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Neuronal dysfunctions in the cortical GABAergic system
have been widely documented in neuropsychiatric disorders
with prenatal infectious etiologies, including schizophrenia.
At least some of these abnormalities may stem from tran-
scriptional impairments in the GABAergic transcriptome.
However, the extent to which prenatal exposure to immune
challenge can induce long-term alterations in GABAergic
gene transcription remains largely elusive. Here, we use
an established mouse model of prenatal immune activa-
tion induced by maternal gestational administration of the
viral mimetic poly(I:C) (= polyriboinosinic-polyribocyti-
dilic acid) to demonstrate that prenatal immune activa-
tion causes maturation-dependent alterations in prefrontal
GABAergic gene expression. The spectrum of abnormalities
included altered mRNA expression levels of enzymes regu-
lating y-aminobutyric acid (GABA) biosynthesis (glutamic
acid decarboxylase 65-kDa [GAD | and GAD ), vesicular
GABA transporter (VGAT), alpha-subunits of the GABA(A)
receptor (02, a3, a4, and a5), and the chloride transporters
sodium-potassium-chloride cotransporter 1 and potassium-
chloride cotransporter 2. Additional western blot analyses
confirmed the deficits in prefrontal GAD /GAD, and VGAT
expression at the protein level. Intriguingly, the prefrontal
GABAergic transcriptome was found to be more strongly
affected in adult compared with peripubertal offspring born
to immune-challenged mothers, and these age-dependent
changes in GABAergic gene expression were paralleled by an
adult onset of working memory deficiency. Collectively, our
data emphasize a critical impact of prenatal immune-related
insults on long-term GABAergic changes relevant to neuro-
psychiatric disorders with prenatal infectious etiologies, espe-
cially for those with delayed onset in early adulthood.
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Introduction

Prenatal exposure to maternal infection has been associated
with increased risk of developmental neuropsychiatric dis-
ease, most notably schizophrenia.!? This epidemiological
link has also been supported by a plethora of experimen-
tal work in animals demonstrating schizophrenia-relevant
behavioral, cognitive, and neuroanatomical alterations
following prenatal exposure to infectious pathogens or
immune-activating agents.> Accumulating evidence sug-
gests that cytokine-associated inflammatory events,®’
together with downstream pathophysiological processes
such as oxidative stress,® hypoferremia,” and zinc defi-
ciency,'? are critical in mediating the negative influences of
prenatal infection on brain and behavioral development.

The central y-aminobutyric acid (GABA) system is one
of the neuronal networks that is highly sensitive to the
disrupting effects of prenatal immune challenge. Indeed,
prenatal exposure to viral infection or maternal immune
activation has been repeatedly shown to cause GABAergic
abnormalities at the cellular and neurochemical levels,!! 16
some of which are directly implicated in the pathophysi-
ology of schizophrenia.”” It is important to note that
prenatal immune activation is capable of changing cellu-
lar GABAergic markers in the offspring’s brain without
concomitantly inducing marked neurodegeneration and
reactive gliosis.'* One implication is that such GABAergic
abnormalities are unlikely to be the result of persistent
necrotic and/or apoptotic processes, but they may rather
be caused by changes in the expression of the correspond-
ing genes. However, the extent to which prenatal immune
activation can cause long-lasting changes in GABAergic
gene expression remains essentially unexplored.

This study sought evidence for this hypothesis by
measuring the transcription levels of various pre- and
postsynaptic GABAergic genes in offspring subjected to
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prenatal immune activation relative to controls. We used
a well-characterized mouse model of prenatal immune
challenge induced by maternal gestational treatment
with the viral mimetic poly(1:C) (= polyriboinosinic-poly-
riboceytidilic acid), which is known to capture a variety of
cellular GABAergic abnormalities and parallel behavioral
dysfunctions relevant to schizophrenia and autism.*
Poly(I:C) is a synthetic analog of double-stranded RNA
that induces a cytokine-associated viral-like acute phase
response in maternal and fetal compartments, including
the fetal brain.**

Various GABAergic markers were assessed in the medial
prefrontal cortex (mPFC), a brain region known to be sen-
sitive to the disrupting effects of prenatal immune chal-
lenge.>*!""3 The examination of presynaptic GABAergic
markers included the 2 isoforms of the rate-limiting
enzyme for GABA biosynthesis, glutamic acid decarbox-
ylase 65-kDa (GAD,,) and GAD,,, as well as the vesicular
GABA transporter (VGAT) that is responsible for uptake
and storage of GABA by synaptic vesicles.'® In addition to
these presynaptic markers, we ascertained the expression
of the 5 distinct alpha-subunits (al-a5) of the GABA
receptor because of their suggested pathophysiological rel-
evance to schizophrenia.'” We further measured the expres-
sion levels of the sodium-potassium-chloride cotransporter
1 (NKCC1) and the potassium-chloride cotransporter 2
(KCC2), which mediate chloride uptake and extrusion,
respectively, thereby regulating the extent to which GABA
signaling is predominately excitatory or inhibitory.'
All gene expression analyses were conducted in peripu-
berty and adulthood so as to assess possible maturation-
dependent effects of prenatal immune activation.

Materials and Methods

Animals

C57BL/6 mice were used throughout the study. Female
and male breeders were obtained from our in-house spe-
cific pathogen-free colony at the age of 10-14 weeks.
Breeding began after 2 weeks of acclimatization to the
new animal-holding room, which was a temperature and
humidity controlled (21£11C, 55%5%) holding facil-
ity under a reversed light-dark cycle (lights off: 08:00—
20:00h). All animals had ad libitum access to food (Kliba
3430, Klibamiihlen, Kaiseraugst, Switzerland) and water
unless specified otherwise. All procedures described in
this study had been previously approved by the Cantonal
Veterinarian’s Office of Zurich and are in agreement with
the principles of laboratory animal care in the Guide
for the Care and Use of Laboratory Animals (National
Institutes of Health Publication No. 86-23, revised 1985).

Maternal Immune Activation During Pregnancy

For the purpose of the maternal immunological manipu-
lation during pregnancy, female mice were subjected to
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a timed mating procedure as described previously.'>'¢
Pregnant dams on gestation day 17 (GD17) received
either a single injection of poly(I:C) (potassium salt;
Sigma-Aldrich) at a dose of 5mg/kg or vehicle (sterile
pyrogen-free 0.9% NaCl) according to protocols estab-
lished before.!>'* The late gestational stage (ie, GD17)
was selected because of our previous findings showing
that GD17 poly(I:C) treatment is capable of inducing
cellular abnormalities in the adult central GABAergic
system and of inducing multiple cognitive deficits in
adulthood.!>'*1¢ Poly(I:C) was dissolved in sterile pyro-
gen-free 0.9% NaCl (= vehicle) solution to yield a final
concentration of 1.0mg/ml and was administered via the
intravenous (iv) route at the tail vein under mild physical
constraint. All solutions were freshly prepared at the day
of administration and injected with a volume of 5ml/kg.

Allocation and Testing of Offspring

All offspring were weaned and sexed at postnatal day
(PND) 21. Littermates of the same sex were caged sepa-
rately and maintained in groups of 2-4 animals/cage as
described above. Only male subjects were included in all
molecular and cognitive tests to circumvent bias arising
from sexual dimorphism. They stemmed from multiple
independent litters (N = 14 for poly(I:C) and N = 15 for
vehicle control litters) to avoid possible confounds arising
from litter effects.’> Gene and protein expression analyses
(see below) were conducted when the offspring reached
either the peripubertal (PND 35) or the adult (PND
100) stage of development. Cognitive testing (see below)
was similarly performed both in peripuberty (PND
28-40) and adulthood (PND 95-106). Peripubertal and
adult stages were defined based on the gradual attainment
of sexual maturity and age-specific behavioral disconti-
nuities from younger to older animals.”® These 2 devel-
opmental stages roughly correspond to a period between
11-14 years and 20 years onward, respectively, in humans.
Separate cohorts of behaviorally naive male animals were
used for all gene and protein expression analyses and cog-
nitive testing in order to avoid possible confounds and
carry-over effects arising from prior testing.

Collection of Brain Samples

Following decapitation of the animals, the brains
were immediately extracted from the skull and placed
dorsal side up on an ice-chilled plate. This was directly
followed by preparing 1-mm coronal brain sections using
razorblade cuts and subsequent microdissection of the
mPFC region as established before and fully described
elsewhere.'® All gene and protein expression analyses were
performed on mPFC tissue (Bregma: +2.3 to +1.3) that
included anterior cingulate, prelimbic, and infralimbic
subregions.'® Both left and right brain hemispheres
were collected and were used for either gene or protein
expression analyses (see below), with right and left
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according to the Bradford Protein Assay procedure
(Bio-Rad Laboratories), using bovine serum albumin as
calibration standard.

Equal amounts of protein were run under reducing
conditions on Any Kd Criterion TGX precast gels
(Bio-rad Laboratories) and then -electrophoretically
transferred onto nitrocellulose membranes (Bio-Rad
Laboratories). The blots were blocked with 10% nonfat
dry milk and then incubated with the primary antibodies.
Because of the limited availability of mPFC tissue in
small animals such as mice, we were constrained to focus
our western blot analyses on 2 analyses only. Therefore,
we used an anti-GAD, . polyclonal antibody (1:1000,
4°C overnight; Millipore) that is able to simultaneously
recognize both GAD isoforms (65 and 67kDa) and a
primary anti-VGAT polyclonal antibody (1:1000, 4°C
overnight, Millipore). Membranes were then incubated
for 1h at room temperature with a peroxidase-conjugated
antirabbit immunoglobin G (IgG; 1:1000 for GAD,;,,
1:2000 for VGAT) and immunocomplexes were
visualized by chemiluminescence using the Chemidoc
MP imaging system (Bio-Rad Laboratories). Results were
standardized using (3-actin as the control protein, which
was detected by evaluating the band density at 43kDa
after probing the membranes with a polyclonal antibody
(1:10 000, Sigma-Aldrich) followed by a 1:10 000 dilution
of peroxidase-conjugated antimouse IgG (Sigma-
Aldrich). Protein levels of GAD,,, (measured together
without discriminating between bands) and VGAT were
calculated using an up-to-date Image Lab software (Bio-
Rad Laboratories).

Working Memory in a Matching-to-Position Dry
Maze Paradigm

Working memory was assessed using a matching-to-
position paradigm in the dry maze using an apparatus
and established procedures fully described elsewhere.?*?
Before testing, all animals were progressively food
deprived during the initial habituation phase (days 1-5)
until a minimal 90% free-feeding weight was reached.
Following habituation, the animals were then pretrained
in the dry maze using the visual cue for 2 consecutive
trials on 2 consecutive days (days 6 and 7).2*** Working-
memory testing was then started, and it lasted for 5 test-
ing days (days 8-12).

The working-memory task was based on the match-
ing-to-position paradigm, in which the animals were
required to learn the novel position of a rewarded hole
(75 wl freshly prepared condensed milk; Alicommerce
SAS, Liebefeld-Bern, Switzerland) revealed to them on
trial 1 of each day in order to navigate effectively to the
same location (ie, matching) on the subsequent trial on
the same day. Each test day included 2 trials. The reward
remained in the same position across trials on a given
test day but took a new position on each test day.?*** The
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allocation of the rewarded holes to a specific spatial loca-
tion was counterbalanced across the 2 prenatal treatment
conditions. Working memory was indexed by the reduc-
tion in distance moved and time needed to find the loca-
tion of the reward in trial 2 relative to trial 1.

Statistical Analyses

All gene expression (RT-PCR) and protein expression
(Western blot) data were analyzed using independent
Student’s ¢ tests (two-tailed). In the dry maze matching-
to-position paradigm of working memory, the distance
moved and latency to locate the reward served as the
critical test read-out and was analyzed using a 2X2 X
5 (prenatal treatment X trial X day) repeated-measures
analysis of variance (ANOVA), followed by Fisher’s least
significant difference post hoc comparisons or restricted
ANOVAs whenever appropriate. In addition, a 2 X 5 (pre-
natal treatment X day) repeated-measures ANOVA of the
improvement scores (ie, [time or distance in trial 1] —[time
or distance in trial 2]) was conducted in the dry maze
matching-to-position paradigm of working memory. All
data were separately analyzed for peripubertal and adult
subjects. Statistical significance was set at P < .05. All sta-
tistical analyses were performed using the statistical soft-
ware StatView (version 5.0) implemented on a personal
computer running the Windows XP operating system.

Results

Prenatal Immune Activation Induces Age-Dependent
Changes in Prefrontal Expression of Presynaptic
GABAergic Genes

First, we studied the effects of prenatal immune challenge
on the transcription levels of presynaptic GABAergic
genes in the mPFC of peripubertal and adult offspring.
Using 36B4 as internal normalizing gene, we found that
adult offspring born to immune-challenged mothers dis-
played a marked deficit in mRNA expression levels of
the enzymes regulating GABA biosynthesis (GAD,, and
GAD,)) and vesicular GABA storage (VGAT; figure 1a).
Notably, these effects were not manifest when the offspring
reached the peripubertal stage of development (figure 1a),
suggesting that prenatal immune activation induces age-
dependent changes in prefrontal expression of these pre-
synaptic GABAergic genes. Importantly, the direction and
magnitude of the observed changes between poly(I1:C)-
exposed and control animals remained stable when we
analyzed mRNA expression of GAD, GAD,, and
VGAT using 2 other internal house-keeping genes, namely
B-actin and 18S rRNA (see online supplementary figures
1 and 2). These additional investigations highlight that the
effects of prenatal immune activation on GABAergic gene
expression are readily attributable to significant alterations
in the expression of the target genes and are not biased by
possible effects on internal standard genes. Furthermore,
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Fig. 1. Gene and protein expression profiling of presynaptic GABAergic markers in prefrontal cortex following prenatal immune
activation. (a) The graph depicts the 2(-Delta C(T)) values for each individual control (CON; white symbols) or poly(I:C)-exposed (POL,
gray symbols) offspring at peripubertal (P) or adult (A) age. Individual mRNA levels are given for the 2 isoforms of the rate limiting
enzyme for GABA biosynthesis (GAD,, and GAD,,) and the vesicular GABA transporter (VGAT). The bars represent the mean of
individual 2(-Delta C(T)) values for each group/age. *P < .05, **P < .01, and ***P < .001, based on independent Student’s ¢ tests (two-
tailed). (b) GAD, ., protein levels for individual POL and CON offspring at peripubertal (P) or adult (A) age assessed using Western
blot analysis. The photomicrographs show Western blot samples for GAD, protein in the prefrontal cortex of 3 representative CON
and POL offspring. 3-actin is shown as control for comparison. *P < .05, based on independent Student’s 7 tests (two-tailed). (c) VGAT
protein levels for individual POL and CON offspring at peripubertal (P) or adult (A) age assessed using Western blot analysis. The
photomicrographs depict Western blot samples for VGAT protein in the prefrontal cortex of 3 representative CON and POL offspring.
[B-actin is shown as control for comparison. *P < .05, based on independent Student’s ¢ tests (two-tailed). N(CON/peripuberty) =9,
N(POL/ peripuberty) = 7, N(CON/adulthood) = 11, N(POL/ adulthood) = 9.

we also confirmed the age-dependent effects of prenatal
immune activation on presynaptic GABAergic markers
at the protein level using western blot analyses; adult but
not peripubertal offspring born to immune-challenged
mothers displayed a significant reduction in GAD __,__ and
VGAT protein in the mPFC (figure 1b,c).

65/67

Prenatal Immune Activation Induces Age-Dependent
Changes in Prefrontal Transcription of GABA
Alpha-Receptor Subunits

We also sought evidence for the possibility that prenatal
immune activation may affect the transcription of
GABA , receptor genes. To this end, we focused on the
expression of the 5 alpha subunits (a1-a5) of the GABA
receptor because previous investigations have detectecf
cellular changes in the expression of these subunits
following prenatal immune activation in mice.'>!%%
Here, we show that prenatal immune activation leads to

age-dependent alterations in the expression of the alpha-
subunits of GABA | receptor genes (figure 2): whereas
prefrontal mRNA levels of the a2 and a4 subunits were
significantly increased in immune-challenged offspring
at peripubertal age, expression of the same genes was
down-regulated in immune-exposed offspring when
they reached adulthood. Furthermore, adult but not
peripubertal offspring showed a significant increase and
decrease in the expression of a3 and a5 mRNA levels,
respectively (figure 2).

Prenatal Immune Activation Induces Age-Dependent
Changes in Genes Regulating the GABA Excitatoryl/
Inhibitory Shift

The age-dependent alterations of presynaptic and recep-
tors-associated GABAergic gene expression manifest
in immune-challenged offspring may be indicative of
altered maturation of the prefrontal GABA system. To
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Fig. 2. Analysis of GABA ,, receptor alpha-subunits mRNA levels in prefrontal cortex following prenatal immune activation. The graph
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for each group/age. *P < .05 and **P < .01, based on independent Student’s ¢ tests (two-tailed). N(CON/peripuberty) = 9, N(POL/

peripuberty) = 7, N(CON/adulthood) = 11, N(POL/ adulthood) =

further seek evidence for this possibility, we measured
the gene transcription levels of NKCCI1 and KCC2,
which regulate the extent to which GABA signaling is
either excitatory or inhibitory.'”® KCC2 is a potassium
chloride cotransporter that mediates chloride extrusion,
thereby facilitating the inhibitory actions of GABA.'
It is expressed primarily in mature neurons; therefore,
its expression peaks only after full brain maturation
in adulthood.”” In contrast, NKCCI1 shows peak levels
during early postnatal brain development, a time when
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9.

GABA signaling is primarily excitatory.?® Therefore, the
relative expression of NKCC1 vs KCC2 is typically taken
as a molecular index of the functional maturation of the
central GABA system.

We found that prenatal immune activation increased
the transcription levels of both NKCC1 and KCC2 in
the mPFC of peripubertal offspring (figure 3a). Because
of this concomitant enhancement, the NKCCI1:KCC2
ratio was highly similar between immune-challenged
offspring and controls at peripubertal age (figure 3b).
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age. *P < .05 and **P < .01, based on independent Student’s ¢
tests (two-tailed). (b) The bar plots show the means * standard
error mean (SEM) of normalized NKCC1:KCC?2 ratios for
peripubertal (P) or adult (A) offspring. N(CON/peripuberty) =9,
N(POL/ peripuberty) = 7, N(CON/adulthood) = 11, N(POL/
adulthood) = 9.

In marked contrast, adult offspring born to immune-
challenged mothers displayed a significant increase and
decrease in the transcription of NKCC1 and KCC2,
respectively (figure 3a). This imbalanced expression was
further evident in the NKCC1:KCC2 ratio, which was
significantly increased in immune-challenged offspring
relative to controls at adult age (figure 3b). Taken together,
these findings support the hypothesis that prenatal
immune activation disrupts the normal maturation of the
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prefrontal GABA system, leading to molecular signs of
an immature GABAergic system in adulthood.

Prenatal Immune Activation Induces an Adult Onset
of Working Memory Impairments

Because of its critical role in regulating neuronal
synchronization, the prefrontal GABAergic system
critically contributes to a variety of cognitive functions,
including working memory.!” Impairments in prefrontal
GABAergic signaling are thus believed to significantly
contribute to working memory deficits in psychiatric
disorders, especially in schizophrenia.!” In view of our
findings demonstrating maturation-dependent alterations
in prefrontal GABAergic gene transcription following
prenatal immune activation (figure 1-3), we further
ascertained whether the presence of these molecular
changes might be accompanied by cognitive dysfunctions
in the form of working-memory impairments. Because the
prefrontal GABAergic transcriptome is arguably more
affected in adult compared with peripubertal offspring
born to immune-challenged mothers (figure 1-3), one
clear expectation would be that the negative influences of
prenatal immune challenge on cognitive functions may
be readily noticeable in adulthood compared with earlier
maturational stages.

The assessment of working-memory performance in
immune-challenged and control offspring confirmed this
expectation. Using a matching-to-position paradigm, we
found that adult but not peripubertal offspring born to
immune-challenged mothers displayed a severe work-
ing-memory deficit (figure 4). Indeed, at the peripuber-
tal stage, both immune-challenged and control subjects
showed a clear reduction in the latency and distance
moved to find the rewarded hole in trial 2 relative to trial
1 (when the position of the rewarded hole was unknown
to the animals; figure 4a). In marked contrast, such
improvement in performance from trial 1 to trial 2 was
no longer evident in adult offspring subjected to prenatal
immune activation, while at the same time, adult control
offspring still displayed highly significant reduction in the
latency and distance moved to find the rewarded hole in
trial 2 relative to trial 1 (figure 4b).

Discussion

Our data provide the first line of experimental evidence
showing that prenatal exposure to immune activation has
long-lasting consequences on GABAergic mRNA expres-
sion in the mPFC. Some of the gene expression changes
identified in adult immune-challenged offspring, includ-
ing reduced prefrontal mRNA levels of GAD,,, a4, and
a5, have been repeatedly noted in schizophrenia and other
neurodevelopmental disorders with prenatal infectious
etiologies, including autism.!”!*?2 On the other hand,
our findings do not match the reports of decreased and
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Fig. 4. Working-memory performance following prenatal immune activation. The line plots show the latency (sec) and distance moved
(cm) to find the rewarded hole in trial 1 (T1) and T2, and the bar plots depict the improvement in these measures from T1 to T2. The
drawings illustrate computer-generated search path of representative control (CON) and poly(I:C)-exposed (POL) offspring in T1

and T2 of the working memory test. S, Starting position; R, location of the rewarded hole. (a) Working-memory performance in POL

and CON offsprmg at peripubertal age. ***P < .001, reflecting the significant main effect of trials [latency: F, ,
=11.75, P <0.001] obtained by a 2 X 2 X 5 (prenatal treatment X trial X day) repeated- medsures ANOVA. N(CON) =13,

distance: F,

=14.63, P <0.001;

N(POL) = 14 All values are means = SEM. (b) Working-memory performance in POL and CON offspring at adult age. **P < .01,

reflecting the significant main effect of trials [latency: £, |

following the presence of a significant prenatal tredtment X trial interaction [latency:

=17.92, P < .01; distance: F

=8.95, P < .01] in adult CON animals
=4. 58 P < .05; distance: F,, ,, = 6.48, P

(1,29)

ﬁl 16)
1.29)

<.05]; %P < .01, reflecting the significant difference between CON and POL animals in g1‘2 based on post hoc comparisons; *P < .05,
reflecting the significant difference between CON and POL animals associated with the significant main effect of prenatal treatment

[latency: F o =5. 01, P < .05; distance: F

the 1mprovement scores. N(CON) =

increased al and a2 mRNA levels, respectively, in corti-
cal areas of schizophrenic patients.'”?” Our experimental
data can thus be taken to support the hypothesis that
prenatal immune challenge is a significant environmen-
tal risk factor for some but not all long-term GABAergic
abnormalities commonly found in neuropsychiatric dis-
orders with developmental components.

However, we would like to emphasize that our
experimental data may be more readily reminiscent of
and relevant for neuropsychiatric disorders with a delayed
onset in early adulthood, primarily schizophrenia. This
is because the deleterious effects of prenatal immune
activation on GABAergic pathology (and associated
cognitive impairments) were found to be more pronounced
when the offspring reached adulthood. Indeed, one of
the major findings here was that the magnitude and/
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=5.82, P < .05] obtained by 2 X 5 (prenatal treatment X day) repeated-measures ANOVA of
17. MPOL) = 14. Al values are means + SEM.

or direction of the prenatal infection-induced changes
in mRNA expression were highly dependent on the
postnatal age of the offspring. For example, deficits
in the expression levels of enzymes regulating GABA
biosynthesis (GAD,, and GAD,,) and VGAT were only
clearly manifest in immune-challenged offspring once they
had reached adulthood. Furthermore, adult offspring
subjected to prenatal immune activation also showed
qualitatively (and quantitatively) more severe changes
in mRNA expression of the GABA , receptor alpha-
subunits compared with immune-chaflenged offspring
at peripubertal age. Consistent with its maturational
impact on dopaminergic development,” these findings
emphasize that prenatal immune activation does not
induce static effects on GABAergic gene expression.
Rather, the prenatal immunological insult may change



early neurodevelopmental trajectories that may then
interact with maturational processes to precipitate the
full spectrum of GABAergic abnormalities in adulthood.
This proposition would also be congruent with the
complex temporal dynamics underlying the normal
maturation of the central GABA system, in which even
subtle changes during development can exert a profound
impact on long-term GABAergic signaling.*

Our findings of altered NKCCI and KCC2 mRNA
expressions in prenatally immune-challenged offspring
further support the hypothesis of altered GABAergic mat-
uration following exposure to the prenatal immunologi-
cal insult. The expression of these 2 chloride transporters
is developmentally regulated, which in turn is pivotal in
shifting the functional properties of GABA from initially
excitatory in the developing immature brain to its pre-
dominantly inhibitory actions in the adult nervous sys-
tem.?® Whereas the mRNA expression levels of NKCCI
and KCC2 were concomitantly increased in peripubertal
offspring born to immune-challenged mothers, the rela-
tive expression of NKCC1 vs KCC2 was strongly shifted
toward increased and decreased NKCC1 and KCC2 lev-
els, respectively, when these offspring reached adult age.
Owing to the normal developmental regulation of these
chloride transporters, the presence of such imbalanced
NKCCI and KCC2 expressions in the adult brain is typi-
cally taken as an index of an immature GABAergic phe-
notype.”® Interestingly, a similar pattern of imbalanced
NKCCI and KCC2 expressions has recently been docu-
mented in the hippocampus of schizophrenic patients.’! In
addition, some of the kinases strongly regulating KCC2
and NKCCI1 activities were found to be altered in the
dorsolateral prefrontal cortex of schizophrenic patients.??
Hence, alterations in molecular mechanisms regulating
the nature of GABA neurotransmission (inhibitory vs
excitatory) are noticeable both in human subjects with
schizophrenia and in the present experimental model sys-
tem relevant to schizophrenia and related disorders.

This study also confirms the deleterious impact of
prenatal immune activation on working memory.!3232433
Working memory is a special short-term memory buffer
used to hold relevant information temporarily active in
order to guide on-going behavior, and its disruption is a
cardinal cognitive symptom in schizophrenia.'” The pro-
found disruption of working memory in adult offspring
born to immune-challenged mothers is comparable with
our own previous investigations using the same working-
memory paradigm,’ and with other studies performed by
other independent laboratories documenting significant
working-memory deficits following prenatal poly(I:C)
exposure on GDI17 in mice.*® Intriguingly, Brown and
colleagues have recently provided a first line of evidence
showing that deficits in executive functions and working
memory are more pronounced in schizophrenic cases
with a positive history of prenatal infection compared
with schizophrenic cases without such a history.** Hence,
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prenatal immune challenge seems to be a contributing
factor for schizophrenia-associated cognitive functions
both in the human clinical conditions and in in vivo ani-
mal model systems.

Our study further revealed a maturational correla-
tion between multiple pre- and postsynaptic GABAergic
deficits in the mPFC and working-memory disruption,
both of which appeared to be more pronounced in adult
compared with peripubertal offspring born to immune-
challenged mothers. This association may not be unprec-
edented because the integrity of prefrontal GABAergic
signaling is pivotal for normal working-memory func-
tions.!” The age-dependent changes at the molecular
and cognitive levels further highlight that this prenatal
immune activation model captures developmental aspects
of abnormal brain structure and functions. This feature is
particularly relevant to the neurodevelopmental perspec-
tive of schizophrenia because the disorder’s pathophysio-
logical and neuropathological mechanisms are assumed to
be progressive in nature.** However, we acknowledge that
our study falls short in dissecting the relative contribution
of specific GABAergic abnormalities to the emergence
of working-memory impairments. Indeed, even though
the temporal association between the prenatal infection-
induced working impairments and multiple GABAergic
changes is intriguing, we did not further attempt to
delineate the functional contribution of GABAergic
abnormalities to the induction of cognitive impairments.
Additional work will be needed to further address this
issue using pharmacological and/or genetic approaches,
which could serve to mitigate the working-memory defi-
ciency by targeting distinct GABAergic abnormalities.

It is also of note that the mRNA expression levels of
some of the selected GABAergic genes were variable
especially in peripubertal subjects, which in turn may
be related to individual maturational differences of pre-
frontal cortical development in pubescence.’® Therefore,
it seems important to replicate some of our findings
using larger cohorts of offspring. Another limitation of
our study is that we did not confirm all of the identified
gene expression changes to the protein level because of
the limited availability of mPFC tissue. However, the
successful verification of the effects of prenatal immune
activation on GAD,, . and VGAT using Western blot
protein analyses suggests that at least some of the iden-
tified GABAergic gene transcription changes are readily
translatable to changes at the protein level. Furthermore,
our study does not provide information about up-stream
molecular mechanisms modifying GABAergic gene
transcription in offspring subjected to prenatal immune
activation. For example, it remains uncharted whether
the identified reductions in GAD,; and GAD,, protein
and mRNA levels could be accounted for by reduced
numbers of functionally intact interneurons and/or by
altered transcriptional activity of the corresponding
enzymes. On speculative grounds, a feasible and testable
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possibility would be that prenatal immune activation
could induce epigenetic changes in the central GABA
system, which is known to be highly accessible to epigen-
etic modifications.*

In conclusion, our experimental data suggest that pre-
natal immune activation induces maturation-dependent
alterations in the prefrontal GABAergic transcriptome.
The importance of GABAergic changes present in
schizophrenia and related disorders, together with our
experimental data here, highlights the critical impact of
prenatal immune-related insults on long-term GABAergic
changes relevant to neuropsychiatric disorders with pre-
natal infectious etiologies. It is also highly interesting to
note that a variety of pre- or perinatal manipulations
that negatively affect early brain development are capable
of inducing similar long-term GABAergic pathology,
including lesions of the neonatal ventral hippocampus?®’
and prenatal exposure to the antimitotic agent methyl-
azoxymethanol acetate.® Hence, alterations in the adult
central GABA system may represent a critical patho-
logical convergence point for various early-life adversities
implicated in the etiology of neurodevelopmental brain
abnormalities.
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