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Maternal infection during pregnancy increases the risk of neurodevelopmental disorders in the offspring. In addition
to its influence on other neuronal systems, this early-life environmental adversity has been shown to negatively affect
cortical y-aminobutyric acid (GABA) functions in adult life, including impaired prefrontal expression of enzymes
required for GABA synthesis. The underlying molecular processes, however, remain largely unknown. In the present
study, we explored whether epigenetic modifications represent a mechanism whereby maternal infection during
pregnancy can induce such GABAergic impairments in the offspring. We used an established mouse model of prenatal
immune challenge that is based on maternal treatment with the viral mimetic poly(l:C). We found that prenatal immune
activation increased prefrontal levels of 5-methylated cytosines (5mC) and 5-hydroxymethylated cytosines (5hmC) in
the promoter region of GAD1, which encodes the 67-kDa isoform of the GABA-synthesising enzyme glutamic acid
decarboxylase (GAD67). The early-life challenge also increased 5mC levels at the promoter region of GAD2, which
encodes the 65-kDa GAD isoform (GADG65). These effects were accompanied by elevated GADT and GAD2 promoter
binding of methyl CpG-binding protein 2 (MeCP2) and by reduced GAD67 and GAD65 mRNA expression. Moreover, the
epigenetic modifications at the GAD1 promoter correlated with prenatal infection-induced impairments in working
memory and social interaction. Our study thus highlights that hypermethylation of GADT and GAD2 promoters may be
an important molecular mechanism linking prenatal infection to presynaptic GABAergic impairments and associated

behavioral and cognitive abnormalities in the offspring.

Introduction

Maternal immune activation during pregnancy has been
repeatedly implicated in the etiology of developmental neuropsy-
chiatric disorders, including schizophrenia,"* autism,>* and
bipolar disorder.”® Additional support for these epidemiological
associations has been obtained by various translational rodent
models demonstrating disease-relevant brain and behavioral
abnormalities following prenatal exposure to infection and/or
immune activation.”® Accumulating evidence suggests that cyto-
kine-associated inflammatory events, together with downstream
pathophysiological effects such as oxidative stress and (tempo-
rary) macronutrient and micronutrient deficiency, are critical in
mediating the adverse effects of maternal infection on the fetal
system.”"! Disruption of normal fetal development,'* together
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with subsequent changes in brain maturation, ** may then confer

an increased risk of behavioral and cognitive dysfunctions in later
life.

In keeping with the crucial role of epigenetic remodeling in
carly development,'>'* epigenetic modifications may represent
an important mechanism whereby maternal infection during
pregnancy can alter brain and behavioral development in the off-
spring. Inital evidence for this hypothesis stems from rodent
models of prenatal viral-like infection, demonstrating altered
DNA methylation, histone modifications, and microRNA
(miRNA) expression in the brains of infected offspring.ls_18
Interestingly, some of the differentially methylated gene sequen-
ces or altered miRNA clusters found in prenatally infected mice
show association with neurodevelopmental disorders, including
genes in the glutamate receptor signaling pathway,'® the methyl
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CpG-binding protein 2 (MeCP2) gene,17 and the imprinted
DIlk1-Dio3 miRNA cluster.'®

In the present study, we sought to identify possible epigenetic
modifications in the prefrontal y-aminobutyric acid (GABA) sys-
tem of mice exposed to prenatal immune activation. Impaired
cortical GABAergic signaling is one of the hallmark pathologies
in developmental neuropsychiatric disorders, including schizo-
phrenia,'”*® autism,' and bipolar disorder.’”** These GABAer-
gic modifications may impair neuronal synchronization and
inhibition, thereby facilitating the emergence of disease-relevant
cognitive deficits such as disruption of executive functions, cogni-
tive flexibility and working memory.'>** Besides other pre- and
post-synaptic changes, GABAergic abnormalities in these disor-
ders involve reduced mRNA expression of glutamic acid decar-
boxylase 67 (GADg7).”> GADy is the 67-kDa isoform of the
rate-limiting enzyme for GABA synthesis, which is encoded by
the GADI gene. It is responsible for most of the basal GABA syn-
thesis in the central nervous system (CNS).?* The other main iso-
form, GADygs, is encoded by the GAD2 gene and appears to be
important especially for GABA synthesis during sustained peri-
ods of neuronal activity.”>* In the context of neuropsychiatric
disease, impairments in GADgs5 levels seem to occur primarily in
schizoaffective disorder, but not other psychosis-associated disor-
ders such as schizophrenia or bipolar disorder.”

Accumulating evidence suggests that epigenetic modifications
at the GADI promoter critically contribute to the deficits in
GADy; as seen in schizophrenia, autism, and bipolar disorder.”®
The promoter region of GADI (and GAD2) contains large cyto-
sine-phosphodiester-guanine (CpG) dinucleotide islands, which
in turn can facilitate promoter methylation and formation of
transcriptionally inactive chromatin.”®** Consistent with this
notion, decreased GAD4; mRNA expression in the prefrontal
cortex of schizophrenic or bipolar subjects has been found to cor-
3031 These

changes are further associated with altered expression and/or pro-

relate with GADI promoter hypermethylation.

moter binding of enzymes that are critical for the maintenance of
the DNA methylation/demethylation equilibrium of cytosines
positioned within a CpG context in gene promoter regions,
including DNA methyltransferase 1 and 3a (DNMTI1 and
DNMT3a), ten-cleven translocation hydroxylase (TET), growth
arrest and DNA Damage-inducible 45 $ (Gadd45-B), and
MeCP2.%*3% Methylation-related GADI promoter remodeling
thus appears to be a plausible epigenetic mechanism leading to
impaired GADg; mRNA expression in subjects with develop-
mental neuropsychiatric disorders. The underlying etiological
mechanisms, however, remain elusive and warrant further
investigations.

Against these backgrounds, we explored the effects of prenatal
immune activation on GADI and GADZ2 promoter remodeling
using a well-established mouse model of maternal treatment with
the viral mimic polyriboinosinic-polyribocytidilic acid [poly(I:
C)].”® This model is known to capture a wide spectrum of
behavioral and cognitive abnormalities relevant to psychiatric dis-
orders, especially schizophrenia and autism.”® Importantly, adult
offspring of poly(I:C)-treated mice also display various GABAer-
gic abnormalities

pertinent to such neurodevelopmental
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disorders, including reduced GADg4; and GADgs mRNA and
protein expression in the medial prefrontal cortex (mPFC).>>3¢
The prenatal poly(I:C) administration model is highly suitable
for our primary objective to explore epigenetic abnormalities at
the prefrontal GADI and GADZ2 promoters, and to correlate
these putative changes with behavioral and cognitive deficits.

Results

Effects of prenatal immune activation on working memory
and social interaction

First, we ascertained the deleterious effects of prenatal
immune challenge on adult behavioral and cognitive functions.
To this end, we exposed pregnant mice on gestation day 17 to
poly(I:C) [5 mg/kg, intravenous (i.v.)] or control vehicle (pyro-
gen-free 0.9% NaCl) solution according to established proto-
cols.>>*® The selected gestational window [i.e., gestation day
(GD)17] in mice corresponds roughly to the middle-to-late sec-
ond trimester of human pregnancy, with respect to developmen-
tal biology and percentage of gestation from mice to humans.”’”
The gestational stage was selected based on our previous findings
showing that GD17 poly(I:C) treatment leads to impairments in
prefrontal GABA neurocircuitries, working memory, and social
interaction.’>?*%¥ The resulting offspring of poly(I:C)- or vehi-
cle-exposed mothers (N = 8 in each group) were then tested in
two paradigms relevant to human neuropsychiatric disease,
namely working memory and social interaction.

Consistent with previous studies, 38

we found that prenatal
poly(I:C) treatment impaired working memory as assessed using
a spatial recognition memory test in the Y-maze. In this test,
the critical measure of working memory is the relative time
spent in the novel (previously unexplored) arm during the
choice phase.**® As expected, control offspring displayed a
noticeable preference toward the novel arm, indicating intact
working memory (Fig. 1A). Poly(I:C) offspring exhibited a sig-
nificant (F 14 = 4.70, P < 0.05) reduction in this measure
and performed below chance level (Fig. 1A). Poly(I:C) and con-
trol offspring did not differ with respect to the total distance
moved during the choice phase of the test (Fig. 1A), indicating
that the negative effects of prenatal immune activation on work-
ing memory are not confounded by possible differences in basal
locomotor activity.

Maternal immune activation in mice has previously been
shown to cause social interaction deficits in the adult off-
spring.>** Here, we confirm this phenotype in our cohort of
poly(I:C)-exposed mice relative to control mice using an estab-
lished social approach test.®® In this test, the relative exploration
time between an unfamiliar congenic mouse and an inanimate
dummy object [(time spent with mouse) - (time spent with
dummy object)] was used to assess social approach behavior. As
shown in (Fig. 1B), control offspring displayed a clear preference
toward the unfamiliar live mouse. Such social approach behavior
was significantly (F(; ;4 = 8.41, P < 0.05) impaired in poly(I:
C)-exposed offspring. Indeed, they did not display a preference
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of experiments, we used methylated and

hydroxymethylated DNA immunoprecipi-
tation (MeDIP and hMeDIP, respectively)
assays to determine the ratio of 5-methyl-
ated cytosines (5mC) or 5-hydroxy-
methylated cytosines (5hmC) to the total
cytosines of GADI and GAD2 CpG-
enriched promoter fragments in mPFC tis-
sue of poly(I:C) and control mice. To this

Figure 1. Prenatal immune activation produces working memory and social interaction deficits. (A)
Working memory was assessed in the Y-maze spatial recognition paradigm. Left: The bar plot
depicts the percent time spent in the novel (previously unexplored) arm during the choice phase of
the test in control (CON) and poly(l:C) (POL) offspring. *P < 0.05 as determined by a Student t-test.
Right: The bars plot shows the total distance moved during the choice phase of the test. (B) Social
interaction was assessed by analyzing the relative exploration time between an unfamiliar congenic
mouse (‘mouse’) and an inanimate dummy object (‘dummy’). The bar plots show the relative explo-
ration time between the mouse and the dummy for the CON and POL offspring. *P < 0.05 as deter-
mined by a Student t-test. N(CON) = 8, N(POL) = 8. All values are means & SEM.

end, sonicated genomic DNA that did not
undergo  immunoprecipitation  (input
DNA) and DNA immunoprecipitated
with anti-5mC and anti-ShmC antibodies (IP DNA) were used
as templates for quantitative real-time PCR (qRT-PCR) with pri-
mers specific against the GADI and GAD2 promoter regions
(sequences given in Table 1). We chose these procedures for two
main reasons: First, unlike bisulfite conversion and most enzyme-
dependent methods, MeDIP is capable of distinguishing 5mC
from 5hmC, the latter of which contains approximately 20% of
all methylcytosines in the brain and likely has very different func-
tions and genomic locations.***? Second, the MeDIP and hMe-
DIP procedures are sensitive methods to capture altered
methylation patterns at the GADI promoter in mouse brain ts-
sue.” A schematic representation of the GADI and GAD2 pro-
moters, including CpG islands, CpG shores, transcriptional start
site (TSS) and genomic positions of interest, is depicted in
(Fig. 2).

We found that prenatally immune-challenged offspring dis-
played an overall ~40% (F{;,14 = 4.80, P < 0.05) increase in
5mC modifications at the GADI promoter, which was apparent
at two distinct regions of the GADI CpG islands spanning the
TSS, namely (=193 to —74 bp) and (4+35 to +268 bp)
(Fig. 3A). Similarly, prenatal immune activation increased the
levels of 5hmC at these GADI promoter regions by ~20%
(F(1,14) = 4.80, P < 0.05; Fig. 3B). 5mC and 5hmC levels in the
CpG island region located outside the promoter region (i.e.,
within the gene body) were not significantly different between
poly(I:C)-exposed and control mice (Fig. S1), suggesting that the
effects of prenatal immune activation on GADI methylation and
hydroxymethylation are specific to the promoter region.

Prenatal immune activation also led to hypermethylation of
the GAD2 promoter: The 5SmC modifications at the targeted
GAD2 promoter region (-401 to -269 bp) were significantly
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(F(1,14y = 6.78, P < 0.05) increased by ~40% in offspring born
to immune-challenged mothers relative to controls (Fig. 4A). In
contrast to its effects on GADI (see Fig. 3), however, prenatal
immune activation did not affect the levels of 5ShmC at the
GADZ2 promoter region.

Effects of prenatal immune activation on MeCP2 binding at
GADI and GAD2 promoters

Hypermethylation of the GADI promoter has been associated
with increased promoter binding of MeCP2, both in subjects
with neuropsychiatric disorders and in disease-relevant animal
models.?”* MeCP2 is one of several methyl-binding domain
(MBD) proteins with high affinity for methylated DNA.%8 In
view of the altered methylation patterns found in offspring of
immune-challenged mothers (see Figs. 3,4), we explored whether
prenatal immune activation would increase MeCP2 binding at
the GADI and GAD2 promoters. To this end, we performed
chromatin immunoprecipitation (ChIP) using a MeCP2 anti-
body according to protocols that were previously validated in
mouse brain tissue.”>** We found that prenatal immune activa-
tion markedly affected MeCP2 binding at GAD! and GAD2 pro-
moter regions: As depicted in Fig. 5A, offspring born to
immune-challenged mothers displayed a ~35% (F (1,12) = 6.36,
P < 0.05) increase in MeCP2 binding at the GADI promoter,
which was apparent at both regions of interest (—193 to —74 bp
and +35 to 4268 bp). Similarly, prenatal immune activation
increased MeCP2 binding at the GAD2 promoter by ~50%
(F(1,12) = 14.01, P < 0.01; Fig. 5B). Our findings thus suggest
that prefrontal GADI and GADZ2 remodeling following prenatal
immune challenge involves increased MeCP2 promoter binding

(Fig. 5).
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Table 1. Correlation analyses between behavioral performance and epigenetic markers at the GADT (Regions 1 and 2) and GAD2 promoter regions in the
medial prefrontal cortex (mPFC) of control (CON) and poly(l:C) (POL) offspring. Behavioral performance variables included in the analysis were the percent
time spent in the novel arm in the Y-maze test and the delta time spent with mouse vs. dummy in the social interaction test. Epigenetic markers included in
the analysis were 5-methylcytosine (5mC) binding, 5-hydroxymethylcytosine (5hmC) binding, and methyl CpG-binding protein 2 (MeCP2) binding at the
GADT1 (regions 1 and 2) and GAD2 promoter regions. The correlations were performed using Pearson’s product moment correlations. The coefficients of cor-

relation r are given in the table for each correlative comparison.

GAD1 Promoter - Region 1 5mC enrichment

5hmC enrichment

MeCP2 enrichment

—0.51*
—0.51*

—0.57*
—0.55*

Working Memory Score
Social Interaction Score

—-0.14
—0.62*

GAD1 Promoter - Region 2 5mC enrichment

5hmC enrichment

MeCP2 enrichment

—0.39
—0.42

—0.48
—0.50%

Working Memory Score
Social Interaction Score

—0.31
—0.65*

5hmC enrichment

MeCP2 enrichment

GAD2 Promoter 5mC enrichment
Working Memory Score —0.25 —0.34
Social Interaction Score —0.44 —0.44

—044
—035

‘P < 0.05 signifies a significant Pearsons product correlation. N = 14-16 (7-8 CON, 7-8 POL) for each correlation.

Correlation between epigenetic markers and behavioral
performance

To examine a possible relationship between the animals’ behav-
ioral performance and the epigenetic markers of interest, we corre-
lated the 5mC, 5hmC, and MeCP2 enrichment scores at the GADI
and GAD2 promoters with working memory and social interaction
scores of poly(I:C)-exposed and control offspring. We found that

GAD1
-193 119 74 TSS +35 . 268 +
 shore §° 7} |§§ 1 CpG island i 1844 chore
I | I | 1 1 1
/ Region 1 Region 2 \
-193 CAAACCCGTG AGCTGGATTT +35 GGATCGTGCA AGCAAGGAAG CAGCCCTGGG
-173 ATAATCGCCC TACAAAGCTC +85 GTGACACCCA GCACGTACTC CTGTGACAGA
-153 CAGAGGCAGT CAGACACCTG ~ +95 GCCGAGCCCA GCCCAGCCCC GGGACGCTTC
133 CAAMAGGAGCC CCAGCGCTCC — +125 GCAGAGGAGT CGCGGGAGGG TCCAGCTCGC
-113 GCGGACGAGC TGCCCCCGCG  +155 TGTCGCTGAA CCGAGGTGGG TAAATACCGG
-93 AGCAACGGCC TCGTGATTCC +185 ATCGCCCGGA CTTGCCAGAG CCCCGCCTCG
+215 GTTATTCAAC CCGGTGCCCT CAGCCTGCGG
+245 CTTCTTGTCC AGCCCTTTGC CTCA
GAD2
40 )
1 shore 2|6 188 T|§§ CpG island
/ |
401 CTTTGGAGCT CTTCCTGATT
-381 GAGGCCAGGT GGCCTGGGCT
-361 CTTGAGGTCA CAGCGACCTC
-341 AGCACTGGTT TGGAGGAAGG
-321 CGGGCGCGAG AACCACTTTT
-301 GCTCGGCAGC AGCCAGAGAC
-281 AGCCCTCAAA CAA

Figure 2. Sequences and genomic locations of the GAD1 and GAD2 promoter regions of interest. Two
assays (before and after the transcriptional start site, TSS) were performed on the GADT promoter
based on previous studies looking at sequences within both these regions,**** while one assay (before
the TSS) was performed on the GAD2 gene.
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5mC, 5ShmC, and MeCP2 enrichment scores at the pre-TSS pro-
moter region of the GADI gene negatively correlated with working
memory and social interaction scores (Table 1 and Fig. 6). On the
other hand, there were no correlations between 5SmC, 5hmC, and
MeCP2 enrichment scores at the GAD2 promoter and working
memory or social interaction (Table 1). These data indicate that
methylation-related epigenetic parameters at the prefrontal GADI

promoter may be more readily involved
in working memory and social interaction
as compared with epigenetic changes
occurring at the GAD2 promoter.

Effects of prenatal immune
activation on prefrontal GADgs and
GADg; mRNA expression

In a last series of experiments, we
aimed to examine whether the infec-
tion-induced epigenetic modifications
at the GADI and GADZ2 promoters are
associated with reduced GADg; and
GADgs respec-
tively. Because of the limited quantities

mRNA  expression,

of prefrontal specimens in mice, we
used mPFC tissue from a second cohort
of adult poly(I:C)-exposed and control
mice that were generated and main-
tained under identical conditions to the
previous cohort of animals. Consistent
with previous studies,”>® quantitative
real-time polymerase chain reaction
(QRT-PCR) revealed that poly(I:C)-
exposed offspring displayed a ~20%
(F(I,IS) = 8.71, P < 001) and ~15%
(F1,15) = 5.66, P < 0.05) reduction in
the prefrontal mRNA levels of GADg-
and GADygs, respectively, compared to
control offspring (Fig. 7).
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Figure 3. Prenatal immune activation increases 5-methylcytosine (5mC)
and 5-hydroxymethylcytosine (5hmC) binding at the GADT promoter
region in the medial prefrontal cortex (mPFC) (A) 5mC binding was
assessed by comparing the ratio of 5mC to the total cytosines in geno-
mic DNA samples of control (CON) and poly(l:C) (POL) offspring. Left: The
line plot shows 5mC ratios at both promoter regions of interest (Region
1, R1; Region 2, R2) for the CON and POL offspring. Right: The bar plot
shows the mean 5mC ratios for both regions R1 and R2. *P < 0.05 as
determined by a main effect of treatment arising in the repeated-meas-
ures ANOVA analysis over the two regions R1 and R2 of interest. (B)
5hmC binding was assessed by comparing the ratio of 5hmC to the total
cytosines in genomic DNA samples of CON and POL offspring. Left: The
line plot shows 5hmC ratios at both promoter regions of interest R1 and
R2. Right: The bar plot shows the mean 5hmC ratios for R1 and R2. *P <
0.05 as determined by a main effect of treatment arising in the
repeated-measures ANOVA analysis over the two regions R1 and R2 of
interest. N(CON) = 8, N(POL) = 8. All values are means £ SEM.

Discussion

Our study demonstrates for the first time that prenatal viral-
like immune activation results in altered promoter methylation
of specific GABAergic genes, namely GADI and GAD2, in the
offspring. Similar epigenetic aberrancies can be caused by other
early-life adversities such as exposure to prenatal stress or defi-
cient maternal care in mice or rats.*>*> Hence, the promoter
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regions of these GABAergic genes seem to be highly sensitive to
the epigenetic effects of various environmental insults operating
at early stages of brain development. The capacity of early-life
adversities to affect GADI and GAD2 promoter methylation
may be explained, at least in part, by the fact that the expression
of these two genes in prefrontal regions is first detectable during
early fetal life and continues throughout adolescence and adult-
hood.*®*” Furthermore, the promoter regions of both genes con-
tain large CpG dinucleotide islands (i.e., they both span regions
of over 1.5 kb extending from upstream the TSS through the first
exon™®), which are known to facilitate promoter hypermethyla-
tion and formation of transcriptionally inactive chromatin,****
The susceptibility of the GADI and GAD2 promoters to hyper-
methylation may be further explained by the fact that the expres-
sion of methylating enzymes, such as MeCP2, DNMT1, and
DNMT3A, is particularly high in (cortical) GABAergic neu-
rons.”® Hence, the developmentally regulated pattern of GADI
and GAD?2 transcription, along with the molecular composition
of their promoter regions, would make it plausible that exposure
to environmental adversities during sensitive periods of brain
development and/or maturation can have a long-term impact on
GADI and GAD2 functions.”®*

Another main finding of our study is the demonstration of
increased MeCP2 binding at GADI and GAD2 promoters fol-
lowing prenatal immune challenge. In view of the high affinity of
MeCP2 to methylated DNA,?® the increase in MeCP2 promoter
binding further supports our interpretations that prenatal
immune activation causes hypermethylation of GADI and
GAD?2 promoters in the mPFC. Compared to other cell types
residing in the brain parenchyma, MeCP2 is most highly
expressed in neurons, especially in GABAergic cells, where it acts
as an important transcriptional regulator.”®%>% When bound to
methylated DNA, MeCP2 can interact with histone deacetylases
(HDACG:) and/or other transcription factors to form a complex
that suppresses transcriptional activity.”®! In addition to its
transcriptional repressor functions, however, MeCP2 may also
act as a transcriptional activator through the recruitment of the
transcription factor CREB1.”> The exact mechanism by which
MeCP2 represses or activates gene transcription is an area of
intensive research and may be influenced by various factors,
including gene length.53 In our model of prenatal infection, the
increase in MeCP2 binding at the GADI and GAD2 promoters
may be more readily associated with transcriptional repression as
this effect was further accompanied by reduced GADg; and
GADgs mRNA levels.

Despite the similarities between the effects of prenatal
immune activaton on GADI and GADZ2 methylation and
MeCP2 binding, the prenatal manipulation had a differential
impact on promoter hydroxymethylation. Whereas it markedly
increased ShmC levels at the GADI promoter, it failed to do so
at the GAD2 promoter. These differential effects suggest that the
promoter regions of the 2 GABAergic genes may be under the
control of partly distinct epigenetic regulatory mechanisms, at
least in offspring with prenatal infectious histories. It remains
debatable, however, whether ShmC modifications serve as a sta-
ble epigenetic mark that directly regulates gene expression, or
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Figure 4. Prenatal immune activation increases 5-methylcytosine (5mC) binding at the GAD2 pro-
moter region in the medial prefrontal cortex (mPFC). (A) 5mC binding was assessed by comparing the
ratio of 5mC to the total cytosines in genomic DNA samples of control (CON) and poly(I:C) (POL) off-
spring. The bar plot shows 5mC ratios within the region of interest. *P < 0.05 as determined by a Stu-
dent t-test. (B) 5hmC binding was assessed by comparing the ratio of 5hmC to the total cytosines in
genomic DNA samples of CON and POL offspring. The bar plot shows 5hmC ratios within the region
of interest. N(CON) = 8, N(POL) = 8. All values are means =+ SEM.
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Figure 5. Prenatal immune activation increases methyl CpG-binding protein 2 (MeCP2) binding at
the GAD1 and GAD2 promoter regions in the medial prefrontal cortex (mPFC) (A) MeCP2 binding at
the GADT promoter. Left: the line plot shows MeCP2 binding at both promoter regions of interest
(Region 1, R1; Region 2, R2) for the control (CON) and poly(l:C) (POL) offspring. Right: the bar plot
shows the mean MeCP2 for both regions R1 and R2. *P < 0.05 as determined by a main effect of
treatment arising in the repeated-measures ANOVA analysis. (B) MeCP2 binding at the GAD2 pro-
moter. The bar plot shows the MeCP2 binding values in the region of interest in CON and POL off-
spring. **P < 0.01 as determined by a Student t-test. N(CON) = 7, N(POL) = 7. All values are means
=+ SEM.
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alternatively, whether they represent a
transient intermediate state that marks
sites of active CG demethylation.?®*®
The latter possibility would be sup-
ported by findings showing that DNA
demethylating enzymes, including TET
enzymes, can bind to 5ShmC and catalyze
its oxidation to 5-formylcytosine and 5-
carboxylcytosine.”® The latter yield sub-
strates for thymine-DNA glycosylase,
which in turn promotes the generation
of non-methylated cytosines.*”>* What-
ever functions 5ShmC modifications may
have, converging evidence suggests that
altered hydroxymethylation can contrib-
ute to behavioral and cognitive defi-
cits.”””” Moreover, increased cortical
5hmC levels in GABAergic neurons are
linked to reduced transcription of
GADI in schizophrenia and schizophre-
nia-relevant animal models.”® Our data
are consistent with these findings by
showing altered prefrontal hydroxyme-
thylation in an established infection-
based neurodevelopmental disruption
model that is characterized by disease-

behavioral and
7-8,34-37

relevant cognitive
impairments.

Future studies should attempt to
identify the developmental mechanisms
linking prenatal immune activation to
adult GABAergic abnormalites. We
have previously demonstrated that
immune challenge in late pregnancy
leads to a post-pubertal emergence of
reduced GADg7; and GADgs mRNA and
protein expression in the mPFC.”®
Therefore, it would be interesting to
determine whether GADI/GADZ2 pro-
moter abnormalities may follow a similar
developmental pattern, that is, whether
more extensive epigenetic changes may
be present in adulthood as compared to
pre-pubertal stages. In addition, future
studies are required to identify the mech-
anisms mediating the epigenetic effects
of prenatal immune activation. One pos-
sibility would be that poly(I:C)-induced
inflammatory events directly affect the
expression of epigenetic enzymes, which
in turn would modify the methylation
levels of GAD genes at early neonatal
stages.*> Evidence for this possibility
arises from studies demonstrating that
pro-inflammatory cytokines such as IL-6
can induce expression of DNMT1 and
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example, it is thought that a large number 5-MC enrichment (IP vs. input) 5-hMC enrichment (IP vs. input)
of promoters are kept in a temporarily
“dormant” hypermethylated state by
DNMTI1 or TETI binding, while the Figure 6. Significant c.or.relations bereen behavioral. performance e.md epigenetic markers at the
b ¢ itment of other i GADT1 pre-TSS (transcriptional start site) promoter region in the medial prefrontal cortex (mPFC) of
su .sequen fecrultmen _0 . other epige- control (CON) and poly(l:C) (POL) offspring. Behavioral performance variables included in the analy-
netic enzymes Or (ranscription repressors sis were the percent time spent in the novel arm in the Y-maze test and the delta time spent with
at later stages would cement this dormant | mouse vs. dummy in the social interaction test. Epigenetic markers included in the analysis were 5-
state into transcriptional repression by methylcytosine (5mC) binding or 5-hydroxymethylcytosine (5hmC) binding at the GADT pre-TSS
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tion would lead to immediate effects on

DNMTS/TETs expression and GADI1/

GAD?2 promoter methylation, whereas noticeable downregula-
tion of GADg; and GADgs would only emerge later, e.g., in late
adolescence or early adulthood.

Finally, a last possibility would be that changes in the expres-
sion of DNMTs (and/or of other epigenetic regulators) following
the prenatal immune activation may occur only at late matura-
tional stages, that is, at times when reduced GADg7; and GADygs
mRNA and protein expression are evident.”® The dynamic and
age-dependent expression of DNMTs across postnatal life would
readily support this possibility. Indeed, brain levels of DNMTs
are known to undergo substantial reductions across childhood
and peri-adolescence in rodents.°® At the same time, global
methylation patterns in the human frontal cortex are remodeled
across postnatal life in a cell-specific manner,'? and in particular
within the GADI gene.®” Thus, in view of the highly dynamic
nature of DNMT's expression and activity, it is likely that numer-
ous regulatory mechanisms converge to control epigenetic
changes across postnatal life. Although these regulatory mecha-
nisms remain largely unknown, miRNAs represent important
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candidates. Indeed, several in vitro studies have identified a num-
ber of candidate miRNAs capable of regulating the expression
levels of DNMT1, DNMT3a, and DNMT3b mRNAs, respec-
tively.””® In particular, a recent study has demonstrated that
DNMT3a expression can be reduced by mir-132, a miRNA that
is also downregulated in the PFC of patients with schizophrenia.®’
Expression of mir-132 also increases during critical periods of
brain maturation, where it plays important roles in the regulation
of plasticity.”® Interestingly, mir-132 expression participates to the
recruitment of ant-inflammatory responses in the brain and
periphery following LPS administration.”" Changes in miRNA
expression following prenatal immune activation may thus repre-
sent another possible mechanism whereby this early-life insult can
lead to promoter remodeling of GAD and other genes.

In our study, we examined methylation-related epigenetic
marks in mice that were previously subjected to behavioral test-
ing. One possible limitation of this approach is that the animals
were exposed to a certain degree of stress during behavioral test-
ing. Hence, the previous testing history itself might have
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Figure 7. Prenatal immune activation reduces the mRNA levels of GADg;
and GADgs in the medial prefrontal cortex (mPFC). The graphs depict the
levels of normalized mRNA expression of GADg; and GADgs in control
(CON) and poly(I:C)-exposed (POL) offspring. N(CON) = 10 and N(POL) =
7.*P< 0.05 and **P < 0.01. All values are means + SEM.

introduced some changes in the levels of promoter 5mC, 5hmC,
and/or MeCP2 binding. Based on our long-standing expertise
with behavioral examination in mice, however, we deem this pos-
sibility rather unlikely for two main reasons. First, the chosen
behavioral tests were associated only with minimal stress for the
animals, as they did not involve any major aversive events such as
foot-shock, food- or water-deprivation, or long-term behavioral
training. Second, a 1-week resting period was imposed between
the completion of behavioral testing and collection of brain sam-
ples. This minimized the potential confounds that might arise
from short-term exposure to stress. On the other hand, one clear
advantage of our approach to examine epigenetic marks in behav-
iorally characterized animals is that it allowed us to perform cor-
relations between the molecular and behavioral readouts. By
doing so, we revealed that epigenetic modifications at the GADI
promoter, but not at the GAD2 promoter, correlated with social
interaction and working memory. Even though these findings do
not allow us to draw any conclusions regarding possible causal
relationships, they are consistent with the notion that molecular
abnormalities within GADI may play a more prominent role
than GAD2 in neuropsychiatric disorders that are characterized
by social impairments and working memory deficiency.”****">?
Furthermore, our results are consistent with the findings of
reduced social behavior in transgenic mice harboring a condi-
tional CNS-specific deletion of GAD1.”*

As extensively reviewed elsewhere,”® the prenatal poly(I:C)
administration model in mice (and other species) captures a wide
variety of behavioral, anatomical, neurochemical and neuromor-
phological abnormalities pertinent to neuropsychiatric disorders,
especially schizophrenia and autism. The present findings provide
an important extension to this model by identifying epigenetic
phenotypes that are reminiscent of those found in prefrontal cor-
tical structures of patients with schizophrenia and related dis-
oders.*>*®*7> The etiological

mechanisms underlying the

epigenetic modifications in these disorders remain largely
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unknown. Against the background of the epidemiological associ-
ation between prenatal infection and subsequent risk of neuro-
psychiatric disorders in humans,"® our findings suggest that
maternal infection during pregnancy may be a significant envi-
ronmental risk factor for GABA-related epigenetic abnormalities
in these disorders. In broader context, our findings add to the
emerging evidence suggesting that epigenetic remodeling is one
of the critical processes by which early-life environmental experi-
ences can be translated into altered neuronal and behavioral func-
tions.”* This form of epigenetic plasticity is an essential
contributor to phenotypic plasticity in developing and post-
mitotic neurons and critically shapes experience-dependent neu-
ronal adaptions required for normal brain development and
functioning,'*”>7¢ Disruption of these processes, be it by early-
life infection or by other developmental stressors, can therefore
be expected to contribute to neurodevelopmental disorders by
promoting global or specific epigenetic reconfigurations and sub-
sequent changes in neuronal gene expression and functions.

It should be also be noted, that our findings are somewhat
contrary to those reported by Connor et al.,'” showing that late
pregnancy immune activation (gestational day 17.5) leads to
only subtle non-significant changes in genome-wide promoter
trimethylated histone H3 at lysine 4 (H3K4me3) marks in the
cerebral cortex. Hence, whereas our findings indicate that prena-
tal immune activation can lead to altered promoter methylation
patterns, those of Connor et al.'” suggest that these effects do
not extend to all forms of chromatin remodeling, but rather
induce specific changes within particular classes of epigenetic
marks. Future studies shall attempt determining whether prenatal
immune activation affects other types of histone modifications
known to regulate transcriptional activity such as H3K27me3
and H3K9me2/3 known to closely associate with gene repression
or H3K4me3 that associates with the promoter regions of active
genes.”” Related to this, it would also be interesting to extend our
own findings by assessing methylation levels at individual CpGs
of the GADI/GAD?2 genes, using high-resolution methods, such
as bisulfite cloning or pyrosequencing, and possibly also extend
our targeted approach to a genome-wide level.

Our findings may have implications for attempts to ameliorate
the behavioral and cognitive impairments that emerge following
prenatal exposure to infection. Indeed, it will be intriguing to
explore whether demethylating pharmacological agents may be
effective in restoring such impairments. To the best of our
knowledge, there have been no attempts yet to normalize behav-
ioral and cognitive abnormalities using primary epigenetic phar-
macotherapy in models of prenatal infection. Such attempts,
however, have been proven useful in other preclinical models rel-
evant to schizophrenia, including pharmacological models and
models of prenatal stress exposure.”*”8%% The GADI promoter
region seems particularly sensitive to epigenetic-based pharmaco-
therapy, as supported by previous work using DNMT or HDAC
inhibitors.5%? Related to this, it is interesting to note that prena-
tal infection-induced working memory deficits can be mitigated
by chronic treatment with the atypical antipsychotic drug cloza-
pine.®” Besides other neurochemical properties, clozapine has
DNA-demethylation activity and is capable of reversing GADI
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promoter hypermethylation in animal models.** Whether the
effectiveness of clozapine to mitigate infection-induced working
memory deficits is somehow related to epigenetic effects at the
GADI promoter is still unknown and thus awaits direct
examination.

In conclusion, our findings lend further support to the
hypothesis that exposure to early-life adversities can regulate the
transcriptional regulation of genes that are critically implicated in
adult brain disorders. Specifically, our study demonstrates that
prenatal viral-like immune activation in mice induces GADI and
GAD2 promoter remodeling, which is characterized by promoter
hypermethylation and increased MeCP2 promoter binding.
These epigenetic effects are associated with reduced expression of
the corresponding mRNA transcripts (GADg7; and GADgs) and,
in the case of GADI, correlate with behavioral and cognitive
functions. Epigenetic modifications at presynaptic GABAergic
systems may thus represent an important mechanism whereby
maternal infection during pregnancy can induce long-term
behavioral and cognitive impairments in the offspring.

Materials and Methods

Animals

C57BL6/N mice were used throughout the study. Female and
male breeders were obtained from Charles River Laboratories
(Germany) at the age of 1014 weeks. Breeding began after 2
weeks of acclimatization to the animal holding rooms, which
were temperature- and humidity-controlled (21 £ 1°C, 55 +
5%) facilities under a reversed light—dark cycle (lights off: 8:00
AM. to 8:00 P.M.). All animals had ad libitum access to food
(Kliba, #3430) and water. All procedures described in the present
study had been previously approved by the Cantonal Veterinary
Office of Zurich. All efforts were made to minimize the number
of animals used and their suffering.

Maternal immune activation during pregnancy

For the purpose of the maternal immunological manipulation
in late gestation, female mice were subjected to a timed mating
procedure as described previously.***® Pregnant dams on GD17
received either a single injection of poly(I:C) (potassium salt;
Sigma-Aldrich, # P9582) or vehicle. Poly(I:C) (5 mg/kg) was
dissolved in sterile pyrogen-free 0.9% NaCl (vehicle) solution to
yield a final concentration of 1 mg/ml and was administered via
i.v. route at the tail vein under mild physical constraint. The
dose of poly(I:C) was chosen based on our previous studies.®> 8
All solutions were freshly prepared on the day of administration
and injected with a volume of 5 ml/kg. Offspring born to
poly(I:C)- or vehicle-treated mothers were allocated to behavioral
and molecular investigations of interest, as detailed in the
Supplementary Material.

Behavioral analyses

Working memory was assessed using a spatial recognition test
in the Y-maze using protocols established and validated
before.*®*® Social interaction was assessed by analyzing the

www.tandfonline.com

Epigenetics

relative exploration time between an unfamiliar congenic mouse
and an inanimate dummy object using methods established
before.*® A detailed description of the test apparatus and proce-
dures is given in the Supplementary Material.

Collection of medial prefrontal cortex samples

Following decapitation of the animals, the brains were imme-
diately extracted from the skull and allowed to freeze on dry ice
before storage at —80°C until further use. Frozen brains were
placed dorsal side up on a dry ice-chilled plate for micro-dissec-
tion of the medial prefrontal cortices (mPFC) using methods
described in detail elsewhere.?>**38 Micropunches of the mPFC
were collected in 1.5-mL Eppendorf tubes and stored at —80°C
for subsequent epigenetic or mRNA analyses (see below).

Methylated and hydroxymethylated DNA
immunoprecipitation (MeDIP and hMeDIP)

We analyzed the ratio of 5SmC or 5ShmC to the total cytosines
of mouse GADI and GAD2 CpG-enriched promoter fragments
according to protocols established and validated before.**** A
schematic representation of the GADI and GADZ2 promoters,
including CpG islands, CpG shores, TSS and genomic positions
of interest, is depicted in (Fig. 2). Mouse monoclonal 5mC
(MagMeDIP kit, Diagenode, #C02010021) or rabbit polyclonal
5hmC (hMeDIP kit, Diagenode, #C02010031) antibodies were
used for the immunoprecipitations. Genomic DNA (gDNA) was
extracted from approximately 16 mg mPFC tissue using phenol-
chloroform extraction and ethanol precipitation procedures and
then quantified by spectrophotometric analysis (NanoDrop,
Thermoscientific). gDNA (13 ng) were sonicated for 1min at
20°C (Duty factor 10%; Cycles/burst 200) to produce a frag-
ment size of 200-600 bp (as verified by gel electrophoresis) using
the SonoLab #M-220 sonicator (Covaris). Sonicated DNA
(1.2 pg) were heat-denatured and used for the 5mC or 5ShmC
immunoprecipitations (IP) according to the manufacturer’s
instructions. Ten percent of the solution was removed and stored
at 4°C overnight to be used to quantify the total amount of
DNA before immunoprecipitation (input samples). The remai-
ning solution was incubated overnight at 4°C with mouse anti-
5mC or anti-5hmC antibodies provided by the kit (IP samples).
The immunoprecipitated DNA was washed and released from
the antibody complex by proteinase-K digestion and resuspended
in 100 pL of DNA-immunoprecipitation buffer (DIB) provided
by the kit. An immunoprecipitation negative control (IgG anti-
body at the same concentration) was included in each assay and
did not produce any detectable signal.

MeCP2 binding to GADI and GAD2 promoters by
chromatin immunoprecipitation (ChIP) measurements

The MeCP2 ChIP assays were performed using the Magna
ChIP G Tissue Kit (Merck-Millipore, #17-20000) as described
in detail elsewhere.”** Briefly, approximately 16 mg of mPFC
tissue was used for this procedure. Tissue microcubes (1 mm?)
were homogenized and washed into 500 pl tissue stabilizing
solution supplemented with a protease inhibitor (PI) cocktail.
Tissue pellets were then incubated with 900 wL of PBS
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Table 2. Primers used in the methylation assays and real-time PCR analyses. Top: Primers for the epigenetic assays. The three columns give the sequences of
the forward and reverse primers, as well as the genomic location of the amplicon (¥) as compared to the transcriptional start site (TSS) defined using the
UCSC Genome Browser, positions chr2:70562163 (TGTAGTTTAA. ..) for GADT and chr2:22,622,326 (CTCCCTAAAA. ..) for GAD2. Bottom: Primers for the real-
time PCR analyses given the forward and reverse primers for GAD1, GAD,2 and B-Actin assays.

Primer Sequences for MeDIP,

hMeDIP and ChIP assays Forward Primer

Reverse Primer Amplicon Position*

5'-CAAACCCGTGAGCTGGATTTA-3’
5'-GGATCGTGCAAGCAAGGAAGCA-3'
5-CTTTGGAGCTCTTCCTGATTGA-3’

GAD1 Promoter - Region 1
GAD1 Promoter - Region 2
GAD2 Promoter

5'-GGAATCACGAGGCCGTTG-3'
5-TGAGGCAAAGGGCTGGACAAG-3'
5-TTGTTTGAGGGCTGTCTCTG-3'

—193 to —74bp
+35 to 4+-268bp
—401 to —269bp

Primer Sequences for gene

expression assays Forward Primer

Reverse Primer

GAD1 5-ATGATACTTGGTGTGGCGTAG-3’
GAD2 5-GC GGTCCTTCGGATCT-3'
B-Actin 5 -TGTGATGGTGGGAATGGGTCAGAA-3’

5-GACTCTTCTCTTCCAGGCTATTG-3'
5'-GAAC GGGCCACCTG-3'
5-TGTGGTGCCAGATCTTCTCCATGT-3"

containing 1% formaldehyde at 37°C for 7 min, after which the
fixation was terminated with 100 pl 10x glycine. After three
washes with cold PBS containing PI, the tissue was homogenized
in 500 wL SDS lysis buffer containing PI, incubated at 4°C for
20 min and resuspended into 130 pl dilution buffer containing
PI. To obtain consistent chromatin fragmentation, the lysates
were sonicated for 15 min at 7°C (Duty factor 10%; Cycles/
burst 200) to produce a fragment size of 200-600 bp (as verified
by gel electrophoresis) using the SonolLab #M-220 sonicator
(Covaris). The samples were then centrifuged to remove insolu-
ble material and resuspended into 2mL dilution buffer with PI.
An aliquot of 500 pl was incubated overnight at 4°C with mag-
netic beads (provided by the kit) and 1.5 ug MeCP2 antibody
(rabbit polyclonal; Merck-Millipore, #07-013) using protocols
established and validated before.*”>° An aliquot (1%) of the son-
icated lysate without antibody (input) was used to quantify the
total amount of DNA in sample extracts before immunoprecipi-
tation. At the end of the ChIP procedure, the protein/DNA
cross-linked nucleosomal chromatin complex immunoprecipi-
tated with MeCP2 antibody was washed, and then reverse cross-
linked at 62°C for 2 h and 95°C for 10 min with proteinase-K.
Protein-free DNA was further purified using spin filter columns
(provided by the kit). The extract was used for detection and
quantification of GADI and GAD2 gene promoters. An immu-
noprecipitation negative control (IgG antibody at the same con-
centration) was included in each assay and did not produce any
detectable signal.

Quantitative real-time PCR analysis of ChIP, MeDIP and
hMeDIP fragments

CpG-rich GADI and GAD2 gene promoters and gene bodies
were measured by qRT-PCR as fully described elsewhere.*>** In
brief, the samples were run in 96-well formats using Sybr green
(Applied Biosystems, #K0222) on a Agilent Mx3005P qRT-
PCR system. DNA samples (5 pl) were run in duplicates for the
regions of interest in 20 pl reactions. Primer sequences were
designed manually with assistance from Integrated DNA Tech-
nologies (IDT) software and purchased from IDT. The assays
were validated on input and IP DNA samples to verify the
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unicity of the PCR product (one-peak melting curve) and suffi-
cient amplification. The primer sequences are summarized in
Table 2. Thermal cycling was initiated with incubation at 95°C
for 10 min (TagMan polymerase activation). After this initial
step, 40 cycles of PCR were performed. Each PCR cycle con-
sisted of heating the samples at 95°C for 30 s to enable the
melting process and then for 60 s at 60°C and 60 s at 72°C for
the annealing and extension reactions. The PCR reaction was
followed by a final melting curve step. The percent (hydroxy-)
methylated vs. total cytosines was calculated by the following
equation: % (meDNA-IP/total input) = 2*[(Ct(10% input) -
3.32) - Ct(meDNA-IP)] x 100%.*** The percent MeCP2-
bound DNA vs. total DNA was calculated by the following equa-
tion: % (MeCP2-DNA-IP/total input) = 2*[(Ce(1% input) -
3.32) - Ct(MeCP2-DNA -IP)] x 100%.*%¢

Quantification of GADg7; and GADgs mRNA by
quantitative real-time PCR

Total RNA from mPFC specimen (see above) was isolated
using the Qiagen RNeasy Mini kit (Qiagen, #74104) according
to the manufacturer’s instructions, and quantified by spectropho-
tometric analysis (NanoDrop, Thermoscientific). Each sample
was treated with DNase to avoid DNA contamination. One pg
total RNA was then converted to ¢cDNA in a 20 pL reaction
using the High Capacity ¢cDNA Reverse transcription kit
(Applied Biosystems, #4374966) according to the manufacturer’s
instructions, and then frozen at -20°C until further use. cDNA
samples were diluted 1:10 and used for subsequent quantitative
real-time PCR (qRT-PCR) assays. The samples were run in 384-
well formats using Fast-Sybr green (Applied Biosystems,
#4385612) on an Applied Biosystems ViiA™7 qRT-PCR sys-
tem. Samples were run in triplicates for the gene transcripts of
interest (GADg7; and GADgs) and a normalizing control
(B-actin) in 5 WL reactions. Primer sequences were designed
using the Roche online Universal Probe Library and purchased
from Microsynth AG. Assays were validated using 1:5 dilution
standard curves of the same cDNA samples to verify the unicity
of the PCR product (one-peak melting curve) and sufficient
amplification. The primer sequences of interest demonstrated
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high amplification efficiency across a wide range of serial dilu-
tions of our samples. The primer sequences are summarized in
Table 2. Thermal cycling was initiated with incubation at 95°C
for 5min (TagMan polymerase activation). After this initial step,
40 cycles of PCR were performed. Each PCR cycle consisted of
heating the samples at 95°C for 3 s to enable the melting process
and then for 30 s at 60°C for the annealing and extension reac-
tions. The PCR reaction was followed by a final melting curve
step. Relative target gene expression was calculated according to

the 2[-delta Ct] method.®’

Statistical analyses

All data were analyzed using parametric analysis of variance
(ANOVA). Correlative analyses between epigenetic and behav-
ioral variables of interest were performed using Pearson’s product
moment correlations. Statistical significance was set at 2 < 0.05.
All statistical analyses were conducted using the statistical soft-
ware StatView (version 5.0) and SPSS (version 13.0).
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