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Abnormal N-methyl-p-aspartate receptor (NMDAR) function has been implicated in the pathophysiology of
schizophrenia. p-serine is an important NMDAR modulator, and to elucidate the role of the p-serine synthesis
enzyme serine racemase (Srr) in schizophrenia, we identified and characterized mice with an ENU-induced
mutation that results in a complete loss of Srr activity and dramatically reduced p-serine levels. Mutant
mice displayed behaviors relevant to schizophrenia, including impairments in prepulse inhibition, sociability
and spatial discrimination. Behavioral deficits were exacerbated by an NMDAR antagonist and ameliorated by
p-serine or the atypical antipsychotic clozapine. Expression profiling revealed that the Srr mutation influ-
enced several genes that have been linked to schizophrenia and cognitive ability. Transcript levels altered
by the Srr mutation were also normalized by p-serine or clozapine treatment. Furthermore, analysis of SRR
genetic variants in humans identified a robust association with schizophrenia. This study demonstrates
that aberrant Srr function and diminished p-serine may contribute to schizophrenia pathogenesis.

INTRODUCTION

Schizophrenia is a severely debilitating psychiatric disorder
that affects up to 1% of the population worldwide. In addition
to the psychotic features of delusions, hallucinations and dis-
organized thought, schizophrenia is characterized by pro-
found cognitive deficits, including impairments in attention,
learning and working memory and by negative symptoms
that involve social withdrawal and affective flattening (1,2).
Current anti-psychotics have limited efficacy, particularly in
ameliorating the cognitive and negative symptoms, and
further understanding of the molecular mechanisms that
underlie schizophrenia is imperative for the development of
novel therapeutics (1,3).

Deficient glutamatergic neurotransmission mediated by the
N-methyl-p-aspartate receptor (NMDAR) may be involved in
the pathophysiology of schizophrenia (4). Non-competitive
antagonists of the NMDAR, such as phencyclidine, elicit
schizophrenic-like symptoms in healthy individuals and
exacerbate such symptoms in patients (5,6). Schizophrenia is
known to be influenced by heritable factors and genetic
studies have identified a number of susceptibility genes that
modulate NMDAR function (2,4). These include several
genes that regulate the endogenous NMDAR glycine site
agonist, p-serine (7—9). Growing evidence indicates that the
D-serine catabolic enzyme, D-amino acid oxidase (DAO),
and its activator, G72, are associated with an increased risk
of schizophrenia (7,8,10), and DAO activity is augmented in
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the brains of schizophrenic patients (11). p-serine is syn-
thesized from L-serine by the enzyme serine racemase (Str)
(12). In support of a Srr dysfunction in schizophrenia patients
is the observation of reduced levels of p-serine in the CSF and
serum, with a corresponding increase in its precursor, L-serine
(13,14). Together, these studies indicate that an abnormality in
available p-serine may be involved in schizophrenia pathogen-
esis and prompt a need to further investigate the role of
D-serine modulators in schizophrenia.

Activation of the NMDAR requires the binding of gluta-
mate to NR2 concomitant with the binding of glycine or
p-serine to the NRI1 subunit (15—17). p-serine is selective
for the NR1 subunit and has been shown to be the predominant
physiological co-agonist in several brain regions (18-20).
Furthermore, p-serine and Srr are present in both astrocytes
and neurons of the brain (12,21,22), with a regional distri-
bution that closely resembles that of NMDARs (23).
D-serine is capable of enhancing NMDAR signaling, as
in vivo studies indicate that the glycine site is not saturated
in many brain regions (18,24). Additionally, recent reports
indicate that elimination of Sir function and lowered
p-serine levels in mice reduces NMDAR-mediated neurotrans-
mission and results in spatial memory impairments in mice
(19,20,25). These findings support the capacity for p-serine
and Srr to dynamically regulate NMDAR function, and dis-
turbances in this pathway could conceivably contribute to psy-
chopathologies associated with abnormal NMDAR activity.

To further establish the role of Srr in schizophrenia, we
screened mice for a mutation in the Srr gene, and then exam-
ined biochemical markers, mRNA expression, behavioral phe-
notypes and pharmacological responses that are relevant to the
abnormalities found in this disease. In addition, we conducted
a human genetic association study to determine the involve-
ment of SRR polymorphisms in schizophrenia risk. Human
and mouse Srr have highly conserved enzymological charac-
teristics (26), and the use of a mouse model permits an
in-depth analysis of the effects specifically related to
reduced Srr function. Here, we report that lack of Srr activity
and decreased p-serine levels produce schizophrenia-related
phenotypes in mice and that a genetic variant in the SRR
gene is associated with schizophrenia in humans.

RESULTS
Identification of a mutation in the Srr gene

To establish the Sy mutation in mice, we employed
N-nitroso-N-ethylurea (ENU) mutagenesis, an effective
means of introducing point mutations into the genome (27).
All Srr isoforms contain coding exons 3, 4, 8 and 9, and
these were screened in the F1 progeny of ENU-mutagenized
C57BL/6JJcl male mice and untreated DBA/2JJcl female
mice (mutation discovery rate of 7.22 x 10_7/bp/gamete).
At the start of exon 9, a T to A transversion resulting in a non-
sense mutation (Tyrpg9 converted to a stop codon) was ident-
ified (Supplementary Material, Fig. S1). Exon 9 is the last
coding exon of Srr. The C57BL/6JJcl and DBA/2JJcl parental
mouse strains have identical exon 9 sequences (data not
shown), indicating that the mutation was induced by ENU
treatment. The F1 founder carrying the Srr'?%** mutation

was bred with C57BL/6JJcl female mice for one generation
(N2), before heterozygous N2 mice were backcrossed for six
generations onto the C57BL/6J strain (N3—N8) using male
and female animals. Experimental animals were then bred
from heterozygous intercrosses of N8 Srr'?%** mice, which
contained >99.6% of the C57BL/6J genome. Mutant mice
are available from the RIKEN BioResource Center
(Rgsc1872; www.brc.riken.jp/lab/animal/en/gscmouse.shtml).

Lack of Srr activity and diminished p-serine
in mutant mice

The effects of the Sr+'%’* mutation on the protein levels and
function of Srr were explored in the mouse brain. Western blot
analysis showed a loss of Srr protein in the mutant mice using
either a monoclonal (Fig. 1A) or a polyclonal (Supplementary
Material, Fig. S2) antibody directed to N-terminal epitopes.
No truncated versions of Srr were observed, based on the pre-
dicted size of a putative truncated Srr protein of 29 kDA. Real-
time RT—PCR indicated a ~50% reduction in Srr mRNA
levels in mutant animals (Fig. 1B). When Srr activity was
measured in an assay that examines the production of
D-serine above basal levels, no additional p-serine was syn-
thesized in whole brain, hippocampus and frontal cortex prep-
arations of mutant mice (Fig. 1C), demonstrating a complete
lack of Srr function. To a lesser extent Srr activity was also
decreased in the whole brain, hippocampus and frontal
cortex of heterozygous mice (Fig. 1C). No Srr activity was
detected in the cerebellum, consistent with reports of
minimal Srr protein in the cerebellum of adult animals (28).
Furthermore, p-serine concentrations were greatly reduced in
the whole brain, hip}g'ocampus, frontal cortex, but not the cer-
ebellum of adult Sr7'?%%* mutant animals (Fig. 1D). Addition-
ally, in the frontal cortex of mutant mice, an elevation in
L-serine levels was observed (Supplementary Material,
Table S1). No changes were detected when the whole brain,
hippocampus, frontal cortex and cerebellum were assayed
for the concentrations of other amino acids, including gluta-
mate, glutamine, glycine, arginine, alanine and GABA (Sup-
plementary Material, Table S1).

The expression of other proteins involved in the p-serine
pathway and in NMDAR-mediated neurotransmission were
also evaluated in the whole brain, hippocampus, frontal
cortex and cerebellum. Protein-interacting with kinase C
(PICK1) is a scaffolding protein that regulates the subcellular
localization and surface expression of a number of binding
partners (29), and the PDZ domain of PICKI has been
shown to bind to a consensus sequence on the C-terminus of
Srr (30). PICKI protein levels were elevated in Srr?2%*
mutant mice in the whole brain and hippocampus (Fig. 1E),
though whole brain mRNA abundance was not significantly
increased (Supplementary Material, Fig. S2). Protein levels
of the NMDAR-NR1 subunit, AMPA receptor GluR1 and
GluR2 subunits, DAO and glycine transporter-1 (GlyT-1)
remained unchanged in the whole brain, hippocampus and
frontal cortex (Supplementary Material, Fig. S3). In the cer-
ebellum of mutant mice, a decreased amount of GlyT-1 was
detected and there was also a trend indicating lower levels
of DAO, suggesting compensatory changes in glycine and
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Figure 1. Biochemical changes in mice with a nonsense mutation in exon 9 of Srr. (Aa) Western blot examining Srr levels using a monoclonal Srr antibody to
probe protein extracts from whole brain of wild-type (+/+), heterozygous (+/Y269*) and mutant (Y269*/Y269*) mice. A loss of Srr protein was observed in
mutant mice. 3-Tubulin III was used as a loading control. The molecular weights in kiloDaltons (kDa) of Srr and a protein standard (S) are marked. (Ab) Densito-
metric quantification of western blot for Srr. The mean densitometry ( + SEM) is an indicator of Str protein levels in wild-type, heterozygote and mutant animals
(genotype, F> ¢ = 140.9, P < 0.001). ***P < 0.001 compared with wild-type mice; ##P < 0.01 compared with heterozygous mice. (B) Real-time RT-PCR
analysis of Sr» mRNA. Mean levels of S7» mRNA ( + SEM) assessed in whole brain of wild-type (n = 6), heterozygous (n = 7) and mutant mice (n = 6) revealed
a significantly reduced abundance of S mRNA in mutant animals. *P < 0.05 compared with wild-type mice. (C) In an Srr activity assay, the mean D-serine
production ( + SEM) by endogenous Srr was examined in the whole brain, hippocampus, frontal cortex and cerebellum of wild-type (n = 7—8), heterozygous
(n = 4-6) and mutant mice (n = 5—7). An absence of Srr activity was found in mutant animals. *P < 0.05, ***P < 0.001 compared with wild-type mice, within
the same brain region; ##P < 0.01, ##P < 0.001 compared with heterozygous mice, within the same brain region. (D) Mean concentration ( + SEM) of p-serine
was examined by HPLC in the whole brain, hippocampus, frontal cortex and cerebellum of wild-type (n = 5-8), heterozygous (n = 6—9) and mutant mice (n =
6—8). Lower p-serine concentrations were found in the whole brain, hippocampus, frontal cortex, but not the cerebellum of mutant mice. ***P < 0.001 compared
with wild-type mice, within the same brain region; ###P < 0.001 compared with heterozygous mice, within the same brain region. (Ea) Western blot assessing
PICK1 protein levels in whole brain, hippocampus, frontal cortex and cerebellum of wild-type, heterozygous and mutant mice. PICK1 was found to be elevated
in the whole brain and hippocampus of mutant animals. -Tubulin III was used as a loading control. (Eb) Densitometric quantification of western blot for PICK1.
The mean densitometry (4 SEM) indicates PICK1 protein levels in wild-type, heterozygote and mutant animals (genotype, F» ¢ = 10.7, P < 0.05; genotype X
brain region interaction, F ;5 = 5.6, P < 0.01). *P < 0.05, **P < 0.01 compared with wild-type mice, within the same brain region; ##P < 0.01 compared with
heterozygous mice, within the same brain region.
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D-serine availability in this brain region (Supplementary
Material, Fig. S3).

Mutant mice display behavioral phenotypes relevant
to schizophrenia

Mice with the Sr»'?%* mutation were physically indistin-
guishable from their wild-type littermates. Examination of
reflexes, vision, fur condition and weight did not reveal any
differences between wild-type and mutant mice (Supplemen-
tary Material, Fig. S4). Performance in a 3-day accelerating
rotarod task, an indicator of motor coordination, balance,
and motor learning, did not significantly differ between the
genotypes, although there was a trend towards the mutant
mice displaying a reduced latency to fall from the rotating
axle (Supplementary Material, Fig. S4). In an open field
arena, locomotor activity throughout the 30-min testing
period was comparable in wild-type and mutant animals (Sup-
plementary Material, Fig. S4). Additionally, no genotype
differences were observed in an assessment of depression-like
behavior in the forced swim test or anxiety-like behavior in the
elevated plus-maze (Supplementary Material, Fig. S4).

Social dysfunction is an important component of schizo-
phrenia negative symptoms, often present in the prodromal
stages and persisting throughout life (2,31). Social behaviors
were assessed in Sr77?%* mice, since these behaviors have
served as a heuristic model for social deficits in schizophrenia
(31,32). During the sociability phase of the social affiliations
task, wild-type animals preferred the chamber with the unfa-
miliar conspecific mouse over the empty chamber, whereas
mutant mice did not (Fig. 2A). The social approach deficit
observed in mutant mice could not be attributed to alterations
in exploratory activity, as wild-type and mutant animals dis-
played a similar number of chamber entries (Supplementary
Material, Fig. S5). In the social novelty phase, both wild-type
and mutant animals favored the chamber containing a newly
introduced mouse (stranger 2) over the chamber containing a
now familiar mouse (stranger 1) (Fig. 2B). Wild-type and
mutant mice had similar olfactory acuity, as both genotypes
displayed comparable latencies to find a hidden food pellet
(Supplementary Material, Fig. S5).

An impaired ability to filter or ‘gate out’ sensory and cog-
nitive information is a prominent clinical feature of schizo-
phrenia (33). A well-established operational measure of
sensorimotor gating is prepulse inhibition (PPI) of the startle
response (34). PPI refers to the attenuation of the startle
response by a weak stimulus (prepulse) appearing shortly
before a startle stimulus. PPI deficits are observed in schizo-
phrenic patients, and PPI is considered to be a model with
reasonable face, predictive and construct validity (33).
Srr'?%%* mutant mice demonstrated diminished PPI compared
with wild-type animals (Fig. 2C). In the absence of the pre-
pulse, responses to the startle stimulus and to a range of stimu-
lus intensities did not differ between genotypes
(Supplementary Material, Fig. S5). Also, startle responses
were increased at greater stimulus intensities (Supplementary
Material, Fig. S5), suggesting normal hearing.

Cognitive deficits are a central characteristic of schizo-
phrenia and include impairments in spatial recognition
(35,36). In mice, visuospatial cognition can be investigated

using a spatial object recognition procedure (37,38). Perform-
ance in the spatial discrimination task has previously been
demonstrated to be sensitive to pharmacological manipulation
with dopaminergic and serotonergic compounds (37,38), and
is impaired by lesions to areas such as the nucleus accumbens,
hippocampus and prefrontal cortex, that are recognized to be
important for cognitive function and part of the corticolimbic
network implicated in schizophrenia (39,40). During the
spatial change session of this object discrimination task, wild-
type mice spent more time investigating the objects with a
novel spatial configuration (displaced objects) than the
objects that remained stationary (non-displaced objects)
(Fig. 2D). In contrast, the mutant mice did not react differently
to the displaced objects (Fig. 2D). Prior to the spatial displace-
ment, wild-type and mutant animals acclimatized to the
objects similarly in the habituation sessions (Supplementary
Material, Fig. S5), and no preference for either object category
(to be displaced or non-displaced) was demonstrated in the last
habituation session by either genotype (Supplementary
Material, Fig. S5). When a novel object was introduced,
both wild-type and mutant animals spent more time exploring
the novel object than the three familiar objects (Fig. 2E).
Locomotor activity did not differ between genotypes during
this task (Supplementary Material, Fig. S5).

Cognitive disturbances in Sr772%’* mice were also observed
in the Morris water maze (MWM), a classic test of spatial
learning and memory. Performance in a visible platform
session and in the 7-day acquisition training phase when the
platform was hidden was similar in wild-type and mutant
mice (Supplementary Material, Fig. S5). However, spatial
memory measured in a probe trial conducted after 5 days of
acquisition training was considerably deficient in Srr'2%%*
mutant mice. Compared with wild-type animals, mutant
mice spent less time in an area 3 x the platform diameter cen-
tered over its former location (Supplementary Material,
Fig. S5). Furthermore, mutant mice did not display a greater
amount of time over the target location compared with the
averaged analogous non-target areas, indicating a lack of pre-
ference for the target location. A second probe trial performed
after seven acquisition days demonstrated that with greater
training the spatial memory deficit in mutant mice could be
partially ameliorated; however, mutant animals in this probe
trial continued to lack a significant preference for the target
location over the averaged analogous non-target areas (Sup-
plementary Material, Fig. S5).

Pharmacological responses in mutant mice

The efficacy of p-serine to reverse the behavioral impairments
in Sr#"?%* mutant mice was assessed and compared with clo-
zapine. Clozapine is a widely used atypical anti-psychotic with
a pharmacological profile that includes affinity for D;- and
D,-like dopamine receptors and 5-HT, receptors (2). In the
social affiliations task, p-serine fully reversed the social
impairment observed in mutant mice (Fig. 3A). Adminis-
tration of clozapine to mutant animals, on the other hand,
did not significantly induce a preference for the chamber con-
taining the unfamiliar mouse (Fig. 3A). The number of
chamber entries did not differ significantly between genotype
and drug treatment groups, indicating normal exploratory
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Figure 2. Schizophrenia-like behaviors in Srr mutant mice. (A) Sociability session in social affiliations task. Mean time spent in a chamber containing a
stranger mouse, a central chamber and a chamber with an empty cage. In contrast to wild-type mice (+/+; n = 13), mutant animals (Y269*/Y269*; n = 12) did
not favor the chamber with the stranger mouse (genotype x apparatus side, F; 3 = 6.7, P < 0.05). ***P < 0.001 compared with the chamber with empty cage,
within genotype; ##P < 0.01 compared with wild-type mice in the same chamber. (B) Social novelty session in social affiliations task. Mean time spent in a
chamber containing a newly introduced mouse (stranger 2), a central chamber and a chamber with a familiar mouse (stranger 1). Both wild-type and mutant
mice preferred the chamber with the novel stranger (apparatus side, F; 3=26.2, P < 0.001). **P < 0.01 compared with the chamber with stranger 1, within
each genotype. (C) Prepulse inhibition (PPI) of the acoustic startle response. Mean % inhibition of the startle response at prepulse intensities of 69, 73 and
81 dB. Compared with wild-type animals (» = 13), mutant mice (n = 12) demonstrated a PPI deficit (genotype, F; »3 = 6.9, P < 0.05; genotype with collapsed
prepulse intensities P < 0.02). *P < 0.05 compared with wild-type mice, within the same prepulse intensity. (D) Spatial change session in the object recognition
task. Mean time spent exploring the displaced and non-displaced objects. Wild-type (» = 8), but not mutant mice (n = 11), showed greater exploration of the
objects that underwent a spatial change (object category, F; ;7 = 65.6, P < 0.001; genotype x object category, [} 17 = 36.7, P < 0.001). ***P < 0.001 compared
with the non-displaced objects, within genotype; #P < 0.05 compared with wild-type mice exploring the same object category. (E) Non-spatial change session in
the object recognition task. Mean time spent exploring the novel item and three familiar objects. Both wild-type and mutant mice preferentially explored the
novel object (object category, Fy 17 = 52.4, P < 0.001). **P < 0.01, ***P < 0.001 compared with the familiar objects, within each genotype; #P < 0.05 com-
pared with wild-type mice exploring the same object category. Data are shown as mean + SEM.

activity (Supplementary Material, Fig. S6). Additionally,
pharmacological treatments did not affect olfactory function,
as similar latencies to find a buried food pellet were observed
(Supplementary Material, Fig. S6).

Deficient PPI in mutant animals was rescued by both
p-serine and clozapine administration (Fig. 3B). These com-
pounds did not affect responses to the acoustic startle stimulus
(Supplementary Material, Fig. S6). In the spatial recognition
task, impaired reactivity to a spatial change in mutant
animals was substantially improved by both p-serine and clo-
zapine (Fig. 3C). These effects were not related to alterations
in object exploration during the habituation phase or to an
innate preference for an object category (Supplementary
Material, Fig. S6). p-serine-treated mutant mice demonstrated
reduced locomotor activity in the initial empty open-field

session; however, no differences in locomotor function were
observed in any genotype or drug treatment group during the
subsequent object habituation and spatial change sessions
(Supplementary Material, Fig. S6). p-serine was also able to
reverse the spatial memory deficits of mutant animals in the
MWM. Vehicle- and p-serine-treated wild-type and mutant
mice demonstrated comparable performances during the
visible platform session and acquisition training phase (Sup-
plementary Material, Fig. S6). In the probe trials,
D-serine-injected mutant mice spent more time in a target
area 3x the platform diameter than vehicle-treated mutant
animals (Supplementary Material, Fig. S6). p-serine-treated
mutant mice also significantly favored the target location
over the averaged analogous non-target areas, whereas the
vehicle-treated mutant mice did not.
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Figure 3. p-serine (600 mg/kg) and clozapine (0.75 mg/kg) improve
schizophrenia-like behaviors in mutant mice. (A) Mean time in a chamber con-
taining a stranger mouse, a central chamber and a chamber with an empty cage
during a test of sociability. Wild-type animals (4/+) given vehicle (veh; n =
10), p-serine (D-s; n = 8) or clozapine (cloz; » = 10) and mutant mice (Y269*/
Y269%) treated with p-serine (n = 9) significantly preferred the chamber with
the unfamiliar mouse, whereas mutant mice injected with vehicle (n = 10) or
clozapine (n = 11) did not (genotype x apparatus side, F; 5, = 4.3, P < 0.05).
*P < 0.05, **P < 0.01, **P < 0.001 compared with the chamber with empty
cage, within genotype and drug treatment group; ##P < 0.01 compared with
vehicle-treated wild-type mice in the same chamber. (B) Mean % reduction
of startle amplitude at prepulse intensities of 69, 73 and 81 dB. The PPI
deficit in vehicle-treated mutant mice (n = 11) was improved by p-serine
(n=12) and clozapine (n = 8) to a level comparable to wild-type animals
treated with vehicle (n = 9), p-serine (n = 9) or clozapine (n = 9) (genotype X
drug treatment, F, s, = 4.3, P < 0.05). **P < 0.01, ***P < 0.001 compared
with vehicle-treated wild-type mice, within the same prepulse intensity;
#P < 0.05, ##P < 0.01 compared with vehicle-treated mutant mice, within
the same prepulse intensity. (C) Mean time spent investigating displaced
and non-displaced objects in the spatial recognition task. Rescue of the
impaired spatial reactivity in vehicle-treated mutant mice (n = 10) was appar-
ent in mutant animals treated with p-serine (n = 8) and clozapine (n = 9),
which demonstrated similar responses to wild-type mice given vehicle (n =
9), p-serine (n = 9) or clozapine (n = 10) (genotype x drug treatment x object
category, [ 49 =4.3, P <0.05). *P < 0.05, **P < 0.01, ***P < 0.001 com-
pared with the non-displaced objects, within genotype and drug treatment
group; ##P < 0.01 compared with vehicle-treated wild-type mice exploring
the same object category. Data are presented as mean + SEM.

The capacity for NMDAR antagonists to induce psychoto-
mimetic effects in humans prompted their application in
pharmacological animal models of schizophrenia (41). In
animals, NMDAR antagonists such as MK-801 potentiate a
spectrum of behavioral abnormalities relevant to schizo-
phrenia, including locomotor hyperactivity, stereotypy,
impaired PPI, and perseveration (41,42). Locomotor hyperac-
tivity is an animal model for the positive symptoms of schizo-
phrenia that is proposed to correspond to psychomotor
agitation (41). To examine the effects of the Srr¥20°* mutation
in a pharmacological model relevant to schizophrenia, we
assessed the effects of MK-801 treatment on PPI and loco-
motor activity. A low dose of MK-801 was chosen to avoid
exceeding the range of the behavioral tests measured. Admin-
istration of MK-801 was found to produce greater impairments
in Srr¥?%* mutant mice than in wild-type animals. PPI in
mutant mice given MK-801 was more severely disrupted, as
demonstrated by a significant reduction in comparison to
MK-801-treated wild-type mice and vehicle-treated mutant
animals at the prepulse intensities of 69 and 73 dB
(Fig. 4A). The acoustic startle response in MK-801-treated
mutant mice was also elevated (Supplementary Material,
Fig. S7); however, no correlation was found between startle
response and PPI in the mutant mice (» = —0.06 for 69 dB,
r=0.23 for 73dB and r=0.09 for 81 dB; P> 0.05).
MK-801-induced locomotor hyperactivity was apparent in
both wild-type and mutant mice, but was substantially
greater in mutant animals throughout the 30-min testing
period (Fig. 4B).

Differential expression of genes relevant to schizophrenia
and cognitive function in Srr*?%* mice

The recent discoveries of Srr and p-serine as a neurotransmit-
ter in the brain, combined with their potential role in schizo-
phrenia, indicate that the molecular perturbations resulting
from reduced Srr activity are of significant interest. We
adopted a functional genomics approach and performed
transcriptome-wide screening of changes in mRNA levels.
Adult wild-type and Srr¥?%%* mutant mice were compared
using total mRNA extracted from the hippocampus, frontal
cortex and cerebellum to probe Illumina BeadChip expression
arrays that survey 25 697 unique mouse transcripts. We ident-
ified 171 transcripts altered between wild-type and mutant
mice at a 5% false-discovery rate (Fig. 5SA). Since prominent
reductions in D-serine concentrations were found in the hippo-
campus and frontal cortex, but not the cerebellum of adult
Srr¥269* mutant mice (Fig. 1D), the cerebellum may have
comparatively fewer alterations in adult animals, although
p-serine levels are elevated in this region during development
(28). Indeed, the hippocampus was observed to have the
largest changes, both in the number of transcripts (130
altered) and in the magnitudes of change (range: 0.5- to
8.2-fold change) (Fig. SA and B). Fewer differences were
observed in the frontal cortex (32 transcripts; 0.6- to 1.6-fold
change) and cerebellum (33 transcripts; 0.5- to 1.4-fold
change) (Fig. 5SA and B). Only a modest degree of overlap
was observed across the three brain regions (Fig. 5A).

To determine if our gene lists indicated perturbation of
specific pathways or biological functions, we performed
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Figure 4. Potentiation of behavioral responses relevant to schizophrenia fol-
lowing NMDAR inhibition. (A) Mean % inhibition of the acoustic startle
response with prepulse intensities of 69, 73 and 81 dB. Wild-type (+/+)
and mutant animals (Y269%/Y269*) were treated with vehicle (n =17, 24)
or MK-801 (0.1 mg/kg; n =16, 17). PPI in mutant mice given the NMDAR
antagonist was most severely affected (genotype, F, 79 = 18.8, P<<0.001;
drug treatment, F; 7o = 15.6, P < 0.001; genotype x drug treatment x prepulse
intensity, F5 149 = 3.0, P <0.05). *P < 0.05 compared with vehicle-treated
wild-type mice, within the same prepulse intensity; ##P < 0.01, #H#P <
0.001 compared with vehicle-treated mutant mice, within the same prepulse
intensity; ~P < 0.05, ~~~P < 0.001 compared with MK-801-treated wild-
type mice, within the same prepulse intensity. (B) Mean number of beam
breaks in an empty open field during a 30-min assessment of locomotor
activity (5-min bins). Wild-type and mutant animals were given vehicle
(n=9, 9) or MK-801 (0.1 mg/kg; n=10, 9), and locomotor activity was
most enhanced in mutant mice administered the NMDAR antagonist (geno-
type, Fi133=29.5, P<0.0l; drug treatment, F33=35.2, P <0.001;
genotype xdrug treatment, ;33 =4.0, P <0.05). *P <0.05, **P <0.01
compared with vehicle-treated wild-type mice, within the same time bin;
###P < 0.001 compared with vehicle-treated mutant mice, within the same
time bin; ~P <0.05, ~~P <0.01, ~~~P <0.001 compared with
MK-801-treated wild-type mice, within the same time bin. Data are shown
as mean + SEM.

a Gene Ontology (GO) enrichment analysis of the genes with
differential mRNA levels in Sr7'2%°* mice. Twenty-eight sep-
arate functional categories were enriched, with none overlap-
ping across tissues (Supplementary Material, Table S2). The
hippocampus was primarily enriched for genes mediating
transport activity and constituents of the extracellular space,
the frontal cortex for genes regulating gas exchange and the
cerebellum for genes involved in neurogenesis.

Several techniques were employed to confirm and extend
our microarray results. First, real-time RT—PCR assessment
of hippocampal mRNA reproduced the differential expression
of several of the identified genes (Fig. 5C). The magnitude of
the changes observed tended to be greater using the real-time
RT—-PCR method, consistent with previous microarray litera-
ture (43). Second, western blots indicated that protein levels of
transthyretin, ectonucleotide pyrophosphatase/phosphodiester-
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Figure 5. Changes in mRNA levels due to a loss of Srr function. (A) Venn
diagram demonstrating the number of altered transcripts in response to the
Srr7?%* mutation and the overlapping transcripts in the hippocampus,
frontal cortex and cerebellum. (B) Heatmap displaying the clustering patterns
of all differentially expressed genes in the hippocampus, cerebellum and
frontal cortex of Sr'?°’* mice. The color scale indicates the fold change.
The hippocampus shows the greatest number and magnitude of changes. (C)
Real-time RT—PCR analysis. In the hippocampus of mutant mice (Y269*/
Y269%; n =15) the mRNA levels of Ttr, Enpp2, KI, Igf2, Folrl, Prir, Otx2,
Cldn2 and Sgkl were increased, while Srr mRNA levels were reduced relative
to wild-type animals (+/4; n = 7) (genotype, F'; 1o = 11.5, P < 0.01). *P <
0.05, **P < 0.01 compared with wild-type mice, within the same gene.

ase 2, klotho, insulin-like growth factor 2, prolactin receptor
and claudin 2 were elevated in the hippocampus (Supplemen-
tary Material, Fig. S8). Additionally, western blots demon-
strating a lack of Srr protein (Fig. 1A and Supplementary
Material, Fig. S2) further validated the reduced Srr expression
seen in the microarray data.

Several genes implicated in schizophrenia were found
among the differentially expressed genes identified in our
analysis (Table 1), related to neurodevelopment, myelination
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Table 1. Gene expression changes in Srr'?%"

mice identified by microarray analysis

Symbol Gene Entrez Gene ID Fold change

Hippocampus Cerebellum Frontal cortex
Ttr Transthyretin 22139 8.24%** 0.49** 0.56"**
Srr Serine racemase 27364 0.53%** 0.88 0.61"**
Enpp2 Ectonucleotide pyrophosphatase/phosphodiesterase 2 18606 4.06%** 0.70* 0.96
Clic6 Chloride intracellular channel 6 209195 5.79%** 0.89 1.03
Kl Klotho 16591 2.76%** 0.86 0.99
1gf2 Insulin-like growth factor 2 16002 1.87%** 0.91 0.89
Kcne2 Potassium voltage-gated channel, Isk-related subfamily, gene 2 246133 2.30%** 0.85 1.00
Sulfl Sulfatase 1 240725 2.12%** 0.93 0.90
Folrl Folate receptor 1 (adult) 14275 2.38%%* 0.86 1.01
Prir Prolactin receptor 19116 2.327%%% 0.88 0.95
Otx2 Orthodenticle homolog 2 (Drosophila) 18424 2.35%** 0.91 0.98
Cldn2 Claudin 2 12738 2.20%** 0.95 0.99
Fos FBJ osteosarcoma oncogene 14281 0.78* 0.61%** 0.79*
Arc Activity regulated cytoskeletal-associated protein 11838 0.78* 0.94 0.67**
Sgkl Serum/glucocorticoid regulated kinase 1 20393 1.42%* 1.14 1.13
Egrl Early growth response 1 13653 0.90 0.84 0.77*
Mobp Myelin-associated oligodendrocytic basic Protein 17433 1.27* 1.21 1.15
Mbp Myelin basic protein 17196 1.27* 1.00 0.94

*P < 0.05, **P < 0.01, ***P < 0.001 compared with wild-type mice, within the same brain region, false discovery rate adjusted for multiple-testing.

and cognitive ability. The greatest degree of change was
observed in transthyretin (7tr, 8.2-fold in the hippocampus),
a carrier protein for thyroxine and retinol that has been associ-
ated with amyloid diseases and is a proposed protein bio-
marker of schizophrenia (44). Individuals with schizophrenia
have been reported to have reduced levels of prolactin (45),
and the prolactin receptor (Prir) was induced in Srr¥269*
mice. Mutant animals also showed increased mRNA levels
of insulin-like growth factor 2 (/gf2), an important contributor
to brain development, and elevations in IGF2 have been
observed in the serum of schizophrenia patients (46). Abnorm-
alities in myelination and oligodendroglial function are widely
observed in schizophrenia (47), and Srr¥?%%* mutant mice
demonstrated perturbations in myelin-associated genes,
including ectonucleotide pyrophosphatase/phosphodiesterase
2 (Enpp2), myelin-associated oligodendrocytic basic protein
(Mobp) and myelin basic protein (Mbp). Sulfatase 1 (Sulf),
a modulator of cell growth, signaling and oligodendrocyte
differentiation, also had elevated mRNA levels in the mutant
animals (48). Differential expression was also observed for
genes that modulate neuronal plasticity and learning, including
klotho (K/), a gene involved in ageing (49) and serum/
glucocorticoid regulated kinase 1 (Sgk/), which influences
activation of potassium, sodium and chloride channels, and
of early growth response 1 (Egrl), an immediate-early tran-
scription factor (50,51).

To assess the capacity for exogenous p-serine and clozapine
treatment to modulate the transcripts altered by the Srr¥26*
mutation, real-time RT—-PCR was again used to examine
mRNA levels in hippocampal tissue. In mutant animals,
pD-serine and clozapine treatment were found to normalize
several of the differentially expressed transcripts. Vehicle-
treated Srr'?%’* mice displayed an elevated level of Tir,
Enpp2, K, Igf2, Folrl, Prir, Otx2 and Cldn2 and these
elevations were reversed by D-serine or clozapine adminis-
tration (Fig. 6A and B). In particular, significant reductions
in mRNA were observed for /gf2 in p-serine-treated mutant

mice, for Enpp2 in clozapine-treated mutant mice and for K/
in D-serine- or clozapine-treated mutant animals. Drug treat-
ments did not influence levels of y-actin in mutant mice, sig-
nifying that the modulatory effects of p-serine and clozapine
were specific and not transcriptome-wide.

A genetic variant of the SRR gene is associated
with schizophrenia

To further assess the relevance of the SRR gene as a contribut-
ing factor in the pathophysiology of schizophrenia, four single
nucleotide polymorphism (SNP) markers within the human
SRR gene were analyzed in two independent samples: 117
nuclear families and 221 schizophrenia case—control pairs.
The SNPs examined included two in intron 1 (rs4523957,
rs391300), one in intron 4 (rs8081273) and one in intron 6
(rs7222251). In both samples, genotype distributions of all
SRR polymorphisms investigated were in Hardy—Weinberg
equilibrium and none of the markers showed strong linkage
disequilibrium (D’ < 0.9; Supplementary Material, Fig. S9).
A significant genetic association between schizophrenia and
a SNP marker in SRR (rs4523957) was present in the
nuclear family sample (Table 2). This association was
robust, as it persisted after Bonferroni correction (Table 2).
The SRR gene in humans is known to have several isoforms
that are derived from variations in the first exon (52).
Among the tested markers, the significant polymorphism
was the one closest to the 5’ end of SRR and was near exon
b, the variant which composes the majority of Srr in the
human brain (52). Analysis of the case—control sample did
not reveal any significant associations with schizophrenia,
though a trend for both genotype and allele frequencies (P <
0.07) was observed in the same marker (rs4523957) found sig-
nificant in the family sample (Supplementary Material,
Table S3).

Haplotype analyses in the nuclear family and case—control
samples were completed using a two-marker window. In the
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Figure 6. Differentially expressed mRNA transcripts in Srr*?%* mice are nor-

malized by p-serine or clozapine treatment. (A and B) Levels of mRNA in the
hippocampus of wild-type (+4/+) and mutant mice (Y269*/Y269*) were
assessed 30 min following vehicle, Dp-serine (600 mg/kg) or clozapine
(0.75 mg/kg) administration. Vehicle-treated mutant mice (n = 7) demon-
strated an enhancement in Ttr, Enpp2, K1, Igf2, Folrl, Prlr, Otx2 and Cldn2
mRNA that was reversed by p-serine (n = 5) or clozapine (n = 5) treatment
to a level similar to wild-type mice administered vehicle (n = 6), p-serine
(n = 17) or clozapine (n = 7) (genotype, F; 30 = 4.5, P < 0.05; genotype x drug
treatment x gene interaction, Fj 249 = 2.6, P < 0.01). -y-actin was used as a
negative control. *P < 0.05 compared with vehicle-treated wild-type mice,
within the same gene; #P < 0.05 Igf2 mRNA levels in p-serine-treated
mutant mice compared with vehicle-treated mutant mice; ~P < 0.05 Enpp2
mRNA levels in clozapine-treated mutant mice compared with vehicle-treated
mutant mice; “P < 0.05; P <0.01 K/ mRNA levels in p-serine- or
clozapine-treated mutant mice compared with vehicle-treated mutant mice.

family sample, haplotypes constructed by the rs4523957 and
rs391300 markers demonstrated a significant overall associ-
ation (Table 3). Individual haplotype analyses indicated that
the G-A haplotype was associated with schizophrenia, while
the T-G haplotype was protective (Table 3). When haplotype
frequencies were compared in the cases and controls, no sig-
nificant associations were observed (Supplementary Material,
Table S4).

DISCUSSION

Reduced Srr activity resulted in diminished levels of p-serine
and behavioral impairments resembling aspects of the negative
and cognitive symptoms of schizophrenia, including social
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approach deficits, reduced PPI and deficient spatial recognition
and memory. These behavioral deficits could be ameliorated
by exogenous D-serine or the atypical antipsychotic clozapine,
and aggravated by an NMDAR antagonist. Furthermore,
abnormal expression of several genes implicated in schizo-
phrenia and cognitive function were observed in mutant
mice, including Pickl and Ttr. In humans, the SRR gene was
associated with schizophrenia in a nuclear family sample.
These results indicate an important role for Srr in influencing
biochemical and behavioral perturbations associated with
schizophrenia.

We identified one functional mutation in the Srr gene in
7502 mice. In ENU mutagenesis, functional mutation rates
at a specific locus are typically 1 in 1000 gametes. However,
Srr has a small coding region with only 339 codons, and
based on the Poisson distribution and our screening of 239
residues within Srr, the probability of discovering only one
functional mutation among 7502 mice is 20% (27). Conse-
quently, it was not unexpected that we found only one func-
tional mutation in our Srr screen. Though we considered a
functional mutation to be one that changes an amino acid in
an exon, regulatory elements outside exons can influence
gene expression (9), and the study of such point mutations
may also reveal functional effects. ENU induces random
single-base substitutions, and based on the average mutation
rate, the F1 founder for the Srr¥?%%* line would have ~29
other functional heterozygous mutations randomly distributed
among the ~30 000 genes of the mouse genome (53). After
the seven generations of backcrossing onto the C57BL/6J
strain, these additional heterozygous mutations would be
reduced to 0.23. Moreover, only 25% of the 0.23 additional
mutations were expected to be present in both breeding mice
of an N8 intercross (54), and the use of multiple breeding
pairs further ensures independent segregation of these unlikely
mutations. These steps effectively eliminated the likelihood
that the abnormal phenotypes found in Srr'?%** mice were
related to a mutation other than the nonsense mutation in
Srr. Also, the capacity for p-serine to reverse the behavioral
deficits supports that the Sr» mutation is responsible for the
observed mutant phenotypes.

The degree to which p-serine is depleted in Srr mice is
noteworthy. Both enzyme activity assays and western blot
analysis indicate a complete loss of Srr protein expression, a
result that might not be predicted from the introduction of a
premature stop signal at codon 269. Mutated mRNAs contain-
ing a premature stop codon are detected and degraded by pro-
cesses collectively termed nonsense-mediated mRNA decay
(NMD) (55). The best-understood mechanism of NMD in
mammals relies on proteins that remain at the last splice junc-
tion until the first round of translation and thereby detect trans-
lational termination occurring greater than 50—55 nucleotides
upstream of the last splice junction. Codon 269 is precisely at
the beginning of exon 9, the canonical last exon of murine Srr,
and therefore does not fit this rule. This may signify that there
are alternative mechanisms of NMD that depend on somewhat
different requirements. It is also possible that a truncated
protein is produced from the mutant Sr» mRNA but is inher-
ently unstable. Regardless of the process(es) by which Srr
protein is depleted in Srr'?%’* mice, a detectable level of
D-serine remains in the brains of these animals, potentially

Y269«
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Table 2. Family-based association test results for SNP markers in the SRR gene

Human Molecular Genetics, 2009, Vol. 18, No. 17

SNP Allele Frequency Informative families S E(S) Var(S) Z score P-value Corrected P-value
rs4523957 T 0.59 37 36 45.75 12.97 =271 0.006 0.024
G 0.41 42 32.25
rs391300 A 0.39 36 36 31.50 13.20 1.24 0.21
G 0.61 40 44.50
rs8081273 T 0.44 40 34 36.20 15.11 —0.56 0.57
C 0.56 50 47.80
1s7222251 T 0.70 34 46 46.33 11.84 —0.097 0.92
C 0.30 26 25.67

S, test statistic for observed number of alleles; E, expected value of S under null hypothesis; Var(S), variance between the observed and expected
transmission. Significant results are shown in bold font.

Table 3. Haplotype analysis of schizophrenia family sample®

Haplotype Frequency Families S E(S) Var(S) Z score P-value Global P-value
1rs4523957-rs391300 T-G 0.68 27 48.35 55.67 11.92 —2.12 0.033 0.006
G-A 0.28 28 39.35 31.67 10.83 2.34 0.020
rs391300-rs8081273 G-T 0.46 36 47.96 49.55 12.03 —0.46 0.63 0.64
A-C 0.35 34 49.96 47.05 11.44 0.86 0.43
G-C 0.18 26 31.04 47.05 7.64 —0.66 0.51
rs8081273—rs7222251 C-T 0.66 40 71.00 69.84 14.27 0.31 0.72 0.62
T-C 0.20 25 25.00 26.20 8.02 —0.42 0.71
T-T 0.12 26 21.00 22.50 7.42 —0.55 0.53

S, test statistic for observed number of alleles; E, expected value for S under null hypothesis of no biased transmission; Var(S), variance between the

observed and expected transmission. Significant results are shown in bold font.
“Rare haplotypes (frequencies less than 0.05) were omitted from haplotype analysis.

rendering the phenotype somewhat less severe than
NMDA-NRI ablation. A considerable portion of the residual
D-serine may come from the diet, as other p-amino acids can
reach the CNS via this route (56). Alternatively, it has been
suggested that the glycine cleavage system or other enzymes
may contribute to p-serine levels in the brain (57).

In mice with the Sr+'?%°* mutation, diminished Srr activity
was accompanied by a substantial decrease in p-serine in the
whole brain (95% loss), hippocampus, and frontal cortex,
and an increase in L-serine in the frontal cortex. Drug-naive
schizophrenic patients have similar changes in L- and
p-serine (13,14), and improvements in schizophrenic symp-
toms are correlated with an elevation in p-serine (58). These
changes in p-serine have been proposed to be mediated by
alterations in Srr function. In post-mortem studies, Srr
protein levels have been shown to be decreased in the
frontal cortex and hippocampus of schizophrenia patients
(13). Activity of Srr is closely linked to NMDAR activation,
as antagonism of the NMDAR has been found to upregulate
Srr mRNA and protein expression (59). In our study, loss of
Srr activity did not produce any detectable changes in fronto-
cortical or hippocampal levels of the NMDAR subunit NR1, or
in other regulators of NMDAR-mediated neurotransmission,
including GluR1, GluR2 and GlyT-1, although it remains
possible that there could be more subtle alterations in specific
subregions or subcellular compartmentalization. In contrast,
the Srr'%°* mutation induced a decrease in GlyT-1 and
DAO in the cerebellum, possibility related to the role of
p-serine in NMDAR-dependent neuronal migration in the

cerebellum of the developing brain (60). Furthermore, an
increase in PICK1 was observed in Sr7'?%°* animals. In
addition to Srr, PICK1 interacts with and regulates numerous
other proteins, many of which have been implicated in schizo-
phrenia, including glutamate receptors, dopamine transporters,
neuregulin receptors and ephrins (29). The PICK1 gene has
been associated with schizophrenia risk (30) and abnormal
PICK1 transcript levels have been reported in the prefrontal
cortex of schizophrenia patients (61). Thus, the ability of the
Srr mutation to reproduce some of the changes observed in
schizophrenia supports the relevance of this model to the
pathophysiology of this disease.

In addition to its racemization activity, Srr is also possesses
a,B-elimination activity capable of transforming L- or p-serine
into pyruvate and ammonia (62). Since the Sr7¥?%9* mice did
not express any Srr protein or racemase activity, the
«,B-eliminase action of Srr is likely absent in these mice.
The physiological significance of the Srr a,B-eliminase
activity is presently unclear, and it is unlikely to be a substan-
tial contributor of cellular pyruvate, as glycolysis produces
approximately 1000 times more pyruvate than could be pro-
duced by Srr (63). Instead, the Srr «,3-eliminase reaction
may be involved in modulating intracellular levels of
p-serine, avoiding excessive accumulation of D-serine by
degrading it into pyruvate (62). In our study, lack of Srr
a,B-eliminase activity is not likely responsible for the behav-
ioral abnormalities observed, as these were reversible by
p-serine and further induced by MK-801. However, there is
a possibility that the loss of «,3-eliminase activity contributes



Table 4. Summary of phenotypes of Srr*?%’

Human Molecular Genetics, 2009, Vol. 18, No. 17

mutant mice and Srr exon 1 KO mice
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Srp¥26%% Srr exonl KO
Biochemical D-serine N
changes L-serine 4 (frontal cortex) =
Srr No Srtr protein, | Str mRNA  No Srr protein
PICK 1 1 n/a
Proteins relevant to NMDAR = NRI1, GluR1, GluR2 n/a
signaling
J GlyT-1, DAO in
cerebellum
Other mRNA and protein levels altered (i.e.1 Ttr, Enpp2, KI, n/a
Igf2, Prlr, Cldn2)
Electrophysiology n/a } NMDAR glycine site occupancy, | NMDAR-mediated
neurotransmission, No LTP, slower decay kinetics of
NMDAR-mediated EPSCs
Behavioral Physical appearance and = =
phenotype® neurological reflexes
Motor coordination and motor = (trend to decreased motor =
learning (rotarod) coordination)
Locomotor activity = 1 (males), =(females)
Forced swim immobility = n/a
Anxiety (elevated plus-maze, open = = (males), 1 (females)
field)
Sociability 1 n/a
Social novelty = n/a
Olfactory function = n/a
Prepulse inhibition (PPI) 1 =
Startle reactivity = = (males), 1 (females)
Spatial object recognition N n/a
Non-spatial object recognition = n/a
Motor abilities, sensory functions = n/a
and motivation in visible
platform MWM task
Spatial learning and memory J memory | memory (males), =(females)
(MWM)
Pharmacological D-serine ++ sociability, PPI, spatial 4 NMDAR-mediated EPSCs and LTP
responses recognition and memory
deficits
++ altered mRNA levels
Clozapine ++ PPI and spatial n/a
recognition deficits
++ altered mRNA levels
MK-801 1 locomotor hyperactivity n/a
and PPI deficits
1 increased; | decreased; ++4, normalized; =, no change; n/a, not applied.

0Only male mice examined in Sr7'?%%* mice.

Excitatory post-synaptic currents (EPSCs), long-term potentiation (LTP).

to the alterations in certain transcripts and proteins reported,
such as those described in the microarray analysis.

We found that Srr"?*’* mutant mice displayed behavioral
endophenotypes related to the negative and cognitive symp-
toms of schizophrenia (Table 4). The social deficits exhibited
by mutant animals were specific to a test of sociability. In the
affiliations task, the sociability phase is an examination of
social approach and avoidance-related motivation, while the
social novelty phase is an assessment of social memory and
the ability to discriminate a socially novel stimulus (64,65).
Exploratory activity, olfactory acuity and anxiety were unaf-
fected in mutant mice, and therefore these parameters are
not likely to account for the observed social approach impair-
ment. Mutant animals also displayed a disruption in PPI, a
cross-species measure of pre-attentive information pro-
cessing. Reductions in PPI are consistently demonstrated in

schizophrenia (66) and the degree to which PPI is affected cor-
relates with the severity of symptoms (33). Althou;h PPI def-
icits were demonstrated in multiple cohorts of Srr*<%’* mice, a
recent analysis of an Sr7 exon 1 knock-out (KO) model did not
identify changes in PPI (Table 4) (25), and discrepancies
between these genetic models may be related to differing pro-
cedural demands and degree of p-serine loss (89% bp-serine
reduction in Srr exon 1 KO).

Since cognitive dysfunctions are recognized to be a primary
and enduring core deficit in schizophrenia, Srr'?%’* animals
were evaluated in a visuospatial object discrimination task
and in the MWM. In the spatial recognition task, mutant
mice displayed a selective inability to detect a spatial
change. Conversely, the responses of mutant animals to
novelty remained unaltered, concordant with their normal
ability to detect novelty in a social environment.
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Prior studies have shown that NMDAR antagonists are
capable of impairing spatial recognition while leaving intact
the capacity to respond to non-spatial novelty (37,38). In
addition, Sr"?%* mice exhibited diminished long-term reten-
tion of a spatial memory in the MWM, consistent with reports
of spatial memory deficits in the MWM in Srr exon 1 KO mice
(Table 4) (25). The cognitive deficits displayed in Srr'?%%*
mice were not related to perturbations in exploration, motiv-
ation or motor abilities, as these animals performed adequately
in locomotor activity and MWM visible platform tests. Fur-
thermore, the observed deficits in spatial tasks may be compar-
able to the deficits in perception and representation of spatial
relationships, motion and orientation described in schizo-
phrenia (35,36). In the rotarod task, Srr"?%** mice displayed
a slight and non-significant reduction in motor coordination,
which may be relevant to the soft neurological and cerebellar
signs reported in schizophrenia that are correlated with a
greater prevalence of negative symptoms, poor psychosocial
performance and neurocognitive disturbances (67,68).

Behavioral impairments in Sr2*** mutant mice were ame-
liorated by p-serine and clozapine. In the social affiliation task,
p-serine was more effective than clozapine in reversing the
reduced sociability in mutant animals. The ability of clozapine
to normalize social deficits induced by NMDAR antagonists is
controversial in rodent studies (31), and investigations in
patients do not support a direct improvement of primary nega-
tive symptoms by clozapine (69). In clinical trials with
p-serine and other activators of the NMDAR glycine site
administered as adjuvant treatments, symptomatic improve-
ments have been observed (4,70). These glutamatergic thera-
pies have demonstrated to be particularly beneficial in
alleviating negative and cognitive symptoms, with some
studies achieving negative symptom response independent of
anti-psychotic effects, suggestive of direct improvement in
primary negative symptoms (69,71,72). Likewise, our findings
support the efficacy of p-serine to ameliorate these chronically
debilitating disturbances. Importantly, long-term adminis-
tration of Dp-serine and similar compounds at therapeutic
doses have not been found to produce adverse effects in
humans (73), although large doses are required to overcome
difficulties with penetrating the blood—brain-barrier. There is
also concern with the possibility that under conditions promot-
ing excitotoxicity and neuroinflammation, high levels of
D-serine could compromise neuronal survival through exces-
sive NMDAR activation (74,75). Consequently, the develop-
ment of novel therapies targeting enzymes that lead to more
modest rises in D-serine is ongoing (76).

Abnormal behavioral responses in Srr mice may be
related to aberrant NMDAR neurotransmission and/or to the
alterations we identified in our microarrays. The greatest
changes in transcripts were found in the hippocampus, sup-
porting previous reports of an important role for Dp-serine
and Srr activity in hippocampal-dependent processes (77,78).
Surprisingly few transcripts were changed in the frontal
cortex of mutant mice, though p-serine levels in this area
were severely reduced relative to wild-type animals. This
might indicate that p-serine has less of a crucial role in this
region, that the little remaining p-serine was sufficient, or
that the activity of p-serine in the frontal cortex is only
evident under specific stimuli. Importantly, several of the
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genes we identified have been demonstrated to be involved
in schizophrenia and processes relevant to this disorder,
including myelination, neurodevelopment, and cognitive
ability. Previous microarray studies examining the effects of
chronic treatments of NMDAR antagonists have observed an
upregulation of Ttr, Enpp2, Igf2 and potassium channels
(79,80), indicating that some of the changes related to the
Srr¥®* mutation resemble the effects of reduced NMDAR
activation. Acute administration of MK-801 was also found
to increase Igf2 mRNA levels in the rat brain, possibly
through NMDAR-induced release of nitric oxide (81). Further-
more, D-serine and NMDAR activation can influence the
expression of immediate-early genes (82), several of which
were altered in our mutant mice. NMDAR activity has been
shown to closely regulate prolactin secretion in rodents and
humans (6,83), and the prolactin receptor was found to be
elevated in Sr#'%°* mice. In mutant animals exogenous
D-serine treatment influenced the mRNA levels of several of
the genes identified in the microarray analysis, suggesting
that p-serine availability dynamically regulates the abundance
of these transcripts. The mechanistic link between these genes
and the p-serine pathway is unknown; however, the reproduci-
bility of these alterations by NMDAR antagonists suggests
that expression of these genes is regulated by signaling cas-
cades that follow NMDAR-mediated neurotransmission.
Overall, the microarray analysis identified specific molecules
relevant to perturbations in the p-serine pathway and supports
the notion that reduced Srr activity may be involved in
schizophrenia pathogenesis.

A genetic variant in the human SRR gene was associated
with schizophrenia in a nuclear family sample. Association
of SRR with schizophrenia in previous studies has been some-
what inconsistent (9,84,85). Investigations examining the
5'-promoter region of SRR have demonstrated a significant
association with schizophrenia (9,84), contrary to a study
examining polymorphisms in the central and 3’ region of
SRR (85). Since the significant SNP found in our study is
also closest to the 5" end of SRR, it is probable that the
genetic region of SRR analyzed is of importance. Moreover,
our significant marker (rs4523957) is relatively close to the
associated SNP (rs408067) in the Morita et al. (9) study,
which was found to induce a 60% reduction in SRR promoter
function. The proximity of these SNPs to exon lb, the major
Str isoform in the brain (52), suggests a potential modulation
of SRR transcription in the brain. Consequently, whether Srr
activity is reduced through a polymorphism in a 5'-regulatory
region or through a premature stop codon further downstream
in the genomic sequence, the resulting effects support the con-
tention that abnormal Srr function is involved in the pathophy-
siological mechanism of schizophrenia.

In contrast to mice with global losses of the NMDA-NR1
subunit (86), diminished Srr activity and p-serine do not
impact viability nor produce any gross physical abnormalities.
Instead, our findings suggest that low p-serine and Srr function
is relevant to modulating the more subtle phenotypes charac-
teristic of psychiatric illness. Aberrant regulation of p-serine
has also been implicated in neuropathologies involving excito-
toxicity, including Alzheimer’s disease, stroke and amyo-
trophic lateral sclerosis (74,78,87), and studying the Srr'2%%*
mice could further elucidate the role of altered p-serine in



these neurodegenerative diseases. Moreover, the Sr+'%** mice

may be a useful preclinical model to assess the efficacy of
novel therapeutic interventions for schizophrenia and other
neurological disorders influenced by p-serine availability.

MATERIALS AND METHODS

Mutation screening

The temperature gradient capillary electrophoresis (TGCE) het-
eroduplex detection method was used to screen the Sr» gene for
ENU-induced mutations in 7502 mice, as described (27).

Mice

All animal procedures were approved by the Animal Manage-
ment Committee of Mount Sinai Hospital and complied with
the requirements of the Province of Ontario Animals for
Research Act 1971 and the Canadian Council on Animal Care.
Groups of 35 littermates were housed by sex in polycarbonate
cages, and given ad libitum sterile food (Purina mouse chow)
and water. The vivarium was maintained under controlled temp-
erature (21°C + 1°C) and humidity (50-60%), with a 12-h
diurnal cycle (lights on: 0700—1900). All studies were con-
ducted on experimentally naive mice that were 9—12 weeks of
age, except where stated. Biochemical studies were conducted
on approximately equal numbers of male and female mice. As
no sex differences were found, male and female data were
pooled for greater subject numbers. Behavioral studies and
microarray experiments were conducted with male subjects.
Animals with the Srr¥?%’* mutation were genotyped using a
PCR-amplicon restriction endonuclease protocol that detected
the absence of an HpyCH4V (Fermentas) restriction site in
homozygous mutants.

Western blot analysis

Protein extracts from whole brain were resolved by SDS—
PAGE and then subjected to Western blot analysis that
involved incubation with the following antibodies: mouse
anti-Srr monoclonal antibody (BD Biosciences; 1:500), Srr
polyclonal antibody, T-16 (Santa Cruz Biotechnology;
1:100), anti-PICK1 monoclonal antibody, clone L20/8 (UC
Davis/NINDS/NIMH NeuroMab Facility; 1:1000), NRI1
(Millipore; 1:500), GluR1 (Calbiochem; 1:100), GIuR2 (Cal-
biochem; 1:100), glycine transporter-1 (Millipore; 1:500),
p-amino acid oxidase (Nordic Immunological; 1:1000), Ttr,
FL-147 (Santa Cruz Biotechnology; 1:50), Enpp2, H-180
(Santa Cruz Biotechnology; 1:100), KI (Abcam; 1:250), Igf2
(Abcam; 1:250), Folrl, M-19 (Santa Cruz Biotechnology;
1:100), Prlr, B10 (Santa Cruz Biotechnology; 1:75), Otx2,
Y-23 (Santa Cruz Biotechnology; 1:100) and Cldn2 (Abcam;
1:75). Srr antibodies were specific to epitopes in the N-
terminus region.

Real-time RT-PCR

The mRNA levels of Srr, PICK1, Ttr, Enpp2, K, Igf2, Folrl,
Prir, Otx2, Cldn2, Sgkl and +v-actin were quantified in
Srr¥?%%* mice using real-time RT—PCR, as described (88).
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Srr activity

The procedure to measure the activity of Srr in whole brain,
hippocampus, frontal cortex and cerebellum was adapted
from a previously described protocol (12; Supplementary
Material, Methods).

High-performace liquid chromatography

To measure D-serine concentrations in whole brain, hippo-
campus, frontal cortex and cerebellum of Srr*?%** mice a
high-performace liquid chromatography procedure was con-
ducted, as described (89).

Behavioral studies

Behavioral testing was performed during the light phase between
0900 and 1600 h using male mice. Experiments were random-
ized with regard to day and drug treatment, and experimenters
were blind to genotype. A physical examination was performed
on adult mice that involved assessment of weight, fur condition,
whisker presence, eye-blink, ear-twitch, whisker-twitch, righting
reflex and vision, as described (90,91). Performance in an accel-
erating rotarod task and motor learning was examined using a
modification of a previously described protocol (92; Supplemen-
tary Material, Methods). Locomotor activity was measured for
30 min (5-min bins) in a transparent Plexiglas open field (41 x
41 x 31 cm) equipped with infrared beams to detect horizontal
movements (model 7420/7430; Ugo Basile). Floating duration
inthe forced swim test was evaluated, as described (92). Anxiety-
like responses were measured in the elevated plus-maze, as
described (93). In the social affiliations task, sociability was
examined by comparing the time spent in a chamber with a
caged stranger mouse to the time spent in an opposite empty
cage chamber, while preference for social novelty was assessed
by comparing the time spent with a familiar versus a non-familiar
partner, as described (94). Olfactory acuity was evaluated by the
latency to find a buried food pellet, as described (91). Prepulse
inhibition of the acoustic startle response and startle reactivity
was assessed, as described (42). The spatial and non-spatial rec-
ognition task compared responses to displaced and non-displaced
objects, as well as reactivity to novel and familiar objects, as
described (94). The MWM task was used to measure spatial
learning and memory, and was adapted from a described protocol
(77; Supplementary Material, Methods).

Drugs

p-serine (600 mg/kg; Sigma) and MK-801 (0.1 mg/kg; Sigma)
were dissolved in a saline (0.9% NaCl) solution. Clozapine
(0.75 mg/kg; Tocris) was dissolved in 0.9% NaCl with 0.3%
Tween. p-serine and MK-801 were injected subcutaneously,
while clozapine was injected intraperitoneally. All drugs
were administered at a volume of 10 ml/kg and injection-
testing intervals were 30 min. Drug doses were chosen based
on previous work (42,77,94) and pilot experiments.

Statistical analysis of biochemical and behavioral data

Statistical analyses were performed using Statistica (Statsoft).
Biochemical and behavioral data were analyzed using
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one-way, two-way or repeated-measures (RM) ANOVA with
the appropriate between-subjects and within-subjects factors.
Significant main effects or interactions were followed by
Fisher’s least significant difference post hoc comparisons.

Microarrays

Microarray analysis was performed using eight male animals
(four wild-type and four mutant). For each animal, RNA
was isolated from three brain regions (hippocampus, frontal
cortex and cerebellum) and hybridized to a separate
MouseRef-8 v2.0 Expression BeadChip array (Illumina) by
the McGill University and Genome Quebec Innovation
Centre following manufacturer’s protocols. Microarray data
pre-processing and downstream statistical, machine-learning
and functional analyses were largely as described previously
(95,96; Supplementary Material, Methods). All raw and pre-
processed data are available in the GEO repository (accession
GSE13974).

Human SNP analysis

Analysis of SNP markers in the human SRR gene was com-
pleted with two types of genetic sample configurations
(family and case—control). The family sample consisted of
117 DSM-IV schizophrenia probands with at least one first-
degree relative. The matched case—control sample consisted
of 221 genetically unrelated pairs (DSM-IV schizophrenia
patients and controls) who were matched for sex, ethnicity
and age. All recruitment and clinical assessments were con-
ducted with written informed consent in accordance with the
University of Toronto and Canadian Institutes of Health
Research (CIHR) guidelines for the ethical treatment of
human subjects. Genomic DNA was extracted from peripheral
venous blood specimens using a non-enzymatic high-salt pro-
cedure, as described (97). Four SRR SNPs were studied:
rs4523957 (intron 1, G1651T), rs391300 (intron 1, A9010G),
rs8081273 (intron 4, C15077T), rs7222251 (intron 6,
T18868C). The SRR markers were genotyped by TagMan
allele-specific assays (Applied Biosystems) using the ABI
Prism 7000 Sequence Detection System (Applied Biosys-
tems). Polymorphisms and haplotype distribution were ana-
lyzed for genetic association in the family and matched
case—control samples, as described (98,99).

SUPPLEMENTARY MATERIAL

Supplementary material is available at HMG online.
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