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Abstract

Interactions between genetic and environmental risk factors underlie a number of neuropsychiatric
disorders, including schizophrenia (SZ) and autism (AD). Due to the complexity and multitude of
the genetic and environmental factors attributed to these disorders, recent research strategies focus
on elucidating the common molecular pathways through which these multiple risk factors may
function. In this study, we examine the combined effects of a haplo-insufficiency of glutamate
carboxypeptidase Il (GCPII) and dietary folic acid deficiency. In addition to serving as a
neuropeptidase, GCPII catalyzes the absorption of folate. GCPII and folate depletion interact
within the one-carbon metabolic pathway and/or of modulate the glutamatergic system. Four
groups of mice were tested: wildtype, GCPII hypomorphs, and wildtypes and GCPII hypomorphs
both fed a folate deficient diet. Due to sex differences in the prevalence of SZ and AD, both male
and female mice were assessed on a number of behavioral tasks including locomotor activity,
rotorod, social interaction, pre-pulse inhibition, and spatial memory. Wildtype mice of both sexes
fed a folic acid deficient diet showed motor coordination impairments and cognitive deficits, while
social interactions were decreased only in males. GCPII mutant mice of both sexes also exhibited
reduced social propensities. In contrast, all folate-depleted GCPII hypomorphs performed
similarly to untreated wildtype mice, suggesting that reduced GCPII expression and folate
deficiency are mutually protective. Analyses of folate and neurometabolite levels associated with
glutamatergic function suggest several potential mechanisms through which GCPII and folate may
be interacting to create this protective effect.
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INTRODUCTION

It is clear that numerous neuropsychiatric disorders, which are heterogeneous in origin, arise
from complex interactions between genetic and environmental risk factors. Disorders with a
developmental etiology, for example schizophrenia (SZ) and autism (AD), are particularly
sensitive to these interactions during critical periods early in development and throughout
the juvenile period (Bale et al., 2010). Recent reviews of the literature confirm that the
number of genes and environmental factors that are associated with these
neurodevelopmental disorders is staggering (for example Ross et al., 2006; El-Fishawy and
State, 2010). Given the multitude of interacting factors, it is not surprising that recent studies
focus on genetic and environmental factors that converge on specific metabolic and
neurochemical pathways. Two intersecting pathways of interest in both SZ and AD are the
one-carbon (C1) metabolic and the glutamatergic pathways (Figure 1a,b). C1 metabolism is
comprised of three interconnected pathways, each of which mediates critical cellular
functions including cellular redox balance (trans-sulfuration pathway), de novo nucleotide
synthesis for DNA replication and repair (folate cycle), and methylation reactions
(methionine cycle). These latter two cycles are collectively referred to as the
transmethylation pathway (see Fox and Stover, 2008 for an in depth overview of C1
metabolism).

Although it is not always clear whether abnormalities in C1 metabolism are the primary
cause of or secondary to other molecular changes, there is ample evidence to suggest that all
three of these pathways contribute to disease pathology in SZ and AD (reviewed in Sugden,
2006; Deth et al., 2008). For example, an overabundance of reactive oxygen species and
reduced production of antioxidants, through C1 metabolic intermediates, have been noted in
a number of cases of SZ and AD (Do et al., 2000; James et al., 2006). The reduced capacity
for DNA repair leads to genomic instability at fragile sites within genes that have been
independently linked to these disorders (Smith et al., 2010). A decrease in the availability of
methyl groups may both alter neurotransmitter degradation, as well as lead to epigenetic
changes in gene expression within pathways implicated in these disorders (Mill et al., 2008;
Nguyen et al., 2010). Epigenetics refers to heritable changes in gene expression that do not
alter the DNA sequence and occur through the addition or removal of “marks” on DNA,
including methyl groups supplied by C1 metabolism (Dupont et al., 2009).

One of the primary essential nutrients that act as a substrate for C1 metabolism is folate, or
its synthetic form, folic acid. Following transport into the cell, folate is metabolized into a
number of derivatives that mediate C1 metabolic reactions. Folate deficiency in humans is
associated with neural tube deficits and spina bifida, and also with a number of
neuropsychiatric disorders including depression, cognitive dysfunction, and epilepsy
(Selhub et al., 2000; Morris et al., 2003; Ahrens et al., 2011; Mangold et al., 2011).
Behavioral impairments associated with these disorders may be the result of abnormal
neuronal function following changes to DNA methylation patterns, or could result directly
from an alteration in the concentration of intermediates within the C1 metabolic cycle that
also play important roles in glutamatergic neurotransmission (reviewed in Krebs et al.,
2009). Depleted folate status increases glycine and homocysteine concentrations (Maloney
et al., 2007) that can act as agonists at the A-methyl-d-aspartate (NMDA\) subtype of
glutamatergic receptor (Figure 1b) (Lipton et al., 1997; Yang and Svensson, 2008).

In a previous study, we investigated the behavior and biochemistry of a glutamate
carboxypeptidase Il (GCPII) heterozygote mouse (Han et al., 2009). GCPII and folate are
connected through both C1 metabolism and glutamatergic neurotransmission. The gene for
GCPII, folate hydrolase 1 (FOLHZ1), encodes an enzyme that catalyzes the removal of
glutamate from two different substrates (Halsted et al., 1998). GCPII, also referred to as
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FOLHZ1, cleaves polyglutamates from dietary folate (Devlin et al., 2000) or from folate
located within tissues to facilitate transport into or out of cells via folate transporters. Within
the brain, GCPII, also referred to as N-acetylated alpha-linked acidic depeptidase 1
(NAALADasel) is localized to astrocytes and catalyzes the hydrolysis of A-
acetylaspartylglutamate (NAAG) into N-acetylaspartate (NAA) and glutamate (Luthi-Carter
et al., 1998; Berger et al., 1999). A mutation that reduces GCPII expression would reduce
NMDAR activity through three putative mechanisms. First, extrasynaptic glutamate levels
are decreased due to reduced hydrolysis of NAAG into NAA and glutamate. Second,
increased NAAG concentrations act directly as a NMDAR antagonist, and third NAAG
further reduces evoked glutamate release indirectly through its role as an agonist at the
metabotropic glutamate receptor 3 (mGIuR3) (reviewed in Coyle, 1997). Behavioral
characterization of heterozygotic knockout (GCPII*") mice (null mice are embryonic lethal)
suggests that a 50% reduction in GCPII expression leads to subtle deficits on a number of
behavioral tasks (Han et al., 2009).

Both folate and GCPII are capable of interacting within the C1 metabolic pathway as well as
directly in modulating glutamatergic neurotransmission. However, it is still largely unknown
how specific genotypes modulate the response to adverse environmental factors. Therefore,
this study aims to model the interactions between risk factors relevant to a number of
neurodevelopmental disorders by understanding the interaction between folate deficiency,
an environmental risk factor, and a mutation resulting in reduced GCPII expression on
behavior in mice. In both SZ and AD, males are more susceptible than females to
developing the disorder. Thus, we assessed behavior in both male and female mice to
determine if this genetic and environmental factor differentially affects the two sexes.
Within each sex, four groups of mice, wildtype, wildtype mice fed a diet deficient in folic
acid, GCPII hypomorph, and GCPII hypomorph mice fed a folate deficient diet, were tested
on behavioral tasks that assess motor, sensory-motor gating, social and cognitive function.

GCPIl Mouse Model and Folate Deficient Diet

All experiments were conducted on GCPI1*/~ mice bred on a C57BL/6 background for >10
generations (Han et al., 2009) with procedures approved by the Wellesley College
Institutional Animal Care and Use Committee, conforming to the standards set forth in the
National Institutes of Health Guide for the Care and Use of Laboratory Animals. At
weaning, pups were housed in cages with up to 5 same sex littermates. Mice were
maintained on a 12 h light/dark cycle with lights on at 0700 and food and water provided ad
libitum. GCPII*- dams were mated to C57BL/6 male mice and birth was considered
postnatal day 1 (PN 1). A total of 90 offspring, used in this study, were randomly placed on
either a control diet (Harlan Teklad; USA) containing 2 mg/kg folate or a folate deficient
diet (Harlan Teklad; USA) containing 0.3 mg/kg folate and 1% succinyl sulfathiazole at PN
25. Male and female mice from each of the following four groups were utilized: wildtype
control (WTC), wildtype folate-deficient (WTFD), GCPII*"-control (GC), and GCPII*/-
folate-deficient (GFD).

Behavioral Assays

An observer blind to the mouse’s genotype performed and analyzed all behavioral tests. All
mice underwent an identical battery of tests at the approximate postnatal ages indicated.
Dark-cyclelocomotor activity (PN 90): Baseline locomotion of the mouse was measured
over the 12 hr dark-cycle as described in (Han et al., 2009). The average number of
movements for each hour and across the 12 hours were compared between groups.
Accelerating rotor-rod (PN 91): Balance and motor coordination were measured on an
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accelerating rotor-rod (San Diego Instruments, San Diego, CA) as described in (Nag and
Berger-Sweeney, 2007). The average of three successive trails were used for statistical
analysis. Pre-pulse I nhibition (PN 110): Startle chambers from San Diego Instruments
(San Diego, CA) were used as in (Han et al., 2009). Briefly, a 70 dB white background noise
was presented for 5 min to acclimate the mouse to the chamber and continued throughout
test session. Fourteen blocks of trials were presented with variable interstimulus intervals
averaging 15 sec. Blocks 1 and 14 consisted of six pulse-alone (40 msec long 120-dB
broadband burst) trials. Blocks 2 through 13 each contained five trials presented in a
pseudorandomized order comprising: a 120-dB pulse alone (as in Blocks 1 and 14), a 120-
dB pulse preceded 50 msec by 20 msec-long prepulses of 73, 76, or 82-dB (3, 6, and 12 dB
above background), and a no-stimulus trial. Social approach (PN 115): Mice were tested
for sociability using a three-chambered paradigm originally described in (Moy et al., 2004).
The test consisted of two parts. Habituation: The subject mouse was placed into the center
compartment for 5 min with the doorways to side compartments closed. Sociability: Five
min after the completion of the habituation phase, an unfamiliar age-matched C57BL/6 was
enclosed in a small wire cage (Galaxy Cup, Spectrum Diversified Designs, Streetsboro, OH)
in either the left or the right chamber and allowed to habituated for 1 minute. The location of
the unfamiliar mouse was counterbalanced between subjects. The subject was then returned
to the center compartment, with both doorways open, and allowed to explore for 10 min.
The sociability phase was videotaped and the time the subject mouse spent in each
compartment as well as the number of entries into each chamber were determined. Morris
Water Maze (PN 120 — 132): The water maze uses the Water 2020 (HVS Imaging, UK)
video tracking system and the following procedure. Learning: Each mouse was given four
trials per day, spaced 10 minutes apart, over eight consecutive days to learn the location of a
hidden platform. During each trial the mouse was placed in the pool at one of four defined
compass points around the edge of the pool and given 60 sec to find the platform. Upon
reaching the platform, the mouse was left on the platform for 5 sec before being return to its
home cage. Latency to the platform was used to assess the mouse's spatial learning ability.
Probe: On the ninth day, the platform was removed and the mouse was given 60 sec to
search for the platform, before being removed by the experimenter. The percent time spent
in the platform quadrant versus other quadrants was used as a measure of the mouse's spatial
memory.

Tissue collection

Blood was collected from the submandibular jaw vein for folate measurements the day after
rotorod testing. Following the completion of behavioral testing, mice were overdosed with
CO». Trunk blood was collected for homocysteine measurements. The cortex and striatum
were rapidly dissected, snap frozen on dry ice, and stored at -80°C for IH-NMR analysis and
glutathione assay.

Folate and homocysteine measurements

Plasma and liver folate were assayed by microbiological assay as described by Horne and
Patterson (1988) and homocysteine was assayed as described in Araki and Sako (1987).

IH-NMR analysis of neurometabolites

To prepare samples for NMR spectroscopy, the frozen cortical tissue was processed and
water-soluble metabolites extracted as described in Ward, et al. (2009). Solutions for 1H
NMR spectroscopy were prepared by dissolving the dried water-soluble extracts in 500p.L
of 99% D,0 (Wilmad) (pH = 7.8 £ 0.2). A coaxial insert containing trimethylsilyl
propionate (TSP — 0.01 M in D,0) served as the chemical shift reference. Spectra were
acquired using the pulse program zg30 (TR = 2.00 ms, NS = 400) on a 7.05 T Bruker
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Avance NMR spectrometer. Data collection and analysis were performed genotype blind.
NMR spectra were analyzed using 1D WINNMR (Bruker). The free-induction decay was
processed with a Lorentz-Gaussian Convert resolution-enhancing apodization function (LB
=-2.1 Hz) to facilitate curve fitting. Peak integrals were obtained for glutamate (Glu),
glutamine (GIn), (NAA+NAAG) (overlapping peaks), and creatine (CR3). Published
chemical shifts (Govindaraju 2000) and spiking studies with Glu and GIn were used in the
identification of peaks corresponding to the metabolites of interest. Normalized (i.e. absolute
peak area divided by the number of protons producing the peak area) brain metabolite ratios
relative to CR singlet at 3 ppm were calculated for Glu, GIn, and (NAA+NAAG).

Glutathione assay

Defrosted striatal samples were weighed and homogenized in 5% metaphosphoric acid at a
concentration of 20 mL/gram tissue. Following centrifugation, the supernatant was collected
for the assay. Total and oxidized glutathione were measured using a Glutathione Assay Kit
(Cayman Chemicals; Ann Arbor, MI) following manufacturer's instructions. All samples
were measured in triplicate.

Statistical Analysis

RESULTS

All data were analyzed separately for males and females using two-way analysis of variance
(ANOVAS) using genotype and diet as the between group factors. For the social interaction
task, student's t-tests were used to determine whether mice within an experimental group
exhibited a preference for a social over a non-social stimulus. Data collected over multiple
days in the morris water maze task were analyzed using two-way repeated-measures
ANOVASs with day as the repeated measure. Post hoc bonferroni analyses (minimizes error
due to multiple comparisons) were used to examine differences between groups following
ANOVA:s. All analysis were performed using SPSS software (SPSS Inc. Chicago, IL, USA)
with p < 0.05 considered significant.

Folate levels are reduced and homocysteine is increased in folate-deprived experimental

groups

Analysis of folate levels in blood plasma before the start of behavioral testing revealed a
significant effect of DIET (ANOVA Males: [F1 29) = 43.1, p< 0.001]; Females: [F1 23) =
42.307, p< 0.001]). The levels of folate were significantly decreased in both wildtype and
GCPII*" folate deficient groups compared to wildtype and GCPII*/~ control mice for both
sexes (Males pgs < 0.03; Females p's < 0.05), indicating that the diet deficient in folic acid
effectively reduced folate (Table 1). Interestingly, there was a significant GENOTYPE x
DIET interaction (ANOVA: Males: [F 29) = 6.201, p=0.02]; Females: [~ 23) = 6.292, p=
0.021]). Post-hoc analysis revealed that the levels of folate in GCPII*/~ control mice were
significantly higher than wildtype control mice for both sexes (Males: p=0.035; Females: p
= 0.05) suggesting that, in addition to the diet, the GCPII also significantly affects plasma
folate levels. Analysis of liver folate levels in males following the completion of behavioral
testing revealed a significant effect of DIET (ANOVA Males: [Fy 25) = 265.1, p< 0.001]).
Similar to plasma, folate levels in the liver were significantly decreased in both wildtype and
GCPII*" folate deficient groups compared to wildtype and GCPII*/~ control mice (ds <
0.001). Unlike plasma, folate levels in the liver were not significantly increased in
GCPII*~control compared to wildtype control mice. In addition, there was a slight but
significant increase in folate levels in liver of GCPII* folate deficient mice compared to
wildtype folate deficient mice (p = 0.047). Together, these data indicate that folate levels
were significantly reduced in folate-deprived groups compared to control groups, but also
that the GCPII mutation increases plasma and liver folate levels.
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Folate deprivation has previously been shown to result in increased levels of homocysteine
(Ernest et al., 2006; MacFarlane et al., 2009), a NMDAR agonist. In our mice, there was a
significant effect of DIET on levels of homocysteine in the blood following behavioral
testing (ANOVA Females: [£(;,21) = 59.28, p = 0.045]). Posthoc analysis revealed a
significant increase in homocysteine levels in wildtype and GCPI1+/- folate deficient mice
combined compared to wildtype and GCPII*/~ control mice combined (Table 1). No further
significant differences between groups were noted.

GCPII*" and wildtype folate deficient mice exhibit a number of behavioral impairments

Postnatal folate deficiency may lead to overt health problems, including decreased body
weight, which may affect performance on behavioral tasks (Gospe et al., 1995). Visual
observation of the mice revealed no obvious general health issues or poor coat maintenance
in the GCPI1*/-control, wildtype folate deficient or GCPII*/- folate deficient mice. In
addition, body weight, measured after the completion of behavioral tasks at PN 145, was not
significantly different between the groups (all ps > 0.5; Table 1).

Mice were tested on five behavioral tasks to assess a number of aspects of behavior
associated with folate-deficiency or glutamatergic dysfunction (i.e. motor activity, rotorod,
social approach, pre-pulse inhibition, spatial water maze tasks). We measured general
activity over the 12-h dark cycle. There were no significant differences in the average total
activity level over the 12-h period by GENOTYPE or DIET for either the male or the female
mice (Figure 2a,b), nor in the pattern of activity across the 12 hours (data not shown).
However, motor coordination, assessed on the rotorod, was altered. There was a significant
effect of GENOTYPE in males (ANOVA: [F( 39) = 6.572, p=0.014]) and a significant
GENOTYPE x DIET interaction in females (ANOVA: [~ 41) = 9.819, p=0.003]). Post
hoc analyses indicate that, motor coordination is only significantly impaired in both
wildtype folate deficient males and females compared to GCPI1*/- folate deficient mice in
both sexes (Males: p < 0.03; Females p < 0.01; Fig 2c,d).

Social withdrawal was assessed with a simple social approach task, which relies on a
mouse's innate tendency to investigate another mouse over an inanimate object (Moy et al.,
2004). Wildtype control mice of both sexes exhibited a normal preference for spending more
time with an unfamiliar mouse than with an empty cage (Student's t-test: Males: p < 0.002;
Females: p < 0.001; Fig 3a,b). In addition, both male and female GCPII*/ folate deficient
mice spent significantly more time with the mouse versus an empty cage (Student's t-test: p's
< 0.01). Consistent with our previous study (Han et al., 2009), neither male nor female
GCPII*'- control mice spent significantly more time investigating the mouse over the empty
cage (Student's t-test Males: p = 0.07; Females: p = 0.19). Interestingly, male wildtype folate
deficient mice showed no preference (p = 0.11), while female wildtype folate deficient mice
showed a normal preference for spending time with another mouse vs. an empty cage (p <
0.01).

Pre-pulse inhibition (PPI) of the acoustic startle reflex measures sensorimotor gating. PPI
has previously been shown to be sensitive to pharmacological inhibition of GCPII (Takatsu
et al., 2011). There were no significant differences in response to the 120 dB stimulus with
pre-pulses 3 dB, 6 dB, or 12 db above background in either males or females (Fig 3c,d).
Interpretable results of pre-pulse inhibition are highly dependent on similar baseline startle
responses between groups (Yee et al., 2005). Response to the 120 dB stimulus alone was
similar between all groups of males (wildtype control: 288 + 34; wildtype folate deficient:
319 + 52; GCPII*"- control: 320 + 65; GCPII*/- folate deficient: 215 + 25). In females, there
was a significant effect of DIET on baseline startle response to the 120 dB stimulus [£1 44)
=15.188, p<0.03]. Post-hoc analysis revealed that despite numerically lower startle
responses in wildtype and GCPI1*/- folate deficient mice combined, there were no
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significant differences between groups (wildtype control: 209 + 26; wildtype folate
deficient: 122 + 17; GCPII*/- control: 243 + 43; GCPII*/ folate deficient: 174 + 34).

Impaired cognitive performance is associated with both folate deficiency (Selhub et al.,
2000) and GCPII polymorphisms (Halsted et al., 2007) in humans. Therefore, we chose to
examine cognitive performance on a water maze task. Male and female mice learned the
location of the hidden platform during the acquisition phase of spatial learning (Fig 4a,b).
Latency to find the platform decreased significantly across testing days (Repeated-measures
ANOVA: Males: [F7,33) = 24.825, p < 0.001]; Females [F7 35) = 23.154, p< 0.001]
indicating that the mice learned the location of the platform. All groups learned the location
of the platform equally quickly as there were no significant effects of GENOTYPE, DIET or
GENOTYPE x DIET interactions on latency.

On Day 9, memory for the hidden platform location was assessed during a 60 sec probe trial.
During the probe trial (Fig 4c,d), both male and female wildtype folate deficient mice
exhibited an impaired memory for the hidden platform location (Q1) that manifest itself in
subtly different ways. In males, there were no significant effects of GENOTYPE, DIET, or
GENOTYPE x DIET on % time in the four quadrants; however, there was a significant
effect of quadrant within groups. Further analysis revealed that wildtype control, GCPII*-
control, and GCPII*'~ folate deficient mice all spent significantly more time in the target
quadrant (Q1) than the other 3 quadrants (all p's < 0.01). wildtype folate deficient mice, on
the other hand, spent significantly more time in Q1 than Q2 and Q3 (¢'s < 0.001), but not in
the adjacent quadrant, Q4 (p = 0.33). In females, there was a significant GENOTYPE x
DIET interaction on % time in the four quadrants [F4 3g) = 2.973, p < 0.03]. Post-hoc
analysis comparing the % time in each quadrant showed that wildtype control females spent
significantly more time than wildtype folate deficient mice in the target quadrant, Q1 (o <
0.05). However, unlike the males, all four groups spent significantly more time in Q1 than
the other 3 quadrants (all fs < 0.05). To ensure that memory deficits on the probe trial were
not associated with motor coordination impairments in wildtype folate deficient (displayed
during rotorod testing), swim speed was compared between groups. Swim speed (m/sec)
was not significantly different between groups for either the males (wildtype control: 0.21 +
0.02, wildtype folate deficient: 0.20 + 0.04, GCPII*/- control: 0.21 + 0.01, GCPII*/ folate
deficient: 0.20 £ 0.03) or the females (wildtype control: 0.21 £ 0.01, wildtype folate
deficient: 0.21 + 0.02, GCPII*~ control: 0.21 + 0.02, GCPII*- folate deficient: 0.21 + 0.02).

Together these data indicate that GCPII*/~ control and wildtype folate deficient mice are
each impaired on a subset of behavioral tasks (GCPII*~ control, social approach; wildtype
folate deficient, rotorod, social approach, and spatial memory); however, GCPI1*/- folate
deficient mice exhibit no behavioral abnormalities.

Abnormal neurometabolite concentrations in GCPII*- control and wildtype folate deficient

mice

1H-NMR spectroscopy is a useful method to determine the concentrations of metabolites
associated with glutamatergic function. Studies have thoroughly characterized a number of
metabolites in rodent studies with NMDAR dysfunction (Kondziella et al., 2006; lltis et al.,
2009). In this study, we measured neurometabolites in ex vivo cortical samples, which
allowed fine resolution of glutamate and glutamine levels not possible with /7 vivo NMR
(Table 2). The cortex was chosen because it is a region important in cognitive and social
function, the main behavioral abnormalities noted in this study. There were no significant
effects of GENOTYPE, DIET, or GENOTYPE x DIET interactions on the concentrations of
glutamate (Glu:CR3), glutamine (GIn:CR3), total concentration of glutamate + glutamine
(Glu+GIn:CR3), or NAA (NAA:CR3). However, there was a significant effect of
GENOTYPE on the ratio of glutamate to glutamine (Glu:GIn; ANOVA [FAq 36) = 4.190, p=
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0.049]). Posthoc analysis showed that Glu:GlIn was increased significantly by 15% in
GCPII*'- control mice compared to wildtype control mice (o= 0.009) with no other
significant differences between groups. An increase in the ratio of glutamate to glutamine in
GCPII*"- control mice appears to be due primarily to a decrease in glutamine levels rather
than a change in glutamate levels.

In addition, we measured glutathione (GSH), the major intracellular antioxidant in the brain
(Aoyama et al., 2008). GSH requires precursors from C1 metabolism, namely homocysteine,
for production and levels of GSH are also regulated by glutamatergic function. The levels of
reduced, oxidized and total glutathione in our four groups were measured. Reduced and
oxidized levels of glutathione were not significantly different between groups (data not
shown); however, there was a significant GENOTYPE x TREATMENT effect for
concentration of total glutathione (ANOVA: [F1 27) = 8.42, p=0.007]. Further analysis
showed that GSH is significantly elevated in wildtype folate deficient [p> 0.01] and in
GCPII*" control [p > 0.05] in comparison to wildtype control mice. GSH levels are not
significantly different between wildtype control and GCPII*/- folate deficient mice.

DISCUSSION

These data reveal several interactions between a mutation in GCPII and altered levels of one
of GCPII's substrates, folic acid, on behavior and associated metabolic and neurotransmitter
function. We investigated this interaction by comparing mice with low dietary folic acid
and/or the GCPII mutation with wildtype nutritionally intact mice. Behaviorally, mice with
reduced GCPII expression or with folate-deficiency alone exhibit a number of phenotypic
abnormalities. Similar to our previous findings, GCPII*/~ control mice are less social than
wildtype control mice (Han et al., 2009). Similar to studies in other laboratories, our
wildtype folate deficient mice have impaired motor coordination and spatial memory (Troen
et al., 2008; Chang et al., 2009). Additionally, we show that folate-deficient male mice
exhibit decreased sociability, similar to the GCPII heterozygotes. The fact that only male
wildtype folate deficient mice exhibit social deficits supports recent speculation that
hormonal regulation of methyltransferases, enzymes that function to add methyl groups, can
affect the function of neurotransmitter systems. Functional differences such as these may
underlie a sexually dimorphic predisposition to neuropsychiatric disorders (Harrison and
Tunbridge, 2008). In contrast to our original hypothesis that this gene-environment
combination would be additive, male and female mice with both the GCPII mutation and
folate-deficiency performed normally on all behavioral tasks. These data suggest that the
GCPII mutation protects against folate-deficiency and/or conversely that folate-deficiency
protects against reduced GCPII enzyme activity. This is a finding that we did not predict
originally.

We saw further evidence that the GCPIl mutation may protect against a folate-deficient diet.
Prenatal folate deprivation in the mother caused physical abnormalities in the offspring
(including small size, as well as eye deformities and rectal prolapse). These physical
abnormalities in the offspring of folate-deprived mothers prevented us from testing the
offspring behaviorally. In contrast, pups with combined GCPII mutation and folate-
deficiency appeared normal (unpublished observations LS, JBS). The discovery of a
mutually protective effect from the concomitant presence of two otherwise pathogenic
factors, begs questions regarding the metabolic pathways that might be involved in
conferring protection. GCPII and folate interact both within C1 metabolism, as well as
directly on the glutamatergic function.

Dietary folic acid and GCPII are important regulators of C1 metabolism. Folic acid supplies
the main substrate for the metabolic cycle, while GCPII regulates the folate levels within the
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cell to ensure normal C1 metabolic function. As we expected, plasma and liver folate levels
were significantly reduced in folate-deficient mice compared to wildtype control mice. In
contrast, we found that plasma folate levels in GCPII*/~ mice were significantly elevated
compared to control folate levels. Studies in human populations show that a specific
polymorphism of GCPII (1561C—T) is associated with a 53% reduction in activity (Devlin
et al., 2000) and higher plasma folate levels (Halsted et al., 2007). These findings suggest
that GCPII haplo-insufficiency has similar effects on folate levels in both humans and mice.
Based on GCPII's role in catalyzing the removal of glutamate moieties from folate, elevated
plasma concentrations of folate are not entirely unexpected.

Transport of folates into or out of the cell by folate transporters can only occur when folate
is monoglutamated (Gangjee et al., 2002). Following entry into the cell, folates are rapidly
polyglutamated through the addition of 4-8 glutamate residues. Polyglutamation functions
both to maintain high levels of folate intracellularly and to increase the affinity of folates for
enzymes within C1 metabolic cycle (Shane, 1989). Synthetic folic acid, the only dietary
source of folate for our mice, contains only one glutamate residue and therefore can readily
be transported into plasma, liver, or even brain where it is converted into folate derivatives
that are polyglutamated. Reduced GCPII enzymatic activity likely leads to cleavage of fewer
glutamates and thus to a higher concentration of folates within the cell. If brain
concentrations of folates are excessively high in GCPII*/~ control mice, C1 metabolic
function may be adversely affected, which could explain the reduced propensity for social
interaction in these mice. Interestingly, questions have been raised as to whether the recent
excess in folic acid supplementation, both from food fortification programs and vitamin
intake, especially /n utero, is associated with the rapid increase in prevalence of autism
during this same time period (Rogers, 2008; Beard et al., 2011). Further analysis of the
distribution of folates in the brains of GCPII*/- control mice and further behavioral testing
may potentially provide some important clues to answer this question.

In contrast, an enhanced ability to maintain intracellular folate levels by reduced GCPII
activity may be protective during folic acid deficiency. While folate levels in GCPII*/- folate
deficient mice were not increased in the plasma compared to wildtype folate deficient mice,
the liver exhibited a slight elevation in folate during depletion. In general, studies in rodents
show that the brain is more protected against folate deficiency than other tissues (Chen et al.,
2001) suggesting that depletion of folates in the brain may not be as severe as that measured
in the liver. Thus, it is possible that brain folate is more amenable to normalization than
plasma or liver folate levels in the presence of reduced GCPII function. Therefore, one
mechanism through which reciprocal behavioral protection could have occurred in the
current study is through the normalization of brain folate concentrations.

Folate depletion and GCPII mutations are also thought to affect glutamatergic
neurotransmission; therefore, we examined several metabolites in the glutamatergic pathway
using *H-NMR spectroscopy to determine whether the GCPII mutation alone affects
NMDAR function and to what extent, if any, dietary folate deficiency and GCPII may
interact directly on the glutamatergic system. Contrary to our expectation, GCPII*/~ mice on
a control diet exhibit no change in glutamate levels, which may reflect the fact that 1H-NMR
cannot distinguish between metabolic and neurotransmitter glutamate levels. Despite a lack
of change in glutamate concentrations in GCPII*/~ mice, there was a significant increase in
the glutamate/glutamine (Glu/Gln) ratio due primarily to a reduction in glutamine.
Glutamine is primarily synthesized in astrocytes from glutamate taken up from the synaptic
cleft. An increase in the Glu/GlIn likely reflects reduced glutamatergic neurotransmission
(Yuksel 2010). Similar alterations in the glutamate-glutamine cycle have also been reported
in rodents administered NMDAR antagonists PCP (lltis et al., 2009), MK-801 (Brenner et
al., 2005; Kondziella et al., 2006) and ketamine (Kim et al., 2011). We were unable to detect
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any differences in Glu/GlIn in wildtype folate deficient mice. This is not unexpected as low
folate concentrations and an increase in homocysteine should directly modulate NMDARs
without altering glutamatergic neurotransmission (Lipton et al., 1997). While changes in
neurometabolites only provide an indirect measure of NMDAR activity, the 1H-NMR data
are consistent with the hypothesis that GCPII haplo-insufficiency is associated with
decreased glutamate neurotransmission, while the negative effects of folate deficiency are
more likely associated with direct modulation of the NMDAR.

We also examined levels of glutathione (GSH) in the brains of the four experimental groups
of mice. GSH utilizes homocysteine, from the methionine cycle, as a precursor for synthesis
(Reed et al., 2008; Lu, 2009) and can be released from the cell in an NMDAR-dependent
manner (Wallin et al., 1999). Thus, GSH content within the brain may reflect changes in C1
metabolic function, release, or both. Unexpectedly, we found that both folate-deficiency in
wildtype mice and GCPII haploinsufficiency led to significant increases in GSH. Elevated
GSH levels in wildtype folate deficient may indicate mild chronic neurotoxicity. Others
have shown that mild excitotoxicity associated with increased NMDAR activation during
folate depletion increases antioxidant defense and therefore GSH content (Shea et al., 2004;
Tchantchou et al., 2004; Kronenberg et al., 2008). Conversely, elevated GSH in GCPII*/
control mice may instead reflect the maintenance of a larger pool of GSH within the neurons
due to reduced NMDAR activation. Increased GSH in GCP11*-control mice is consistent
with elevated levels reported in rodents administered NMDAR antagonists MK-801 and
PCP (Brenner et al., 2005; Kondziella et al., 2006).

Based on the neurochemical data, we propose the following mechanism for reciprocal
behavioral rescue within the glutamatergic system (see Figure 5). In wildtype and GCP11*/-
folate deficient mice, folate deficiency leads to increased homocysteine levels. We
hypothesize that hyper-homocysteinemia leads to elevated activation of NMDARs in both
wildtype and GCPII*- folate deficient mice. In GCPII*/ mice, on the other hand, NMDAR
hypofunction is due to a combination of reduced glutamate release and increased NMDAR
antagonism by NAAG. In the GCPII* folate deficient mice, activation of NMDARSs is
normalized. The precise mechanism through which this occurs is unclear; however, based on
the binding affinities of NAAG and homocysteine, the following mechanism seems most
probable. Homocysteine is a relatively high-affinity NMDAR agonist (Lipton et al., 1997),
whereas NAAG binds with relatively low-affinity to NMDARs (Valivullah et al., 1994) and
with much higher affinity to mGIluR3s (Wroblewska et al., 1997). In the presence of high
levels of homocysteine and NAAG, homocysteine could increase activation of NMDARSs,
while glutamate levels are decreased both through reduced glutamate production and
through an increase in mGIuR3 agonism by NAAG that further inhibits presynaptic
glutamate release. In support of this hypothesis, studies show that mGIluR2/3 agonists alone
can induce behavioral deficits in rodents, but are also capable of attenuating behavioral
deficits that are the result of increased glutamate release (for recent examples, Schlumberger
etal., 2009; Pozzi et al., 2011). Together, these experiments underscore the importance of
maintaining precise levels of activity to prevent behavioral impairments. Examination of
folate levels as well as indirect measures of NMDAR function suggest that GCPII and folate
may be interacting in opposite manners within both of these pathways and provide two
potential mechanisms through which the combined mutation and deficiency may mutually
protect against associated behavioral impairments.

The current study raises the interesting conjecture that maintenance of hypofunctioning
mutations of GCPII in the gene pool could be preserved by reduced availability of its
substrate, folic acid. Folic acid deficiency is not uncommon in times of famine and was
likely much more common in the past than it is in currently in the developed world.
Shielding the organism from this dietary deficiency would be an important protective
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mechanism. It is reasonable to assume that protection could come from mutations within the
same molecular pathway that would return the pathway's function to normal. In line with
this conjecture, recent fortification of foods with folic acid has led to increases in the
population frequency of another mutation within the C1 metabolic pathway (Munoz-Moran
et al., 1998; Agodi et al., 2011), which is also a risk factor for both SZ (Hill et al., 2011) and
AD (James et al., 2006). Selection for mutations in key genes, therefore, could provide a
protective mechanism at a population level, but may also place individuals carrying the
mutation at a higher risk for metabolic and behavioral dysfunction at normal dietary levels
of folate.

Mutations in GCPII and folate deficiency are independent risk factors for neuropsychiatric
disorders. GCPII expression is reduced in the prefrontal cortex and hippocampus of patients
with SZ (Tsai et al., 1995; Guilarte et al., 2008; Ghose et al., 2009), while folate deficiency
in utero has been linked to an increased risk in the offspring for SZ (reviewed in Picker and
Coyle, 2005; McGrath et al., 2010) and AD (Schmidt et al., 2011). There are a number of
putative mechanisms through which GCPII and folic acid may function. The current
experiments provide clues as to two potential mechanisms through which this genetic and
environmental risk factor may independently function to alter the behavioral phenotype.
This study demonstrates how the shift in focus to understanding gene-environment
interactions may point to the next important avenues of investigation to understand the
complex etiology of disorders such as schizophrenia and autism.
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Figure 1. One-carbon cycle metabolites modulate glutamater gic neur otransmission

(a) A simplified schematic of the three interconnected one-carbon cycle pathways. One-
carbon metabolites, glycine and homocysteine (boxed), are hypothesized to be increased
following folic acid deprivation and are also known to modulate glutamatergic
neurotransmission. Tetrahydrofolate (THF) and 5-methyl-tetrahydrofolate (5-MTHF) are
folate derivatives. (b) The binding sites of agonists glycine (purple) and homocysteine (red),
from the one-carbon cycle, are depicted on the NMDA receptor. In addition, the binding
sites of the excitatory neurotransmitter glutamate and the antagonist A-
acetylaspartylglutamate (NAAG) are shown in parenthesis.
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Figure 2. Motor activity and coordination

Motor activity (a,b) was recorded in 1 hour intervals over a 12-h dark cycle. The average
number of beam breaks across intervals is not significantly different between groups in male
(a) or female (b) mice. Motor coordination, assessed on the rotorod, is impaired in wildtype
folate deficient (WTFD) mice compared to GCPII*/~ folate deficient (GFD) mice in both
males (c) and females (d). All values are average + SEM. n's per group are given in
parenthesis next to each experimental group; * £ < 0.05, ** p< 0.01. Abbreviations: WTC,
wildtype control; WTFD, wildtype folate deficient; GC, GCPI1*/- control; GFD, GCPII*-
folate deficient.
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Figure 3. Social behavior and sensorimotor gating
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Interest in social interactions (a,b) was measured by comparing the amount of time a mouse
spent investigating another mouse vs. an empty cage. Social approach was reduced in both
male (a) and female (b) GC mice as well as male wildtype folate deficient (WTFD) mice.
Sensorimotor gating (c,d), as assessed by PPI, was normal in all male (c) and all female (d)
mice. All values are average + SEM. n's per group are given in parenthesis next to each
experimental group; ** p< 0.01, *** p< 0.001. Abbreviations: WTC, wildtype control;
WTFD, wildtype folate deficient; GC, GCPII*'- control; GFD, GCPII*- folate deficient.
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Figure 4. Performance on Spatial Water Maze Task

Latency to find a hidden platform is similar in all males (a) and all females (a) across the 8
days of learning. When mice were tested on Day 9 for memory of the platform location in a
60 sec probe trial, both male (c) and female (d) wildtype folate deficient (WTFD) showed
impairments. All values are average £ SEM. n's per group are given in parenthesis next to
each experimental group; * signifies p< 0.05 between Q1 and Q2 — Q4. T signifies p< 0.05
between Q1 and Q2 — Q3, but not Q4. £ p< 0.05. Abbreviations: WTC, wildtype control;
WTFD, wildtype folate deficient; GC, GCPII*'- control; GFD, GCPII*- folate deficient.
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Figure5. Proposed NM DA receptor mediated mechanism of reciprocal behavioral protection
A model showing the relative levels of NMDAR agonists, glutamate (G) and homocysteine
(H), and antagonist NAAG (N) in the synaptic cleft during glutamatergic neurotransmission
in the four experimental groups. In wildtype mice on a control diet (a) or folate deficient diet
(b), GCPII hydrolyzes NAAG into NAA and glutamate similarly; therefore, both groups
exhibit similar levels of glutamate and NAAG. In wildtype folate deprived mice (b),
increased levels of homocysteine can additionally activate NMDAR's and cause
excitotoxicity. Reduced function of GCPII in heterozygous mice on both a control diet (c)
and a folate deficient diet (d) increases the levels of NAAG and decreases NAA and
glutamate levels. NAAG likely predominately activates presynaptic mGIuR3 receptors to
further inhibit glutamate release. Thus, both GCPII heterozygous groups exhibit a similar
decrease in levels of glutamate compared to wildtype groups. In GCPII mice on a control
diet (c), reduced glutamate results in NMDAR hypofunction whereas in GCPII folate
deficient mice (d), decreased levels of glutamate are paired with increased homocysteine
that results in overall normal levels of activity.
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TABLE 1

General Health and One-Carbon Metabolite Measurements

WTC WTFD GC GFD

Weight
Males 26.95+060 27.42+0.83 27.07+0.72 27.48 £0.44
Females 21.81+0.68 21.54+050 21.74+0.51 21.10+0.35
Plasma Folate (ng/ml)

* *
Males 052104 358:+72"  1460+2277 26661

*

Females 745+11.0 37.3+12.1 111.9 + 9.87L 28.0 + 3.4
Liver Folate (png/g)

* >*
Males 724+23 334+13 70445 371408 £3
Homocysteine (uM)
Females 5012 102 + 1_5¥ 81+14 9.6+ 1.9¥

All values represent the average + SEM.

Weight: n's =9 — 15 / group. Plasma and Liver Folate: n's = 4 — 9 / group. Homocysteine: n's =5 - 6 / group.

Abbreviations: WTC, wildtype control; WTFD, wildtype folate deficient; GC, GCPII+/' control; GFD, GCPII+/' folate deficient.

*

values significant less than WTC
fvalues significantly larger than WTC
’tvalues significant larger than WTFD.

folate deficient groups combined significantly larger than control groups combined.
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TABLE 2
Neurometabolite Levels in Brain Extracts
WTC WTFD GC GFD
Glutamate (Glu:Cr3)t 098+0.02 1.05+005 1.02+002 1.05+0.04
Glutamine (GIn:cr3)t 0.64+0.04 063+003 054001 0.62+0.06
Glu +Gln:crat 159+004 168+007 158+004 1.67+0.08
Glu:GInt 162+0.07 167£010 oo, o0,* 177+0.14
NAA+NAAG:Cr3t 0.75+£0.03 074+001 073+0.005 0.71+0.01
Total Glutathionet (nmol/mg protein) 1864 £ 32 1942 + 52* 1970 + 102 * 1900 + 66

All values represent average = SEM.

Abbreviations: WTC, wildtype control; WTFD, wildtype folate deficient; GC, GCPII*/~ control; GFD, GCPII*/- folate deficient.

fmeasured with 1H-NMRS in cortex (n's = 8-10/group)

’tmeasured with a colorimetric assay in striatum (n = 8/group)

*
values significantly different from WTC levels (p < 0.05).
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