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Increasing evidence suggests that pre- or perinatal events that influence the immune system contribute to the development of behavioral

or neuropsychiatric disorders. For instance, exposure of pregnant rats to the bacterial endotoxin lipopolysaccharide (LPS) disrupts

sensorimotor information processing, as assessed by the prepulse inhibition test (PPI), and also the immune function in adult offspring,

which might be of particular relevance as regards schizophrenia. However, the consequences of maternal LPS exposure during pregnancy

on synaptic functioning in adult offspring and, more importantly, the therapeutic opportunity to re-establish PPI and immune function

have still to be demonstrated. In this work, we analyzed the consequences of prenatal LPS exposure on dopaminergic neurotransmission

and presynaptic markers in adult brain areas related to PPI circuitry. In addition, we tested whether oral treatment with the typical

antipsychotic drug haloperidol (HAL) could reinstate PPI performances and cytokine serum levels in six-month-old male rats with

prenatal LPS exposure. Both sensory information processing deficits and immune anomalies induced by prenatal exposure to LPS were

accompanied by changes in dopaminergic neurotransmission and synaptophysin expression. It is important to note that PPI disruption

and serum increases in cytokines induced by prenatal LPS exposure were both reversed by HAL. Taken together, these results

demonstrate the critical influence of prenatal immune events on the functioning of adult nervous and immune systems, in association with

the putative role of the immune system in the development of behavior relevant to schizophrenia.

Neuropsychopharmacology (2007) 32, 1791–1804; doi:10.1038/sj.npp.1301292; published online 20 December 2006

Keywords: LPS; schizophrenia; prepulse inhibition; cytokine; dopamine; neurodevelopment

�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�

INTRODUCTION

Events occurring within the intrauterine or perinatal
environment may have significant consequences for the
development and function of physiological systems
throughout an individual’s lifespan. For instance, there is
evidence that pre- or perinatal events that influence the im-
mune system contribute to the development of behavioral
or neuropsychiatric disorders, including schizophrenia,
autism, and cerebral palsy (Borrell et al, 2002; Hornig
et al, 1999; Shi et al, 2003). Early exposure to infectious
agents may influence reactivity to stress, immune regula-

tion, and susceptibility to disease later in life (Boisse et al,
2004; Hodgson et al, 2001; Shanks et al, 2000).

Cytoarchitectural and morphological brain changes ob-
served in schizophrenia, together with epidemiological data,
are consistent with a pre/perinatal origin suggesting that
neurodevelopmental disturbances contribute to the etiology
of at least some cases of this disorder (Rapoport et al, 2005).
This is supported by brain imaging and post-mortem
neuropathological findings in brains from schizophrenic
individuals, indicating a failure in some developmental
processes such as neurogenesis, neuronal proliferation,
neural differentiation, migration, and synaptogenesis
(Rapoport et al, 2005).

Maternal exposure, during pregnancy, to influenza
(Brown et al, 2004a; Mednick et al, 1988), poliovirus
(Suvisaari et al, 1999), rubella, measles, varicella–zoster
(Brown and Susser, 2002), retrovirus (Yolken et al, 2000),
and bacterial agents (O’Callaghan et al, 1994), has been
associated with an increased risk for schizophrenia in the
offspring. This suggests that a maternal immune response,
common to various infectious agents, could influence fetal
brain development and, consequently, lead to schizophre-
nia. Interestingly, maternal serum levels of tumor necrosis
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factor-a (TNF-a) (Buka et al, 2001) or interleukin (IL)-8
(Brown et al, 2004b) are elevated in mothers of patients with
schizophrenia. In addition, an in vitro study shows that the
inflammatory cytokines TNF-a, IL-1b, and IL-6 can inhibit
the development of dendrites in embryonic cortical
neurons, consistent with the neuropathology of schizo-
phrenia (Gilmore et al, 2004). In rats, neonatal administra-
tion of proinflammatory cytokines (Tohmi et al, 2004) or
leukemia inhibitory factors (Watanabe et al, 2004) induce
future psychobehavioral and/or cognitive impairments.
Thus, it is likely that the maternal immune response,
particularly involving the proinflammatory cytokines,
interferes with normal fetal brain development and that
maternal infections during pregnancy are potential risk
factors for schizophrenia (Gilmore et al, 2004; Nawa and
Takei, 2006).

One marker associated with patients and individuals at-
risk for schizophrenia is a deficient prepulse inhibition
(PPI) of the startle reflex (Swerdlow et al, 2006). PPI is a
well-established sensorimotor gating paradigm and refers to
the normal reduction in startle that occurs when the
startling stimulus is preceded 30–300 ms by a weak
prestimulus (Graham, 1975). Patients with schizophrenia
show less PPI (Braff et al, 1978; Kumari et al, 1999; Weike
et al, 2000), and it is partially restored by sustained
treatment with antipsychotics (Kumari et al, 1999; Weike
et al, 2000). PPI deficits have been widely used in animal
studies to explore the central mechanisms that may be
involved in schizophrenia (Swerdlow and Geyer, 1998) and
drug-induced disruption of PPI in animals is considered as
being among the most useful predictive preclinical model of
antipsychotic potential (Geyer et al, 2001). In rats, the
schizophrenic-like PPI deficit can be induced by pharma-
cological or surgical manipulations targeting mainly the
cortico-meso-limbic circuitry (Lipska, 2004; Schwabe and
Koch, 2004). However, PPI deficits in schizophrenia, and
other neuropsychiatric disorders, are mainly innate, prob-
ably as a result of genetic and (early) environmental
influences (Lewis and Levitt, 2002). Therefore, it is of great
interest to develop non-pharmacological paradigms of PPI
deficit thus mimicking more closely the clinical situation
and, for this reason, animal neurodevelopmental models of
schizophrenia have received a lot of attention.

Although maternal infection during pregnancy has been
identified as a risk factor for schizophrenia and other
neurodevelopmental disorders (Brown, 2006), little is
known about the mechanisms through which this environ-
mental impact occurs. In this respect, recent work by our
research group, and others, has involved an attempt to
model the long-term consequences of maternal infection
during pregnancy on subsequent offspring behavior. These
models include exposure to lipopolysaccharide (LPS), a
bacterial cell wall endotoxin (Borrell et al, 2002; Fortier
et al, 2004), infection with human influenza virus and
exposure to polyriboinosinic–polyribocytidilic acid (poly
I : C), which mimics viral RNA (Shi et al, 2003; Zuckerman
et al, 2003). The converging evidence from these studies
suggests a causal relationship between activation of the
immune system during pregnancy and altered behavior in
the offspring relevant to schizophrenia.

Systemic administration of LPS is a widely accepted
model for emulating immune activation and it is known to

release peripheral immunoregulatory cytokines (Wright
et al, 1990) and also to stimulate cytokine expression in
the central nervous system (CNS) (Quan et al, 1999).
Maternal LPS exposure increases cytokine expression in the
maternal blood, placenta, and amniotic fluid of rodents
(Gayle et al, 2004; Urakubo et al, 2001), alters brain-derived
neurotrophic factor and nerve growth factor expression in
the developing brain and maternal–fetal unit (Gilmore et al,
2003) and causes a long-term decrease in TNF-a in the
neonatal brain (Gilmore et al, 2005). It has been suggested
that the effects of maternal LPS exposure on the developing
fetal brain may be mediated by cytokine induction in the
maternal circulation or placenta (Ashdown et al, 2006).
There is an increasing body of evidence that cytokine
abnormalities are involved in the pathophysiology of
schizophrenia and that antipsychotic treatment influences
cytokine levels (Drzyzga et al, 2006).

We have previously reported that peripheral administra-
tion of LPS to pregnant rats disrupts PPI and increases the
level of serum cytokines in adult offspring (Borrell et al,
2002). In the present study, using the prenatal immune
challenge paradigm, we have performed two sets of
experiments in six-month-old male rats. In the first set of
experiments we assessed the effects of prenatal LPS
exposure on dopaminergic function, as disrupted PPI is
related to hyperdopaminergic function (Geyer et al, 2001)
and there is a widely accepted role of subcortical
dopaminergic hyperfunction in schizophrenia (Deutch,
1992). We measured the ex vivo tissue levels of dopamine
(DA), and its metabolites, 3,4-dihydroxyphenylacetic acid
(DOPAC), and homovanillic acid (HVA), in the nucleus
accumbens (NAC) and the striatum, two brain regions
involved in sensorimotor gating processing (Swerdlow and
Geyer, 1998). In addition, we analyzed the expression
profile of DA- and cAMP-regulated phosphoprotein
(DARPP-32), a mediator of DA effects (Fienberg et al,
1998), in brain areas (the frontal cortex, hippocampus, and
amygdala) considered as being the neural substrates of
schizophrenia (Lewis and Lieberman, 2000). Because
accumulating evidence suggests that schizophrenia is
largely a disorder of neural connectivity (Honer, 1999;
Thompson et al, 2003), the present study was also
undertaken to determine whether or not maternal LPS
administration leads to presynaptic protein expression
abnormalities. We examined the expression profile of two
presynaptic proteins that have been extensively linked to
schizophrenia, synaptophysin, and growth-associated pro-
tein 43 (GAP-43) (Chambers et al, 2005; Halim et al, 2003),
in the frontal cortex, the hippocampus, and the amygdala.
In the second set of experiments, we tested the ability of oral
treatment with the antipsychotic drug haloperidol (HAL) to
restore the PPI and cytokine serum levels altered by
prenatal LPS exposure. We also measured the long-term
effects of HAL on PPI and cytokine serum levels.

MATERIALS AND METHODS

Animals

All procedures involving animals and their care complied
with national and international laws and policies. Wistar
rats from our in-house colony were used. They were kept
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under standard conditions (22721C, 12 : 12 h light/dark
cycle; lights on at 0700) and received food and water
ad libitum.

Prenatal Administration of LPS

Vaginal smears were taken daily from breeder females and,
when found to be in estrus, females were placed with males.
Pregnancy was determined the next morning by the
presence of sperm in the vaginal smear (¼ day 0 of
pregnancy) and each pregnant dam was housed individu-
ally. LPS from Escherichia coli (Sigma L-3755 Serotype
026:B6) was subcutaneously administered to pregnant rats
(n¼ 16) at a dose of 2 mg/kg. LPS was dissolved in saline
and injected in a volume of 1.5 ml/kg between 0900 and
1100 Injections were given daily from day 1 to 21 of
pregnancy. If a dam was not delivered on day 22 before 1100
an additional injection was administered. The control group
consisted of pregnant rats (n¼ 11) submitted to the same
treatment schedule but with saline. After delivering, the
dams were allowed to rear their offspring until weaning.
At 4 days old the offspring were sexed and counted. No
differences in litter size were observed between LPS- and
saline-treated rats. At 21 days old, the offspring were
weaned and caged in selected groups of three animals of the
same prenatal treatment and the same sex. Each group of
animals (prenatally LPS-exposed rats and controls) were
selected in a semirandom way with the restriction that a
maximum of one offspring of each pregnant rat was selected
in order to minimize the potential complication of a litter
effect (Zorrilla, 1997). In the present study only male
offspring obtained from pregnant rats treated with LPS or
saline were used. Animals chosen to study the effects of
antipsychotic treatment remained caged in groups of three
throughout the treatment.

Administration of HAL

HAL was administered in the drinking water during 14
consecutive days. The dose of HAL was based on previous
dosing strategies in rats that had been extrapolated from
human clinical dosages (See and Ellison, 1990). HAL
(Sigma, H-1512) was dissolved in a few drops of acetic acid
and diluted at 0.05 mg/ml (pH 5.0–5.5). Solutions were
prepared twice a week and covered with aluminum foil to
prevent photo-oxydation. The daily dosage, calculated
from drinking water intake, was approximately 1.2 mg/kg.
Vehicle (VEH) treatment consisted of water adjusted with
diluted acetic acid to match the pH of the drug solution.

PPI Testing

All male rats were tested for their acoustic startle when
reaching the age of 6 months. Concerning the PPI assays,
two independent experiments were performed. In experi-
ment 1, 30 offspring obtained from pregnant rats injected
with LPS or saline (16 LPS and 14 controls) were tested for
PPI. Twenty-four hours after the PPI testing, animals were
decapitated with the use of a guillotine. Brains were quickly
removed, frozen in dry ice, and stored at �801C for further
neurochemical assays and trunk blood was collected for
cytokine assays. In experiment 2, rats prenatally exposed to

LPS or saline were tested for PPI 2 weeks before being
submitted to an oral treatment with HAL or VEH for 14
days (n¼ 1272 animals for each experimental group:
control + VEH, control + HAL, LPS + VEH, and LPS +
HAL). These animals were tested for the PPI of acoustic
startle response on the first and the last days of treatment.
After PPI testing, HAL was removed from the control + HAL
and the LPS + HAL groups and these animals were tested
again for PPI 1 day or 2 weeks later. Animals were killed
24 h after the PPI testing and trunk blood was collected for
cytokine assays. In order to minimize the number of
animals used in the present study, rats from control + VEH
and LPS + VEH groups were submitted to a treatment with
HAL for 14 days and then killed for further cytokine assays.

The startle device consisted of a non-restrictive Plexiglas
cage (28� 15� 17 cm), which encloses the sensor’s platform
but does not touch it. If the animal moves up or down, a
transient force is developed on the platform. This transient
force is measured at its peak, being the equivalent of the
amplitude of the startle response. Startle movements of the
rat were transduced by an accelerometer (Cibertec SA,
Madrid, Spain) and the signal was sampled and digitized by
a microcomputer, which also served to present stimuli and
to record data. The startle device was located in a sound-
attenuating chamber (90� 55� 60 cm) constantly illumi-
nated (10 W lamp) and equipped with a loudspeaker,
located in the top of the chamber, which constantly
provided a 46 dB[A] background white noise. Two 28 cm
loudspeakers (Cibertec SA, Madrid, Spain), located 15 cm
from both sides of the Plexiglas cage, produced the various
acoustic stimuli. These speakers were connected to an
audio-amplifier (Cibertec SA, Madrid, Spain), which, in
turn, was connected to one noise generator (2001 Function
Generator, Columbus, OH, USA) providing the acoustic
startle stimulus and to a second noise generator (BF-1
Retex, Madrid, Spain), which provided the auditory signal
corresponding to the auditory prepulses. The acoustic
startle stimulus was a pure tone pulse of 20 kHz, 100 ms
duration (10 ms rise and decay times), and of 100 dB[A]
intensity. The auditory prepulse stimulus was a pure tone
pulse of 250 Hz, 50 ms duration (5 ms rise and decay times)
at an intensity of 56 dB[A] (10 dB above the background
noise), delivered 100 ms before the acoustic startle stimulus.
Sound measurements were made within the Plexiglas cage
using a sound level meter (Brüel and Kjaer, Darmstad,
Germany). The light stimulus, corresponding to the visual
prepulse stimulus, was produced by a xenon lamp located
30 cm above the top of the Plexiglas cage. This lamp was
connected to a photic stimulator (FF-40, Cibertec SA,
Madrid, Spain). The visual prepulse stimuli consisted of a
photic stimulus of 20 ms duration, with near instantaneous
rise and decay times delivered 100 ms before the acoustic
startle stimulus.

After an initial 5-min acclimation period, 30 startle
eliciting stimuli alone (100 dB[A]) were presented. These
initial startle pulses lead to some adaptation, which reduces
variability and stabilizes the baseline startle amplitude
(Campeau and Davis, 1995), but they were not used in the
estimation of PPI. In experiment 1, 30 s following the last
initial startle stimulus, 45 additional 100 dB[A] startle
stimuli were presented, consisting of 15 startle stimuli
alone (pulse alone trials), 15 startle stimuli occurring after
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the auditory prepulse (auditory trials), and 15 startle stimuli
occurring after the visual prepulse (visual trials). In
experiment 2, the stimuli sequence consisted of 17 pulse
alone trials, 12 auditory trials, and 12 visual trials. For both
experiments the startle stimuli were presented at a fixed
interstimulus interval of 20 s and the occurrence of each
trial type was semirandom with the restriction that each
trial type had to occur in every three trial block. The
amount of PPI is expressed as the percentage decrease in the
amplitude of the startle response caused by presentation
of the prepulse (% PPI), according to the formula:
(100�(startle amplitude on prepulse trials/startle amplitude
on pulse alone trials)� 100).

Tissue Dissections

On a cold plate, brains were sliced into 1–2 mm thick
coronal sections and small tissue samples were microdis-
sected by hand under a binocular microscope (Paxinos and
Watson, 1997). The NAC was sampled at the level of the
rostral neostriatum and comprised the intranuclear portion
of the anterior commissure between interaural (IA) planes
11.2 and 10.2 mm. The neostriatum included the caudate
nucleus and putamen rostral to the anterior commissure
between IA 10.7 and 9.7 mm. The frontal cortex included the
primary cortex from 12.2 to 11.2 mm. The hippocampus was
excised from the midbrain and the overlying cerebral
cortex, between IA 6.2 and 4.2 mm. The amygdala contained
the basal, medial, anterior, and posterior amygdalar nuclei
between IA 6.7 and 5.2 mm.

Biochemical Analysis of DA, DOPAC and HVA

Samples from the NAC and neostriatum were homogenized
in 500 ml of a mobile phase of 0.1 M NaH2PO4, 1 mM
Na2EDTA, 1.66 mM Octane-1-sulfonic acid sodium salt and
centrifuged at 12 000 g for 15 min at 41C. Pellets were
resuspended in 1 M NaOH for protein assay (Bio-Rad,
Hercules, CA) and supernatants were analyzed by reverse-
phase high-performance liquid chromatography (HPLC)
with electrochemical detection. In brief, samples were
injected into a 5-mm particle-size analytical HPLC column
(200� 4.6 mm; Spherisorb ODS2, from SYMTA, Madrid,
Spain) and the detector was an ESA Coulochem Model
5100A (ESA Analytical, Chelmsford, MA) with a Model 5011
dual analytical cell and a Model 5021 conditioning cell. The
mobile phase was prepared as mentioned above but
containing 7% methanol (vol/vol). The flow rate was set at
1 ml/min, and the electrode potentials of detector 1, detector
2 and the conditioning cell were + 0.08 V, + 0.45 V, and
�0.30 V, respectively. The peak areas generated from the
compounds were recorded and quantified by comparison
with external standards containing 25 ng/ml of DA and
DOPAC, and 50 ng/ml of HVA. The standard curves were
injected before and after every chromatographic run. Peak
areas and retention times showed a very good reproduci-
bility with coefficients of variation below 5%.

Immunoblotting

Samples from the frontal cortex, the hippocampus and the
amygdala were homogenized in 500 ml of ice-cold 10 mM

HEPES pH 7.6, containing 1% Triton X-100, 1 mM EDTA,
1 mM EGTA, 1 mM sodium orthovanadate, 2 mM NaF,
5 mM DTT, and a mixture of protease inhibitors (Com-
pletet, Roche Applied Science, Barcelona, Spain). The
homogenates were centrifuged at 12 000 g for 15 min, at 41C,
and the supernatants were removed for further analysis.
Protein concentration was determined with Bradford
reagent (Bio-Rad) using bovine serum albumin as a
standard. Tissue lysates were mixed with 5� Laemmli
sample buffer and boiled for 4 min. Then, equal amounts
of protein (10 mg for all blottings, except for the DARPP-32
and actin detections for which 80 mg were loaded), were
resolved on 10% SDS-polyacrylamide gels and transferred
onto nitrocellulose membranes (Amersham, Barcelona,
Spain). The membranes were blocked for 1 h at room
temperature in 5% dry skimmed milk (Sveltesse, Nestlé,
Barcelona, Spain) in TBST (25 mM Tris, 137 mM NaCl, pH
7.4, 0.1% Tween-20) before incubation overnight at 41C
with the primary antibody. Primary antibodies were: (i)
affinity-purified goat polyclonal anti-DARPP-32 (1 : 500;
Santa-Cruz Biotechnology, Santa-Cruz, CA); (ii) monoclo-
nal anti-synaptophysin (1 : 7000; Sigma, St Louis, MO); (iii)
monoclonal anti-GAP-43 (1 : 1500; Sigma); (iv) affinity-
purified rabbit anti-actin (1 : 500; Sigma); and (v): mono-
clonal anti-a-tubulin (1 : 30 000; Sigma). After extensive
washing in 5% milk-TBST, blots were incubated with
peroxidase-conjugated anti-rabbit, anti-goat (Jackson Im-
munoresearch laboratories, West Grove, PA), or anti-mouse
(Bio-Rad) secondary antibodies for 1 h at room tempera-
ture. Finally, blots were washed and the peroxidase reaction
was developed by enhanced chemiluminescence (Amer-
sham Biosciences). The intensity of the bands on the
immunoblots was quantified by densitometry using the
GS-800 Calibrated Densitometer, from Bio-Rad.

To allow for potential variations in protein estimation
and gel loading, the expression of DARPP-32 was compared
to that of actin in each sample. Synaptophysin and GAP-43
expression was normalized to that of a-tubulin. Therefore,
the value for each sample is expressed as the percentage of
optical density obtained using each corresponding house-
keeping protein. The values are expressed as the means7
SEM of three independent experiments performed.

ELISA

Serum was prepared by centrifugation at 15 000 g for 5 min,
aliquoted and then stored at �801C until the cytokine assays
were performed. Concentrations of IL-1b, IL-2, IL-6, IL-12,
and TNF-a were determined using commercial ELISA kits
(BioSource International, CA 93012, USA), in accordance
with the manufacturer’s instructions. All samples and
standards were assayed in duplicate.

Statistical Analysis

Data are presented as mean7SEM. Student–Newman–Keuls
t-test and analyses of variance (ANOVA), with Post hoc
Student–Newman–Keuls t-test when appropriate, were
performed using SPSS. Data regarding startle and PPI
values in the HAL experiment were analyzed for the effects
of prenatal treatment and drug treatment by ANOVA,
followed by the posteriori Student–Newman–Keuls t-test
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when appropriate. The statistical analysis reported for the
effects of cytokines in the HAL experiment corresponds to
independent ANOVA for each time studied. The criterion
for significance was set at po0.05.

RESULTS

Prenatal LPS Exposure Disrupts PPI

PPI was determined by measuring the decrease in the startle
response when the acoustic startle-eliciting stimulus was
preceded by an auditory or visual prepulse. Table 1 shows
startle amplitude values during both pulse and prepulse
trials and the percentage of PPI in 6 month old, prenatally
LPS-exposed male rats and in the corresponding control
animals of experiment 1. Analysis of the data revealed
that prenatal LPS did not significantly affect the startle
amplitude in pulse alone trials (F(1,27)¼ 0.203, p¼NS).
However, prenatally LPS-exposed rats showed higher startle
amplitude values than controls when evaluated in both
auditory (F(1,27)¼ 6.264, p¼ 0.019) and visual prepulse
(F(1,27)¼ 6.264, p¼ 0.014) trials. Concerning the PPI data,
statistical analysis revealed a significant effect of prenatal
LPS treatment (F(1,27)¼ 13.489, po0.001). LPS-exposed
rats displayed significantly lower auditory (p¼ 0.003) and
visual (p¼ 0.008) PPI than control animals. Therefore, as
previously reported (Borrell et al, 2002), there is evidence
that prenatal LPS exposure disrupts PPI later in life.

Monoamines in the NAC and Striatum of Adult
Offspring Prenatally Exposed to LPS

The effects of prenatal exposure to LPS on the levels of DA
and its metabolites, DOPAC and HVA, are shown in
Figure 1. In the NAC, DA tissue levels were significantly
increased in LPS-exposed rats (B63%; p¼ 0.007), whereas
its metabolites failed to show any statistical difference when
compared to the corresponding control values (DOPAC:
p¼NS; HVA: p¼NS) (Figure 1a). However, in the striatum,
neither DA (p¼NS) nor HVA (p¼NS) tissue levels were
altered in LPS-exposed rats, although a significant increase

in DOPAC levels in animals exposed to prenatal LPS
treatment vs controls was observed (B43%; p¼ 0.003)
(Figure 1b). These findings show that prenatal LPS exposure
induces alterations in brain dopaminergic function in a
region-specific manner.

DARPP-32 Expression in the Frontal Cortex,
Hippocampus, and Amygdala of Adult Offspring
Prenatally Exposed to LPS

Expression of DARPP-32 was studied by Western blot
analysis in the frontal cortex, the hippocampus and the
amygdala of 6-month-old rats from a control group and
from a group prenatally exposed to LPS. Figure 2a shows
the mean7SEM of the densitometric values of DARPP-32
expression, normalized to that of actin, in three indepen-
dent analyses and a representative Western blot of six
control and six prenatally exposed to LPS rats. ANOVA of
the data revealed an effect of prenatal treatment in the
frontal cortex (F(1,10)¼ 21.848, po0.001). In this area of
the brain the expression of DARPP-32 was significantly
decreased in prenatally LPS-exposed rats, as compared to
control animals (B67%; po0.001). However, no difference
in DARPP-32 expression was found in the hippocampus
(F(1,9)¼ 0.481, p¼NS) or the amygdala (F(1,10)¼ 0.392,
p¼NS) of the same animals.

Presynaptic Protein Expression in the Frontal Cortex,
Hippocampus, and Amygdala of Adult Offspring
Prenatally Exposed to LPS

ANOVA of the data related to the expression of synapto-
physin, an integral membrane protein of the synaptic
vesicle involved in neurotransmitter release (Alder et al,

Table 1 Effect of Prenatal Administration of LPS on Startle
Amplitude during Pulse Alone, Auditory and Visual Trials and in
the % PPI

Control LPS

Startle amplitude

Pulse alone trials 431.5745.8 478.9770.5

Auditory trials 122.7720.4 256.9751.4*

Visual trials 140.7716.2 313.5766.2*

% PPI

Auditory 70.473.4 46.974.6**

Visual 66.372.9 27.4713.7**

Animals were tested for PPI when reaching 6 months of age. Results are
expressed as mean7SEM (n¼ 14–16 rats per group).
*po0.05, **po0.01 vs control group (ANOVA followed by Student–
Newman–Keuls t-test).

Figure 1 Tissue levels of DA and its metabolites, DOPAC and HVA, in
the NAC (a) and striatum (b) of six-month-old male rats prenatally
exposed to LPS. Prenatal LPS exposure significantly increased the DA tissue
levels in the NAC and the DOPAC tissue levels in the striatum. Results are
expressed as mean7SEM (n¼ 6 rats per group). **po0.01 vs control
group (Student–Newman–Keuls t-test).
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1995), showed a significant effect of prenatal LPS exposure
in the frontal cortex (F(1,10)¼ 24.568, po0.001) and the
hippocampus (F(1,9)¼ 12.174, p¼ 0.007). In prenatally
LPS-exposed rats, synaptophysin expression was signifi-
cantly higher in the frontal cortex (B59%; po0.001) and in
the hippocampus (B49%; p¼ 0.007), as compared to
control animals (Figure 2b). However, no significant effect
of prenatal treatment was found in the amygdala
(F(1,10)¼ 4.568, p¼NS).

Regarding GAP-43, a presynaptic membrane protein
concentrated within the growth cones and axons (Benowitz
and Routtenberg, 1997), a different response pattern was
observed as no change was found in the frontal cortex
(F(1,10)¼ 0.489, p¼NS), the hippocampus (F(1,9)¼ 0.064,
p¼NS) or the amygdala (F(1,10)¼ 0.997, p¼NS) (data not
shown).

Effect of HAL on PPI

In experiment 2, we examined the effect of oral treatment
(1.2 mg/kg) with HAL for 14 days on the PPI deficit induced
by prenatal LPS exposure, in rats of around 6 months of age.
Rats were assessed for their PPI 2 weeks before starting the
treatment with HAL, or its VEH, in order to determine
whether they had a PPI deficit before the treatment
(pretreatment test). Once the treatment had started, PPI
tests were performed after the first day, and at the end of the
treatment period. We also measured the effect of HAL on
PPI reduction induced by prenatal LPS the next day and
then 2 weeks after stopping the antipsychotic treatment.
Table 2 shows startle amplitude values during both pulse

and prepulse trials. ANOVA of the data failed to show any
statistical differences owing to the prenatal treatment, in the
pulse alone (F(1,194)¼ 0.023, p¼NS) and in the auditory
(F(1,194)¼ 3.075, p¼NS) trials. However, a significant
effect of prenatal treatment in the visual trials of startle
amplitude was observed (F(1,194)¼ 11.488, po0.001). The
antipsychotic treatment exerted a significant effect on
startle amplitude when measured in both pulse alone
(F(6,194)¼ 6.852, po0.001) and visual pulse trials
(F(6,194)¼ 9.875, po0.001). No significant effect of anti-
psychotic treatment on startle amplitude values was
observed in auditory trials (F(6,194)¼ 0.413, p¼NS).
Analysis of data also revealed a significant prenatal
treatment/antipsychotic treatment interaction on startle
amplitude in visual trials (F(6,194)¼ 3.924, po0.001). Post
hoc comparisons of data from the pretreatment test showed
that visual startle amplitude values of LPS-exposed rats
were higher than controls (p¼ 0.006). Post hoc comparisons
of data from the first day of treatment test showed that
values of startle amplitude in the auditory and visual trials
were higher in the LPS + VEH group, when compared to
control + VEH (auditory: p¼ 0.009; visual: po0.001) or LPS
+ HAL (auditory: po0.001; visual: po0.001). Post hoc
comparisons of data from the last day of treatment test
showed that values of pulse alone startle amplitude
were significantly higher in both control + HAL (p¼ 0.02)
and LPS + HAL (p¼ 0.02), compared with the control +
VEH group.

Concerning the PPI, ANOVA of the data revealed a
significant effect of prenatal treatment (F(1,177)¼ 32.932,
po0.001), a significant effect of HAL treatment

Figure 2 Expression of DARPP-32 and synaptophysin in the frontal cortex, hippocampus, and amygdala of adult rats prenatally exposed to LPS or saline.
(a) Representative Western blots and corresponding densitometric analysis (normalized to actin) for DARPP-32 and actin in the frontal cortex,
hippocampus, and amygdala of LPS offspring (n¼ 6) and control offspring (n¼ 6). (b) Representative Western blots and corresponding densitometric
analysis (normalized to a-tubulin) for synaptophysin and a-tubulin in the frontal cortex, hippocampus, and amygdala of LPS offspring (n¼ 6) and control
offspring (n¼ 6). Circles represent the mean relative optical density corresponding to each specimen assayed three times independently. Lines represent
mean7SEM of six animal samples. **po0.01, ***po0.001 vs corresponding CONTROL group (ANOVA followed by Student–Newman–Keuls t-test).
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(F(6,177)¼ 12.440, po0.001) and a significant prenatal
treatment/antipsychotic treatment interaction (F(6,194)¼
5.119, po0.001). In the pretreatment PPI evaluation, LPS-
exposed rats showed significantly lower auditory (po0.001)
and visual (po0.001) PPI than control rats (Figure 3). As
regards the first day of treatment PPI data, post hoc tests
indicated that prenatally LPS-exposed rats treated with VEH
showed significantly lower auditory (p¼ 0.006) and visual
(p¼ 0.002) PPI than the animals of the corresponding
control group (Figure 4a). HAL treatment did not
significantly affect auditory (p¼NS) or visual (p¼NS)
PPI values in control animals. However, HAL significantly
reversed PPI deficit induced by the prenatal administration
of LPS for both prepulse stimulus modalities, auditory
(p¼ 0.026 vs LPS + VEH group; p¼NS vs control + HAL
group) and visual (p¼ 0.011 vs LPS + VEH group; p¼NS vs
control + HAL group) (Figure 4a). On the last day of
treatment, animals treated with VEH showed a significant
reduction in auditory PPI induced by prenatal LPS
(p¼ 0.020), but the comparison between prenatally LPS-
exposed rats and the corresponding control animals for
visual PPI failed to show a statistical difference (p¼NS).
Indeed, animals exposed to LPS and treated with VEH
displayed a slightly reduced visual PPI deficit on the last day
of treatment (Figure 4b), compared with the same animals
on the first day of treatment (Figure 4a). HAL treatment for
14 days significantly reversed the auditory PPI deficit
induced by prenatal LPS administration (p¼ 0.021 vs LPS +
VEH group; p¼NS vs control + HAL group), without
affecting the visual PPI in these animals (p¼NS) or the

PPI in control animals (auditory: p¼NS; visual: p¼NS)
(Figure 4b). These data indicate that both 1 and 14 days of
oral treatment with the typical antipsychotic HAL reverses
the auditory PPI deficit and ameliorates the visual PPI
deficit observed in adult rats prenatally exposed to LPS.

The auditory and visual PPI of prenatally LPS-exposed
male rats, and the corresponding control animals, the next
day and 2 weeks after stopping HAL are illustrated in

Table 2 Startle Amplitude Values during Both Pulse and Prepulse Trials in Rats of Around 6 Months of Age Prenatally Exposed to LPS or
Saline (Control)

Pulse alone trials Auditory trials Visual trials

Startle amplitude Control LPS Control LPS Control LPS

Pretreatment 476.8736.9 438.8740.0 151.7721.5 213.3731.9 158.2717.8 261.9726.2a

First day of treatment

VEH 508.8750.7 649.7748.4 122.7724.7 259.6755.7b 137.9720.9 310.8742.8c

HAL 610.5742.1 523.4752.4 194.5729.8 147.1731.2d 160.8725.5 158.0732.3e

Last day of treatment

VEH 422.4739.0 501.4749.2 132.7729.2 181.6722.4 122.1722.0 141.2714.7

HAL 607.4731.6f 610.7730.0f 203.6726.5 174.9720.3 114.5717.5 98.4711.5

After HAL treatment

1 day 527.0741.5 450.8731.1 152.3717.8 164.6725.2 101.8714.9 113.1718.2

2 weeks 395.8765.2 399.8750.1 154.8741.4 178.6729.3 87.8715.1 114.5712.9

Tests were done: before starting a treatment with HAL (1.2 mg/kg) or its VEH for 14 days (pretreatment); then on the first and the last days of treatment; and one day
or two weeks after the end of HAL treatment. Results are expressed as mean7SEM (n¼ 2472 rats per group for the pretreatment test and n¼ 1272 rats per
group for the others).
apo0.01 vs control+VEH group in the pretreatment test.
bpo0.01 vs control+VEH group in the first day of treatment test.
cpo0.001 vs control+VEH group in the first day of treatment test.
dpo0.05 vs LPS+VEH group in the first day of treatment test.
epo0.001 vs LPS+VEH group in the first day of treatment test.
fpo0.05 vs control+VEH group in the last day of treatment test (ANOVA followed by Student–Newman–Keuls t-test).

Figure 3 Percentage of auditory and visual PPI in rats 150 days old that
had been prenatally exposed to LPS or saline (pretreatment with HAL or
VEH test). Results are expressed as mean7SEM (n¼ 2472 rats per
group). ***po0.001 vs control group (ANOVA followed by Student–
Newman–Keuls t-test).
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Figure 4c. The day after HAL deprivation, animals
prenatally exposed to LPS did not show any significant
differences in PPI, with respect to the control group
(auditory: p¼NS; visual: p¼NS). However, 2 weeks later
LPS-exposed rats displayed significantly lower PPI for both
auditory (p¼ 0.003) and visual (p¼ 0.016) prepulse stimuli
compared with the control animals. Therefore, HAL
improvement of PPI deficit induced by prenatal LPS
exposure is maintained the day after stopping a treatment
regimen of 14 days with the antipsychotic drug, but this is
not the case 2 weeks later.

Effect of HAL on Serum Cytokine Levels

In order to assess the alterations in serum cytokine levels
induced by prenatal LPS exposure, and the effects of HAL in
adult rats, three different groups were compared. The first
group (without HAL) corresponded to rats in which no
treatment with HAL or VEH was carried out. Serum samples
were obtained from animals used in experiment 1 for PPI
assays (Figure 5a). Second and third groups corresponded
to rats from experiment 2 in the PPI assays. Serum samples
were obtained from animals killed 1 day or 2 weeks after
stopping a 14-day treatment with HAL (group HAL and
HAL + 2 weeks, respectively) (Figure 5b and c). The serum
concentrations of IL-1b, IL-2, IL-6, IL-12, and TNF-a were
measured (Figure 6).

Regarding serum IL-1b levels, statistical analysis revealed
no significant effect of prenatal LPS treatment
(F(1,65)¼ 3.066, p¼NS). A significant effect of treatment
with HAL (F(2,65)¼ 4.941, p¼ 0.010) and a significant
prenatal treatment/antipsychotic treatment interaction were
observed (F(2,65)¼ 25.439, po0.001). Post hoc tests in-
dicated that 2 weeks after stopping HAL treatment, control
rats showed an increase in serum IL-1b levels, as compared

to control rats without HAL (po0.001) or rats killed 1 day
after the end of the HAL treatment (p¼ 0.003). No effect of
HAL was observed in prenatal LPS-exposed rats (Figure 6a).

ANOVA of the data related to serum IL-12 levels did not
show any significant effect of prenatal treatment (F(1,65)¼
2.761, p¼NS) or treatment with HAL (F(2,65)¼ 1.393,
p¼NS). However, a significant prenatal treatment/antipsy-
chotic treatment interaction was observed (F(2,65)¼ 5.965,
p¼ 0.004). Control rats killed 2 weeks after stopping HAL
treatment showed a significant increase in serum IL-12
levels, as compared to control rats without HAL treatment
(p¼ 0.041). However, prenatal LPS-exposed rats killed the
following day, or 2 weeks after the end of HAL treatment,
showed a significant decrease in serum IL-12 levels, as
compared to LPS-exposed rats from the group without
HAL treatment (p¼ 0.008 and p¼ 0.010, respectively)
(Figure 6b).

As regards serum IL-2 levels, a significant effect of
prenatal LPS treatment was observed (F(1,65)¼ 12.365,
po0.001). Prenatal LPS exposure augmented the serum
levels of IL-2 (po0.001). A significant effect of HAL
treatment (F(2,65)¼ 5.199, p¼ 0.008) and a significant
prenatal treatment/antipsychotic treatment interaction
(F(2,65)¼ 25.439, po0.001) were observed. Control rats,
killed 2 weeks after stopping HAL treatment, showed
significantly increased serum IL-2 levels, as compared to
control rats without HAL treatment (p¼ 0.002). However, in
prenatally LPS-exposed rats, HAL treatment decreased the
serum IL-2 levels, when measured the next day (po0.001)
and then 2 weeks (po0.001) after the end of the
antipsychotic treatment (Figure 6c).

Figure 4 Effect of HAL on auditory and visual PPI in adult rats prenatally
exposed to LPS or saline (CONTROL). HAL (approximately 1.2 mg/kg) or
VEH were administered in the drinking water during 14 consecutive days
and animals were tested for PPI: (a) the first day of treatment, (b) the last
day of treatment and (c) 1 day and 2 weeks after stopping the HAL. Results
are expressed as mean7SEM (n¼ 9–11 rats per group). *po0.05,
**po0.01, ***po0.001 vs control group; zpo0.05, zzpo0.01 vs the
corresponding VEH group in (a) and (b) and vs LPS 1 day group in (c)
(ANOVA followed by Student–Newman–Keuls t-test).

Figure 5 Groups compared in assessing the effects of prenatal LPS
exposure on serum cytokine levels and the effects of HAL on serum
cytokine levels in adult rats prenatally exposed to LPS or saline (control).
(a) Animals were tested for PPI when they were 180 days old and then
they were killed the next day. Brains were removed for neurochemical
analyses and trunk blood was collected for cytokine assays. (b) Animals
were tested for PPI when they were 150 days old, before being subjected
to a treatment with VEH for 14 days (pretreatment-test), and the first and
the last days of treatment (166 and 179 day). At 180 days old they were
treated with HAL for 14 days and killed 1 day after HAL deprivation. Trunk
blood was collected for cytokine assays. (c) Animals were tested for PPI
when they were 150 days old (pretreatment-test). Animals were treated
with HAL for 14 days (from day 165 to 179). They were evaluated for PPI
on the first and the last day of treatment and 1 day and 2 weeks later.
Animals were killed the next day and trunk blood was collected for
cytokine assays.
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With respect to serum IL-6 levels, a significant effect of
prenatal LPS treatment was observed (F(1,65)¼ 82.259,
po0.001). Prenatal LPS exposure increased the serum
levels of IL-6 (po0.001). A significant effect of HAL
(F(2,65)¼ 69.109, po0.001) and a significant prenatal
treatment/antipsychotic treatment interaction (F(2,65)¼
70.576, po0.001) were observed. Although treatment with
HAL failed to modify serum IL-6 levels in control rats, it
decreased the serum IL-6 levels in prenatally LPS-exposed
rats, observed the following day (po0.001) and 2 weeks
(po0.001) after stopping treatment with the antipsychotic
drug (Figure 6d).

As regards serum TNF-a levels, a significant effect of
prenatal LPS treatment was observed (F(1,65)¼ 179.439,
po0.001). Prenatal LPS exposure significantly augmented
serum levels of TNF-a (po0.001). A significant effect of
HAL (F(2,65)¼ 19.693, po0.001) and a significant prenatal
treatment/antipsychotic treatment interaction (F(2,65)¼
19.693, po0.001) were also found. In control animals,
serum TNF-a levels were practically undetectable before and
after treatment with HAL. In prenatal LPS-exposed rats,
HAL had reduced serum TNF-a levels when measured the
day after stopping the antipsychotic treatment (po0.001),
but this effect was not observed 2 weeks later (p¼NS)
(Figure 6e).

DISCUSSION

Altered Dopaminergic Neurotransmission in
PPI-Deficient LPS-Exposed Rats

In agreement with our previous report (Borrell et al, 2002),
this study demonstrates that a prenatal immune challenge,
provoked by LPS exposure during gestation, disrupts PPI in
adult life, and further supports the critical influence of

perinatal events on information processing at an adult age
(Ellenbroek et al, 1998; Shi et al, 2003; Tohmi et al, 2004).

In the present study, prenatally LPS-exposed rats show
significantly increased levels of DA in the NAC without
significant changes in levels of its metabolites DOPAC and
HVA. This supports our previous observations of an
increase in tyrosine hydroxylase immunoreactivity in the
NAC of adult rats prenatally exposed to LPS (Borrell et al,
2002). The NAC is a key subcortical integrative hub,
connecting forebrain and limbic structures that control
cognition and behavior (Swerdlow and Koob, 1987). It has
been suggested that the deleterious effects of DA agonists on
PPI are mediated, in part, by increased DA activity in the
NAC (Humby et al, 1996; Swerdlow et al, 1986). Therefore,
the increased DA levels in the NAC of prenatally LPS-
exposed rats might contribute to the PPI deficit. Although
less consistently, the anteromedial striatum has also been
reported to be involved in sensorimotor gating regulation as
dopaminergic overactivation in this region results in PPI
disruption (Swerdlow et al, 1986). Here, no significant
difference in striatal DA between prenatally LPS-exposed or
control rats was found, although DOPAC levels were
significantly elevated in prenatally LPS-exposed animals.
The distinct patterns of changes in different brain areas
(NAC vs striatum) indicate that prenatal LPS treatment
affecting dopaminergic function might be region-specific,
hence the relevance of these brain areas in sensorimotor
gating processing.

One well-characterized mediator of the biochemical,
electro-physiological, transcriptional, and behavioral effects
of DA is DARPP-32 (Fienberg et al, 1998). The D1 subclass
of DA receptors and the N-methyl-D-aspartate (NMDA)
subclass of glutamate receptors regulate, in opposite
directions, the amount of phosphorylated activated
DARPP-32 (Snyder et al, 1998). In this work, we found

Figure 6 Serum levels of IL-1b (a), IL-12 (b), IL-2 (c), IL-6 (d), and TNF-a (e) of adult rats prenatally exposed to LPS or saline (CONTROL) (without the
HAL group) and the effect of an oral treatment for 14 days with HAL, 1 day after stopping the treatment (after HAL) or 2 weeks later (after HAL + 2
weeks), on serum cytokine levels of adult LPS or control rats. Results are expressed as mean7SEM (n¼ 1272 rats per group). *po0.05, **po0.01,
***po0.001 vs control without HAL group, zzpo0.01, zzzpo0.001 vs LPS without HAL group (ANOVA followed by Student–Newman–Keuls t-test).
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that the total amount of DARPP-32 protein had decreased in
the frontal cortex of adults rats submitted to prenatal LPS
treatment. This reduction is not generalized to all brain
regions, as no change was observed in the hippocampus or
in the amygdala of the same animals. Interestingly, it has
been suggested that the medial prefrontal cortex is an
important region within the neuronal circuit responsible for
NMDA receptor antagonist-induced sensorimotor gating
deficit in rats (Schwabe and Koch, 2004). Thus, considering
the key regulatory role of DARPP-32 in DA and glutamate
function (Snyder et al, 1998), the decreased availability of
DARPP-32 in the frontal cortex could contribute to the
sensorimotor deficit observed in adult rats prenatally
exposed to LPS. An important role of the prefrontal cortex
in the PPI deficits of schizophrenic patients has been
reported (Hazlett et al, 1998). Prefrontal hypodopaminergia
has also been implicated as a critical feature of the neural
circuit disturbances that accompany this disorder (Karson
et al, 1999). Interestingly, a selective decrease in DARPP-32
protein levels has been reported in the prefrontal cortex of
patients with schizophrenia (Albert et al, 2002), suggesting
that such an abnormality could contribute to the compro-
mised prefrontal dysfunction associated with the illness.
Because hypofunction of prefrontal cortical DA leads to
excessive DA release in the NAC (Deutch, 1992), the
reduced expression of DARPP-32 in the frontal cortex of
prenatally exposed-rats could reflect a hypofunctionality of
this region which might contribute to the elevated level of
DA in the NAC of the same animals.

Prenatal LPS Exposure Enhances Expression of
Synaptophysin in Adult Rats

Synaptophysin is the most established, best characterized
and widely used synaptic protein, usually referred to as a
marker of synaptic density (Wiedenmann and Franke,
1985). Its role in the synaptic vesicle life cycle is still
relatively unknown, although it is now almost universally
agreed that it may have a role in determining synaptic
strength (Evans and Cousin, 2005). In the present study, the
expression of synaptophysin was increased in the frontal
cortex and hippocampus of rats prenatally exposed to LPS,
at the age of 6 months, in the absence of changes in GAP-43.
GAP-43 is another presynaptic protein that participates in
mechanisms of axonal path finding during development, as
well as in the regulation of neurotransmitter release and
synaptic plasticity in mature synapses (Benowitz and
Routtenberg, 1997). The distinct expression patterns of
these two synaptic markers observed in the present study
indicate that prenatal exposure to LPS impairs synaptic
functioning by presynaptic protein-specific mechanisms. It
could be argued that as synaptophysin is a protein of the
small presynaptic vesicles (Wiedenmann and Franke, 1985),
and GAP-43 is concentrated in growth cones and axons
(Benowitz and Routtenberg, 1997), the observed pathology
could be restricted to the small presynaptic vesicles of the
synapse, or to neuronal populations containing small, but
not large, synaptic vesicles. The higher levels in synapto-
physin expression observed in the frontal cortex and
hippocampus of adult prenatally LPS-exposed rats could
be interpreted as an increase in the synaptic density in those
structures, reflecting an altered axonal arborization or

projection of the neurons. Accordingly, a recent report
shows that maternal inflammation, induced by LPS at
gestation day 17, specifically increased the number of
pyramidal and granular cells in the hippocampus, as well as
the size of pyramidal cells, later in life (Golan et al, 2005).
Alternatively, the increased synaptophysin expression ob-
served may be due to a differing number or composition of
synaptic vesicles. In this respect, a recent study investigat-
ing whether experimental manipulation of prefrontal
cortical development in rats alters prefrontal synaptic
protein levels in adults, detected an increased immuno-
reactivity for the synaptic vesicle protein VAMP (synapto-
brevin/vesicle-associated membrane protein), although
changes in other presynaptic proteins were not observed
(Halim et al, 2003). The same work reported that VAMP
immunoreactivity was lower in patients with schizophrenia
than in controls and suggested that apparently profound
prefrontal cortical dysfunction in schizophrenia, as well as
in an animal model of schizophrenia, may exist without
gross changes in the abundance of many synaptic proteins,
though discrete changes in selected presynaptic molecules
may occur (Halim et al, 2003). Either way, the changes in
synaptophysin expression in the frontal cortex and
hippocampus observed in prenatally LPS-exposed adult
rats are likely to be associated with impaired synaptic
functioning, and they provide a plausible anatomical basis
for the suggestion of aberrant functional connectivity in
those brain regions. It may be speculated that, at least in the
frontal cortex, the increase in the presynaptic protein
synaptophysin expression observed in the PPI-deficient
prenatally LPS-exposed rats could reflect a compensatory
mechanism generated in response to the postsynaptic
DARPP-32 reduction mentioned above and/or a reduction
in the number or the size of dendritic spines. Supporting the
last hypothesis, a recent work shows that the down-
regulation of drebrin-A protein levels, a protein located in
dendritic spines which regulates their morphological
changes, impairs PPI in rats (Kobayashi et al, 2004). In
addition, in vitro studies suggest that maternal inflamma-
tion can alter cortical neuron dendrite development through
a cytokine-mediated mechanism (Gilmore et al, 2004).

The increased levels of synaptophysin in the frontal
cortex and hippocampus of prenatally LPS-exposed rats
are not consistent with the mostly reduced levels found in
the brains of patients with schizophrenia using in situ
hybridization histochemistry, immunoautoradiography,
and Western blotting analysis (Eastwood, 2004; Karson
et al, 1999). Microarray studies also highlight the lower
levels of synaptophysin in schizophrenic brains, along with
other presynaptic markers (Mirnics et al, 2006). One of the
fundamental issues associated with post-mortem studies of
gene expression is that they are only able to examine a
snapshot of the events that may be taking place in the brain
in schizophrenia. It is not possible to determine whether
changes in the expression of the genes of interest reflect
incidents immediately before death or are representative of
ongoing molecular changes that may have been present
throughout the lifetime of the subject (Eastwood, 2004).
Although pathology of the presynaptic machinery seems to
be a robust finding in schizophrenia, it remains to be
elucidated if that synaptic pathology is developmental in
origin. In mice, human influenza infection at day 9 of
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pregnancy augments the expression of the synaptosome-
associated protein 25 kDa (SNAP-25) in a layer-specific and
region-dependent manner in day 0 neonates (Fatemi et al,
1998). This study, along with the data presented here,
indicates that an immune challenge in utero can alter
presynaptic protein expression later in life. Further studies
are needed to determine whether these alterations are
differently expressed throughout the lifetime of the animals.

HAL Alleviates PPI and Immune Alterations Induced by
Prenatal LPS Exposure

Consistent with the clinical pharmacology of schizophrenia,
oral antipsychotic HAL treatment for 1 and 14 consecutive
days restored the auditory PPI deficit induced by prenatal
LPS exposure. Under the conditions used in the present
study, visual PPI deficit induced by LPS was slightly
reduced in VEH-treated animals on the last day of
treatment, compared with the same animals on the first
day of treatment. This makes it difficult to interpret the
antipsychotic effect, after the first day of treatment, on the
visual PPI deficit induced by prenatal LPS exposure.
However, the LPS animals treated with HAL for 14 days
showed no differences compared to the control group on
the last day of treatment. These LPS-exposed animals
dispayed a visual PPI deficit 2 weeks after the end of such
treatment. This indicates that HAL was effective in restoring
PPI during its administration. Previously we have reported
(Borrell et al, 2002) that not only the intraperitoneally acute
administrations of the typical antipsychotic drug HAL, but
also administration of the atypical clozapine, were effective
in restoring the PPI deficit induced by LPS treatment during
pregnancy. Thus, our study provides additional evidence
that a neurodevelopmentally induced PPI disruption can be
alleviated by antipsychotic treatment. In addition, under the
conditions used in the present work, the positive effect on
altered PPI of a 14-day treatment with HAL disappears
2 weeks later, when prenatally LPS-exposed animals again
display a disruption in PPI. Thus, prenatal LPS exposure in
rats may become useful for identifying potential novel
compounds capable of restoring PPI and able to extend
their effects beyond the end of treatment.

Interestingly, prenatal LPS exposure increases the serum
levels of cytokines in adults, an effect which is also reversed
by HAL. In particular, prenatal LPS exposure in rats
augments serum levels of IL-2, IL-6, and TNF-a, without
affecting IL-1b or IL-12, at the age of 6 months. These
observations extend our previous results, in which prenatal
LPS-exposed rats showed increased serum levels of IL-2 at
the age of 100 and 300 days and serum IL-6 levels at 100
days of age (Borrell et al, 2002) and they highlight that
changes in serum IL-6 levels induced by prenatal LPS-
exposure seem to be age-dependent. Several studies show
increased levels of IL-6 in patients with schizophrenia
(Monteleone et al, 1997; Pae et al, 2006). Moreover, it has
been recently suggested that IL-6 may be involved in the
clinical symptomatology and clinical improvement of
schizophrenia (Pae et al, 2006). Nonetheless, there is an
increasing body of evidence that cytokine abnormalities
play a role in the pathophysiology of schizophrenia, and
encouraging results and some controversial findings have
been simultaneously produced. The first limitation in

current cytokine research concerning schizophrenia is the
inconsistent replications of laboratory findings, particularly
the measurements of cytokines (Kim et al, 2004). Our data
suggest that age could be an important confounding factor
which may participate in the heterogeneous, and often
contradictory, results in this field. Along with an increase in
IL-6, prenatally LPS-exposed rats also show elevated serum
levels of IL-2 and TNF-a. Higher concentrations of IL-2 in
plasma (Kim et al, 2004) and cerebrospinal fluid (CSF)
(Licinio et al, 1993; McAllister et al, 1995), as well as higher
plasma levels of TNF-a (Monteleone et al, 1997), have been
found in patients with schizophrenia. Thus, in the present
study, sensorimotor gating deficient LPS-exposed rats
displayed, to some extent, immune alterations similar to
those reported in patients with schizophrenia.

Peripheral IL-6 may cross the blood–brain barrier (BBB)
by an active transport mechanism (Banks et al, 1994), acting
in the CNS through specific receptors (Schobitz et al, 1993).
It has been suggested that lymphocyte-derived IL-2 crosses
the intact BBB (Waguespack et al, 1994), and may gain
access to IL-2 receptors on neuronal and glial cells (Araujo
et al, 1989), and also an active transport mechanism from
blood to brain has been documented for TNF-a (Gutierrez
et al, 1993). Chronic peripheral administration of IL-2 has
been associated with rat hippocampal neurodegeneration
and the suppression of hippocampal long-term potentiation
(LTP) (Tancredi et al, 1990), leading to impaired memory
performance (Nemni et al, 1992), and with suppression of
afferent sensory transmission in the primary somatosensory
cortex, leading to poor spatial learning (Park et al, 1995). In
addition, IL-2 induces behavioral changes that are asso-
ciated with alterations in central dopaminergic processes
(Zalcman, 2002). In vivo, IL-6 mRNA is upregulated by LTP
(Jankowsky et al, 2000) and it has been suggested that this
cytokine might act as a ‘filter’ in the fine tuning of
consolidation by limiting the long-term storage of some
types of information (Balschun et al, 2004). In rats, prenatal
exposure to IL-6 increases serum levels of this cytokine and
results in inflammatory neurodegeneration in the hippo-
campus and impaired spatial learning, later in life
(Samuelsson et al, 2006). Interestingly, IL-2 and IL-6 in
the rodent brain are expressed in selected regions (includ-
ing the hippocampus, frontoparietal cortex, striatum, and
septum) (Araujo et al, 1989; Gadient and Otten, 1994) which
are directly implicated in the cortico-striato-pallido-pontine
gating circuitry (Swerdlow and Geyer, 1998). Therefore, the
disrupted PPI observed in prenatally LPS-exposed rats
might be attributable to CNS disturbances provoked by the
increased IL-2 and/or IL-6 and/or TNF-a circulating levels.
Recently, it has been reported that maternal LPS, as well as
maternal poly I:C exposure, causes a decrease in TNF-a level
in the neonatal brain (Gilmore et al, 2005). This observation
leads us to speculate that the increased serum level of TNF-a
observed in the prenatally LPS-exposed rats could reflect a
compensatory mechanism generated in response to a
decreased level of this cytokine in the brain. Interestingly,
it has been recently reported that the effects of maternal
poly I:C exposure between the middle and late gestation
periods in mice are dissociable in terms of the cytokine
responses in the fetal brain and of the pathological
consequences in brain and behavior later in life (Meyer
et al, 2006). In agreement with Meyer et al (2006) further
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experiments carried out in our laboratory suggest that the
time of prenatal LPS exposure determines the changes in
adult serum cytokine levels and PPI deficit (unpublished
data).

Treatment with HAL decreased IL-2, IL-6, and TNF-a
serum levels in prenatally LPS-exposed rats. Surprisingly,
HAL also exerted an effect in control animals but in a
different way, that is, inducing a long-term increase in
serum IL-1b, IL-2, and IL-12 levels. In prenatally LPS-
exposed rats, reductions in the serum levels of IL-2 and IL-6
were still observed 2 weeks after stopping HAL treatment.
However, at the same time, serum TNF-a levels were
increased in prenatally exposed rats, which appears to be
paralleled by the reappearance of PPI disruption in the
same animals. It remains to be determined whether or not
peripheral TNF-a could influence PPI, and the possible
consequences on disrupted PPI induced by prenatal LPS
exposure. HAL treatment decreases both serum (Monte-
leone et al, 1997) and CSF (McAllister et al, 1995) levels of
IL-2 in patients with schizophrenia. A recent study has
shown that IL-6 plasma levels in patients with schizo-
phrenia, after antipsychotic treatment, is lower than before
(Pae et al, 2006). In addition, antipsychotics normalize the
higher amounts of TNF-a released from monocytes isolated
from the peripheral blood of patients with schizophrenia
and stimulated by LPS (Kowalski et al, 2001). Although it
has been suggested that antipsychotics may have immuno-
modulatory effects on some cytokines and their receptors,
it is still debatable as to how antipsychotics show an
immunomodulatory activity in patients with schizophrenia
(Drzyzga et al, 2006). Our study clearly indicates a different
response to antipsychotics of the serum levels of cytokines
in pathological or normal physiological states.

Overall, our data broadly support the critical influence of
perinatal events on developmental synaptic processes and
the putative consequences at an adult age. Here, pregnant
rats were submitted to the well-documented LPS-induced
immune challenge (Borrell et al, 2002) and, therefore, it
seems likely that this anomalous immune influence,
interfering with normal fetal development, might give rise
to the observed synaptic, neurobehavioral, and immunolo-
gical dysfunctions in adult offspring. It has been recently
reported that the effects of maternal LPS exposure on the
developing fetal brain are not mediated by the direct action
of LPS but via indirect actions at the level of the maternal
circulation or placenta (Ashdown et al, 2006). Among the
proteins produced by the maternal inflammatory response
are the proinflammatory cytokines. In addition to the
stimulation of a cell-death program, cytokines have been
shown to affect the survival (Yang et al, 2002), differentia-
tion (Jarskog et al, 1997), and morphology (Gilmore et al,
2004; Golan et al, 2004) of developing neural cells. Whatever
the precise mechanisms underlying the influence of
immune stimulation during pregnancy, the present findings
show that such stimulation leads to changes in PPI and
cytokine levels which are ameliorated by HAL, together with
an altered synaptic functioning in brain areas related to
sensorimotor information processing. In summary, a
possible conclusion drawn from the present study is that
prenatal immune overactivation affecting neurodevelop-
ment may cause persistent neurophathological and immune

abnormalities, resulting in a sustained dysfunction of the
mechanisms involved in sensory information processing.
An understanding of the mechanisms underlying prenatal
infection-induced PPI disruption may have implications for
a variety of neuropsychiatric diseases with known or
suspected perinatal origins.
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