele carriers had reduced volume
of the right hippocampus compared to healthy participants of
the same genotypes (in combination with lower cognitive per-
formance of schizophrenia cases) is consistent with previous
associations between hippocampal integrity and cognitive
ability (Colom et al. 2013; Minh 2014), including the effects
of mGIuR5 on hippocampal-dependent plasticity and spatial
memory (Manahan-Vaughan and Braunewell 2005;
Mukherjee and Manahan-Vaughan 2013). Although we found
no effects of rs60954128 and hippocampal-dependent cogni-
tive functions (e.g. delayed memory), it remains possible that
other hippocampal-dependent cognitive functions that were
not tested in this sample (e.g., long-term memory function)
may be associated with common variation in GRMS5 genes. In
contrast, a strong effect of rs3824927 was observed on general
intellectual ability in schizophrenia, with minor allele carriers
showing reduced IQ relative to major allele homozygotes.

The contribution of GRM) to intellectual ability has been
established in the context of other disorders for which the
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clinical phenotype and genetic architecture overlaps with
schizophrenia (Doherty and Owen 2014). For example, in
Fragile X syndrome (FXS), which is characterized by severe
mental retardation, reduced GRMY activity improves intellec-
tual ability (Dolen and Bear 2008). This finding suggests that
high levels of GRM5 (which have been reported in the hippo-
campus in schizophrenia) may lead to impaired 1Q (Matosin
etal. 2015a). FXS commonly occurs in children with attention
deficit hyperactivity disorder (ADHD) (Sullivan et al. 2006),
in which self-regulation deficits appear to affect IQ (Kuntsi
et al. 2004). A deletion in GRMS5 has been identified in a
familial study of ADHD (Elia et al. 2010), providing further
support for this association. The rs3824927 variant might be
involved in mediating impaired intelligence in schizophrenia
and other psychiatric disorders, potentially via genetic effects
on epigenetic modifications that affect chromosome confor-
mation and result in altered gene regulation (Krijger and de
Laat 2016). Clustered Regularly Interspaced Short
Palindromic Repeat (CRISPR/Cas9) gene editing in rodent
models would be valuable to assess the effects of these poly-
morphisms on behavior, particularly domains of cognition, as
well as treatment response to both novel and current antipsy-
chotic medications.

Given that the variants examined here are located within
the 3" UTR of GRMS, they might have potential regulatory
functions, such as control of RNA splicing/stability, transla-
tion, microRNA interactions, and transcription. However,
mGIuRS5 protein levels were not affected by the GRMS5 ge-
netic variants examined in this study. This finding
should be considered with regards that many polymor-
phisms influence gene regulation, not only at the level
of the full length transcript and protein, but also by
altering the expression of alternative transcripts. This
is important as GRM5 has (at least) two alternative tran-
scripts encoding two separate proteins, mGluR5a and
mGluR5b as indexed in RefSeq. As our protein mea-
sures did not discriminate between the mGIluRS iso-
forms, the molecular consequences of the genetic vari-
ants in this study require further exploration.

This study has some important limitations. Firstly, the po-
tential effects of medication dosage could not be considered in
the ASRB sample, due to limited details of medication history
and dosage collected at the time of testing; we note that no
influence of typical or atypical antipsychotic drug treatment
on the mGIuRS5 protein system was reported in the prefrontal
cortex and hippocampus of rodents (Matosin et al. 2015a).
The limitations of single SNP studies should also be consid-
ered, and determination of how these genetic variants operate
in different biological and environmental contexts (for exam-
ple, in relation to other genotypes or epigenetic regulation)
will be important in the future. The relatively small size of
our postmortem cohort precludes observations of any possible
association between GRMS5 variants and mGIuRS protein

expression, and lastly, no individuals were homozygous for
the minor allele, which limited our ability to test group by
genotype interactions. Further investigation and replication
in larger cohorts will be important.

In summary, this work suggests contribution of common
variants of GRMS5 to impaired attention and reduced right
hippocampal volume in schizophrenia, particularly in men,
suggesting these variants may operate in a sex-specific man-
ner. The effect of rs3814927 on IQ may have further implica-
tions of these findings in other disorders in which GRMY is
also associated such as FXS and ADHD. Additionally, our
findings suggest that changes to hippocampal volume associ-
ated with rs60954128 variation could contribute to the cogni-
tive decline in schizophrenia, and may therefore lead to novel
therapeutic targets. Further investigation of the functional and
phenotypic associations of GRM5 would be useful in the con-
text of the potential interactive epistatic effects of these genetic
variants with other GRM5 variants with this region, or other
genes, which will allow determination of key pathways affect-
ed in schizophrenia.
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