
Maternal immune activation leads to age-related

behavioral and immunological changes in male

rat offspring – the effect of antipsychotic drugs

Agnieszka Basta-Kaim1, Ewa Szczêsny1, Monika Leœkiewicz1,
Katarzyna G³ombik1, Joanna Œlusarczyk1, Bogus³awa Budziszewska1,
Magdalena Regulska1, Marta Kubera1, Wojciech Nowak2,
Krzysztof Wêdzony3, W³adys³aw Lasoñ1

1Department of Experimental Neuroendocrinology, Institute of Pharmacology, Polish Academy of Sciences,
Smêtna 12, PL 31-343 Kraków, Poland

2Faculty of Medicine, Jagiellonian University, Medical College, Œw. Anny 12, PL 31-008 Kraków, Poland

3Laboratory of Pharmacology and Brain Biostructure, Institute of Pharmacology, Polish Academy of Sciences,
Smêtna 12, PL 31-343 Kraków, Poland

Correspondence: Agnieszka Basta-Kaim, e-mail: basta@if-pan.krakow.pl

Abstract:

Background: Prenatal immune system disturbances have been postulated to play an important role in pathogenesis of schizophrenia

and related disorders. In the present study, we sought to answer the question whether behavioral changes in the neurodevelopmental

model of schizophrenia in rats are accompanied by alterations in proliferative activity of splenocytes and pro- and anti-inflammatory

cytokine levels. Furthermore, the effects of two antipsychotic drugs on these parameters were determined.

Methods: Lipopolysaccharide (LPS) was administered subcutaneously to pregnant dams at a dose of 1 mg/kg every second day

from the 7th day of pregnancy till delivery. Age-dependent behavioral and immunological changes were studied when control and

prenatally LPS-pretreated offspring male rats were 30 and 90 days old. Chlorpromazine (10 mg/kg ip) or clozapine (10 mg/kg ip)

was administered chronically (21 days) after behavioral verification to 3 months old offspring males. Changes in sensorimotor gat-

ing (prepulse inhibition, PPI), mitogen-induced proliferative activity of splenocytes ([3H]-thymidine incorporation) and cytokine

levels (ELISA) were measured.

Results: Prenatally LPS-pretreated rats showed PPI deficit only at 90 but not at 30 days of age, whereas an enhancement of

mitogen-stimulated proliferative activity of splenocytes was observed in both time points. Additionally, the level of proinflamma-

tory cytokines (IL-1b, IL-2, IL-6, TNF-a) in prenatally LPS-pretreated rats was enhanced when they were 30 days old and remained

elevated in 90 days old offspring. No changes in IL-10 level were observed. Chronic administration of chlorpromazine or clozapine

reduced the deficit in PPI deficit in prenatally LPS-treated rats. In the used model, chlorpromazine normalized both T and B lympho-

cyte proliferation, whereas clozapine B lymphocyte activity only. Moreover, both antipsychotics modulated the enhanced levels of

IL-1b, IL-2 and TNF-a in the offspring of LPS-treated mothers.

Conclusions: This study indicates that in LPS-evoked model of schizophrenia, peripheral immunological changes are long-lasting

and precede behavioral deficit. The disturbances in T cell-mediated immunity as well as cytokine production were attenuated by an-

tipsychotic drug administration.
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Introduction

Schizophrenia is a common and disabling psychiatric

brain disorder of neurodevelopmental origin, in which

both genetic and environmental factors appear to play

an important role [9, 11]. Additionally, many data

from epidemiological and clinical studies indicate that

viral or bacterial infection during pregnancy may en-

hance the risk of schizophrenia in adulthood [8]. To

gain more insight into the pathophysiology of this dis-

orders, many animal models have been developed, of

which those of neurodevelopmental origin seem to be

the most important. These models are characterized

by resemblance of behavioral, neurochemical, histo-

pathological and neurophysiological disturbances to

those observed in schizophrenic patients [5, 6, 12].

Some of neurodevelopmental models, based on ma-

ternal immune activation, have been recently devel-

oped [9, 11, 34]. Of special interest are the animal

models inducing schizophrenia-like syndromes, which

employ the systemic administration of the bacterial

endotoxin lipopolysaccharide (LPS) during preg-

nancy, but differ between one another in the endo-

toxin dosages and time and route of its administration

[11, 34]. Administration of LPS, a cell wall compo-

nent from Gram negative bacteria, is a widely ac-

cepted model of bacterial infection, which activates

the immune response, like cytokine production, in-

flammation, fever, hypothalamic-pituitary-adrenal

axis activation and sickness behavior [9]. Recently,

we used a modified model of schizophrenia, in which

LPS was injected every second day from the 7th day of

pregnancy till delivery [5, 6]. In this model, we ob-

served characteristic of schizophrenia long-lasting be-

havioral disturbances, such as disruption of prepulse

inhibition (PPI), elevation of basal and amphetamine-

induced locomotor activity and deficits in social inter-

action. Moreover, these behavioral changes were ac-

companied by elevated plasma level of corticosterone,

decrease in hippocampal glucocorticoid receptor

(GR) expression and diminished FK-BP51 GR co-

chaperone in the frontal cortex [5]. These endocrine

changes reflect hyperactivity of the hypothalamic-

pituitary-adrenal axis resembling those occurring in

schizophrenic patients. Also region-specific dysfunction

in the brain release of dopamine, serotonin and their me-

tabolites often connected with cognitive deficits and

negative symptoms of schizophrenia were detected in

our LPS-evoked neurodevelopmental model [6].

The central nervous, endocrine and immune sys-

tems are functionally interconnected and there are

close interactions between neurotransmitters, hor-

mones and cytokines. Therefore, the ability of LPS to

induce the schizophrenia-like symptoms may be con-

nected with the stimulation of peripheral immunity,

cytokine synthesis and the enhancement of their ex-

pression in the central nervous system by this endo-

toxin [11, 35]. Cytokines are a class of polypeptides

which are able to regulate the inflammatory immune

response and to control normal developmental pro-

cesses not only in the immune system but also in the

central nervous system. It has been found that cytoki-

nes affect the survival, differentiation, migration,

apoptosis, synaptogenesis or morphology of neural

cells, and modulate the neurotransmission in the age-

dependent manner also in adulthood [13]. Further-

more, the dysregulation of the cytokine network may

lead to sleep disturbances and disruption of other neu-

roendocrine functions and in this way may influence

other systems [46, 52]. All of the above-mentioned

facts may lead to the conclusion that uncontrolled in-

crease of levels of inflammatory cytokines in the fetal

life may adversely influence the development of the

nervous system, and be responsible for cognitive im-

pairments [17]. The immune development can also be

affected by maternal events during gestation and in-

deed, it has been proposed that postnatal immune re-

sponses are programmed in utero. Together, these

findings point to a key role of the fetal environment in

the pathogenesis of schizophrenia. Probably, the tim-

ing of LPS-injection during the course of pregnancy

can determine persistence and aggravation of the im-

mune system dysfunction in adult offspring.

Antipsychotic drugs are widely used to alleviate

a number of psychotic syndromes but they also modu-

late immune reactivity. In the light of an „immuno-

logical theory” of schizophrenia [41, 44], it cannot be

excluded that the beneficial effects of antipsychotics

may be, at least in part, connected with normalization

of some immune parameters.

In the present study, we sought to answer the ques-

tion whether behavioral changes in the neurodevelop-

mental model of schizophrenia in rats are accompa-

nied by alterations in proliferative activity of spleno-

cytes and pro- and anti-inflammatory cytokine levels.

Furthermore, the effects of a classical neuroleptic,

chlorpromazine, and an atypical antipsychotic drug –

clozapine, on behavioral and immune alterations were

determined in the offspring of the LPS-pretreated rats.
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Materials and Methods

Experimental animals

The experimental procedure was described previously

by Basta-Kaim et al. [6]. Briefly, female and male

Wistar rats (200 g) were obtained from Charles River

Laboratories, Inc. (Germany) and were housed under

standard experimental conditions (constant tempera-

ture of 22 + 2°C) with an artificial 12-h light/dark cy-

cle (the light on from 7.00 a.m. to 7.00 p.m.). All sub-

jects used in the experiment were born in the experi-

mental facilities of Institute of Pharmacology Polish

Academy of Sciences (Kraków, Poland). Dams and

pups were housed in standard cages with wooden bed-

ding and received food and water ad libitum.

Prenatal administration of LPS

Vaginal smears were taken daily from virgin females

and, when found to be in estrus, females were placed

with males. Pregnancy was determined the next

morning by the presence the vaginal smear (day 0 of

pregnancy). Each pregnant female was housed indi-

vidually. Lipopolysaccharide (LPS) from Escherichia

coli (Sigma, L-3755, Serotype 026:B6) was adminis-

tered subcutaneously to pregnant dams (n = 12) at

a dose of 1 mg/kg every secondary day from the 7th

day of pregnancy. LPS was dissolved in saline and in-

jected in a volume of 1.5 ml/kg between 9.00 a.m. and

10.00 a.m. The control pregnant rats were submitted

to the same treatment schedule but with saline. After

delivery, the dams were allowed to rear their offspring

until weaning. Five days old offspring were sexed and

counted. No differences in litter number and size were

observed between LPS- and saline-treated rats.

Twenty one days old offspring were weaned and

caged in selected groups of six animals of the same

sex and prenatal treatment (VEHICLE-male, LPS

pretreated-male). All experiments were performed on

male offspring rats. The experimental protocols were

approved by the Committee for Laboratory Animal

Welfare and Ethics of the Institute of Pharmacology,

Polish Academy of Sciences, Kraków and met the cri-

teria of the International Council for Laboratory Ani-

mals and the Guide for the Care and Use of Labora-

tory Animals.

Experimental time schedule

At 30 and 90 days of age, the offspring rats were

tested for sensorimotor gating. As we demonstrated

previously [5], the animals showed a deficit in PPI at

90 but not at 30 days of age (Tabs. 1, 2). Selected one

and three month-old control and experimental (LPS-

pretreated) male offspring were used for immunologi-

cal studies. The rest of animals beginning at 95 days of

age were treated for 21 days with drugs (chlorpromazine

hydrochloride or clozapine), Twenty-four hours after the

last injection, the experimental (LPS + VEHICLE; LPS

+ CHLORPROMAZINE, and LPS + CLOZAPINE) and

control (VEHICLE + VEHICLE; VEHICLE + CHLOR-

PROMAZINE, VEHICLE + CLOZAPINE) male groups

were used first for behavioral and then for immuno-

logical studies.

Sensorimotor gating

The procedure of sensorimotor gating was described

previously by Wêdzony et al. [50, 51]. The startle ap-

paratus (SR-LAB, San Diego Instruments, San Diego,

CA) consisted of 12 individual soundproof ventilated

chambers containing a non-restrictive Plexiglas cylin-

der (inner diameter = 9 cm) A high-frequency loud-

speaker inside each chamber produced both a continu-

ous background noise of 65 dB and the various acous-

tic stimuli. Movement of the Plexiglas cylinder

caused by chamber startle response of the animal was

transduced into analogue signals by a piezoelectric

unit attached to the platform. These signals were then

digitized and stored by a computer. One hundred

readings were taken at 1 ms intervals, starting at the

stimulus onset, and the average amplitude was used to

determine the average amplitude of startle reflex. The

cage has been individually calibrated by the external

sensor, in order to display a similar readout of the ref-

erence stimulus.

The amplitude of the startle response was measured

during the 200 ms recording window. After habitua-

tion (5 min, background white noise, 65 dB), four

types of acoustic stimuli were used in random order:

acoustic stimulus alone – pulse of broad-band noise

[intensity: 120 dB, duration: 40 ms, (P)] or the acous-

tic stimulus as above preceded by a acoustic prepulse,

again a pulse of broad-band noise, [intensity: 71, 74,

and 77 dB], duration: 20 ms; (PP)] applied 100 ms be-

fore the stimulus (P). During each experimental ses-

sion, 20 trials of each type were presented with an in-
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terstimulus interval of 20 s. The amplitudes were av-

eraged for each individual animal, separately for both

types of trials [stimulus alone (P) or stimulus

preceded by the prepulse (PP)]. The degree of pre-

pulse inhibition was shown as a percentage of inhibi-

tion (% PPI) calculated as follows:

[(P – PP)/P] × 100.

Drug administration

At about 3 months of age (95 days) control and LPS-

pretreated male rat offspring were injected ip, once

daily with chlorpromazine hydrochloride (Pliva,

Kraków, Poland), clozapine (Polfa, Warszawa, Poland)

or responsive vehicle for 21 days. Chlorpromazine was

dissolved in 0.9% saline, while clozapine in a small

amount of ethanol, followed by dilution in water (the

final concentration of ethanol was below 0.5%) and in-

jected at a dose of 10 mg/kg in a volume of 2 ml/kg.

IMMUNOLOGICAL EXPERIMENTS

Preparation of cell suspensions

The male offspring rats at the age of 30, 90 and 116

days were decapitated 24 h after the behavioral verifi-

cation and the last vehicle/drug injection. Their

spleens were aseptically dissected and weighted, and

gently crushed in a glass homogenizer. Spleen cells

were resuspended in an RPMI-1640 medium (Sigma,

USA), and were centrifuged at 500 × g for 5 min. Cell

pellets were resuspended in the same medium, sup-

plemented with antibiotics (50 mg/ml of penicillin,

50 mg/ml of streptomycin), a 10% fetal bovine serum

and 2 mM of L-glutamine (all those reagents were ob-

tained from Sigma, USA).

Proliferative response of splenocytes

to mitogen stimulation in vitro

The proliferative response of spleen cells was de-

scribed earlier by Basta-Kaim et al. [4, 7]. Cells (4 ×

105 per ml) were stimulated with 1.25 µg/ml of conca-

navalin A (Con A, Sigma, USA) or with 5.0 µg/ml

lipopolysaccharide (LPS, Sigma, USA). The cells in

a final volume of 0.2 ml were incubated in 96-well

plates at 37°C for 72 h. Cell proliferation was deter-

mined by adding 10 µl (0.5 µCi) of [3H]-thymidine

per well (ICN Pharmaceuticals, USA; SpA 6.7 Ci/

mmol) 16 h before the end of incubation. The cells

were harvested with an automatic cell harvester (Sca-

tron, Norway) and [3H]-thymidine incorporation was

assessed using a liquid scintillation counter (Beckman

LS 6500).

Determination of cytokines

Male rat splenocytes were tested for their ability to

produce cytokines: interleukin-IL-1b (IL-1b), IL-2,

IL-6, IL-10 and tumor necrosis factor (TNF-a) after

mitogen stimulation. Splenocyte suspensions were

seeded at a concentration of 4 × 106 cell/ml in 24-well

Corning tissue culture plates, and were then stimu-

lated with a Con A solution (1.25 µg/ml). Cell-free

supernatants were collected 72 h later and stored at

–20°C. The quantitative determination of cytokine

concentrations was performed using the standard

ELISA test (R&D Systems).

Statistics

Results are presented as the group means ± standard

error of the mean (SEM). The data were analyzed by

two-way repeated measures analysis of variance

(ANOVA, chlorpromazine, clozapine and LPS treat-

ments were regarded as independent variables; ampli-

tude of startle reflex evoked by acoustic tone alone or

acoustic tone preceded by acoustic prepulse as an

within factor for prepulse induced inhibition of startle

reflex) followed by the Duncan post-hoc test. Data

expressed as the percent of inhibition were evaluated

by one-way or two-way ANOVA followed by the

Duncan post-hoc test. Each group comprised of 6–10

animals. Statistical evaluation was carried out using

the Statistica 10 program.

Results

The effect of antipsychotic drugs on

the amplitude of the startle reflex in male

offspring after maternal exposure to LPS

The obtained results confirmed our previously re-

ported data [7] that prenatal exposure to LPS and sys-

temic chronic injection of chlorpromazine or clozap-

ine affected the startle amplitude in adult (3 months

old) rats (Tabs. 1, 2). The ANOVA showed a signifi-

cant effect of LPS (p < 0.001), and of clozapine (p <
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0.05) as well as significant LPS × clozapine interac-

tion (p < 0.001). Additionally, the ANOVA showed

a significant effect of LPS × chlorpromazine interac-

tion for male offspring rats (p < 0.001) (Tab. 2).

The effect of antipsychotic drugs on the PPI

deficits induced by maternal exposure to LPS

As we showed previously [5], prenatal administration

of LPS did not disturb sensorimotor gating (PPI) in

young 30-day-old male offspring, but resulted in

a significant long-lasting disruptions of PPI in 3

months old male offspring (Tab. 1). The present study

confirms the observation that endotoxin administered

to pregnant dams produces age-dependent deficits of

PPI in male offspring.

In our study, we examined the effect of 21-days

chlorpromazine or clozapine administration on PPI

deficits produced by maternal LPS exposure (Tab. 2).

A significant effect of chronic administration of clo-

zapine was demonstrated. Post-hoc analysis revealed

that clozapine effectively reversed the PPI deficit

evoked by prenatal LPS treatment, but did not affect

the PPI of control rats.

Examination of sensorimotor gating following

chronic injection of chlorpromazine (two-way ANOVA;

LPS and chlorpromazine as factors) did not reveal any

effect of this drug on LPS-induced PPI deficit at any

of prepulse intensities. The ANOVA of PPI data

showed no significant effect of chlorpromazine and

no LPS × chlorpromazine interaction.

The effect of antipsychotic treatment on

the proliferative activity of splenocytes stimu-

lated by mitogenes

Prenatal LPS exposure resulted in a long-lasting en-

hancement of the proliferative activity of splenocytes

stimulated in vitro by mitogens. ANOVA revealed

a significant effect of prenatal LPS treatment in male

offspring at the age of 30 days [F (1, 12) = 43.962, p <

0.01] and 90 days [F (1, 12) = 24.030, p < 0.01] in re-

sponse to Con A (1.25 µg/ml) as compared to the control

animals. Furthermore, the ability of splenocytes to

proliferate after LPS (5 µg/ml) stimulation was also

increased [F (1, 12) = 8.056, p < 0.05: F (1, 12) =

29.689, p < 0.001] in 30 and 90 days old male offspring

prenatally treated with LPS, respectively (Tab. 3).

In the present experiment, we examined also the ef-

fect of 21-day chlorpromazine or clozapine treatment in

control and prenatally LPS-treated adult male rats on the

1404 Pharmacological Reports, 2012, 64, 1400�1410

Tab. 1. The effect of LPS on prepulse inhibition of acoustic startle re-
sponse (PPI) in male offspring rats

Days
of age

Vehicle LPS

71 dB 74 dB 77 dB 71 dB 74 dB 77 dB

30 50 ± 3 55 ± 2 63 ± 10 53 ± 6 58 ± 7 60 ± 4

90 51 ± 4 62 ± 4 69 ± 5 24 ± 7* 36 ± 4* 45 ± 4*

Animals were tested at 30 and 90th days of age. The intensity of pulse
(P) was 120 dB, prepulses were applied at three different intensities:
71, 74 and 77 dB. PPI is expressed as a percentage of inhibition. All
data are given as the mean values ± SEM (n = 8-10); * vs. control
group, p < 0.001

Tab. 2. The effect of clozapine and chlorpromazine on the amplitude of the startle reflex (A) evoked by an acoustic pulse (P) alone and sensori-
motor gating - PPI (B) in adult (3 months-old) male rats prenatally treated with VEHICLE or LPS

A B

71 dB 74 dB 77 dB

Vehicle + vehicle 14.70 ± 3.52 Vehicle + vehicle 50.87 ± 3.62 60.20 ± 3.98 69.37 ± 3.45

LPS + vehicle 31.70 ± 3.75* LPS + vehicle 24.42 ± 3.31* 35.27 ± 2.69* 43.38 ± 2.81*

Vehicle + clozapine 7.84 ± 3.61 Vehicle + clozapine 56.39 ± 3.61 67.52 ± 3.18 74.66 ± 3.88

LPS + clozapine 53.10 ± 2.52# LPS + clozapine 41.50 ± 4.54# 50.70 ± 3.68# 60.33 ± 4.69#

Vehicle + chlorpromazine 16.73 ± 3.85 Vehicle + chlorpromazine 57.21 ± 3.87 63.01 ± 3.73 69.97 ± 4.08

LPS + chlorpromazine 15.73 ± 4.41# LPS + chlorpromazine 37.58 ± 3.41 38.63 ± 3.02 59.03 ± 3.84

The intensity of P was 120 dB; prepulses were applied at three different intensities: 71, 74 and 77 dB. PPI is expressed as a percentage of inhi-
bition. All data are given as the mean values ± SEM (n = 8–10). Repeated measures ANOVA and Duncan’s post-hoc test, p < 0.001; * vs. vehi-
cle + vehicle group, # vs. LPS + vehicle group



proliferative activity of splenocytes stimulated by

Con A or LPS. The results are shown in Figure 1A, B.

Chronic chlorpromazine administration efficiently

attenuated the enhanced ability of splenocytes stimu-

lated by Con A [F (1, 26) = 63.68, p < 0.01] and LPS

[F (1, 24) = 48.16, p < 0.01] to proliferate in control

116-days old male offspring. The ANOVA of the data

obtained from male offspring revealed a significant

effect of prenatal LPS treatment [F (1, 26) = 71.29,

p < 0.01; F (1, 24) = 43.05, p < 0.001] and a signifi-

cant effect of chlorpromazine administration [F (1, 26)

= 58.5, p < 0.01; F (1, 24) = 59.14; p < 0.01] for sple-

nocytes stimulated by Con A or LPS, respectively.

In contrast, chronic clozapine treatment did not af-

fect the ability of splenocytes to proliferate after Con A

or LPS stimulation in control adult male rats [F (1, 26)

= 0.39 ns; F (1, 24) = 0.46 ns].

Chronic clozapine treatment did not affect the pre-

natally LPS-evoked increase in the proliferative activ-

ity of spenocytes stimulated by Con A [F (1, 26) =

0.39 ns] (Fig. 1A). In contrast, examination of the

ability of splenocytes to proliferate in response to LPS

(5 µg/ml) showed that chronic clozapine treatment

significantly attenuated their ability to proliferate in

prenatally LPS-treated rats. Two way ANOVA (LPS

and clozapine as factors) revealed a significant effect

of LPS pre-treatment [F (1, 24) = 9.8; p < 0.05] and

clozapine × LPS interaction [F (1, 24) = 29.07; p <

0.001] in adult male offspring (Fig. 1B).

The effect of antipsychotic treatment on the mito-

gen (Con A)-stimulated pro- and anti-inflammatory

cytokine production by splenocytes

The ability of splenocytes to produce cytokines was

examined in 30 and 90 days old control and prenatally

LPS-treated male rats. Prenatal LPS exposure resulted

in long-lasting enhancement of the Con A-induced

proinflammatory cytokine production.

ANOVA revealed a significant effect of prenatal

LPS treatment on the IL-1b and TNF-a production in

male offspring at the age of 30 days [F (1, 10) = 269.76,

p < 0.001; F (1, 10) = 29.76, p < 0.05, respectively]

and 90 days [F (1, 10) = 248.03, p < 0.001; F (1, 10) =

27.83, p < 0.01] in response to Con A (1.25 µg/ml) as

compared to the control animals (Fig. 2).

Furthermore, prenatal LPS exposure resulted in

a statistically significant enhancement of the ability of

splenocytes to produce IL-2 and IL-6 in 30 [F (1, 10)

= 11.382, p < 0.05; F (1, 10) = 33.025, p < 0.05] and

also 90 days old male offspring rats [F (1, 20) =

16.122, p < 0.05; F (1, 20) = 8.343, p < 0.05] (Fig. 3).

No differences in production of anti-inflammatory

IL-10 in response to Con A were observed between

control and LPS-pretreated rats at the age of 30 and

90 days (Fig. 3).
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Fig. 1. The effect of clozapine (Cloz) and chlorpromazine (Chlor) on
the proliferative activity of splenocytes stimulated by Con A, 1.25 µg/
ml (A) and LPS, 5 µg/ml (B) in adult 116-day old male rats prenatally
treated with vehicle or LPS. All data are given as the mean values
± SEM (n = 6–10); * vs. vehicle + vehicle group, # vs. LPS + vehicle
group

Tab. 3. The effect of LPS on the proliferative activity of splenocytes
stimulated by mitogens concanavalin A (Con A; 1.25 µg/ml) or lipo-
polysaccaride (LPS; 5.0 µg/ml) in male offspring rats.

Days
of age

Con A LPS

Control male
offspring

LPS-pretreated
male offspring

Control male
offspring

LPS-pretreated
male offspring

30 100 ± 2.2 151.1± 6.3* 100 ± 4.4 117.6 ± 6.1*

90 100 ± 3.3 137.7 ± 7.8* 100 ± 3.7 130.6 ± 8.7*

Animals were tested at 30 and 90th days of age. All results are shown
as the mean ± SEM of percentage of the appropriate control group
(in triplicate wells). The significances of differences between the
means was evaluated by the Duncan’s test following a one-way
analysis of variance. Each group comprised 10 animals; * vs. control
group, p < 0.001
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Control LPS Cloz Cloz + LPS Chlor Chlor + LPS

Control LPS Cloz Cloz + LPS Chlor Chlor + LPS

Control LPS Cloz Cloz + LPS Chlor Chlor + LPS

Fig. 3. The effect of clozapine (Cloz) and chlorpromazine (Chlor) on the cytokine production by stimulated (Con A, 1.25 µg/ml) splenocytes in
30-day old [left panel] and 116-day old [right panel] male rats prenatally treated with vehicle or LPS. All data are given as the mean values
± SEM (n = 6–10); * vs. vehicle + vehicle group, # vs. LPS + vehicle group

Fig. 2. The effect of clozapine (Cloz) and chlorpromazine (Chlor) on the IL-1b and TNF–a production by stimulated (Con A, 1.25 µg/ml) spleno-
cytes in 30-day old [left panel] and 116-day old [right panel] male rats prenatally treated with vehicle or LPS. All data are given as the mean val-
ues ± SEM (n = 6-10); * vs. vehicle + vehicle group, # vs. LPS + vehicle group



In the present experiment, we investigated also the

effect of 21-day chlorpromazine or clozapine treat-

ment on the cytokine production by splenocytes in

control and prenatally LPS-treated adult male rats.

The results are shown in Figures 2, 3.

Chronic chlorpromazine administration efficiently

attenuated the enhanced IL-1b, TNF-a and IL-2 lev-

els in offspring of LPS-treated dams. The ANOVA of

the data obtained from male offspring revealed a sig-

nificant effect of chronic treatment with chlorpromaz-

ine (a typical antipsychotic drug) on the IL-1b [F (1,

19) = 132.33, p < 0.001], TNF-a [F (1, 17) = 14.68, p

< 0.05] as well as IL-2 [F (1, 20) = 4.919, p < 0.05]

level in prenatally LPS-treated male rats. On the other

hand, two-way ANOVA did not reveal any effect of

chronic administration of this drug on the IL-6 and

IL-10 cytokine levels in control and prenatally LPS-

pretreated offspring (Fig. 3).

Chronic clozapine treatment also affected the pre-

natally LPS-evoked increase in Con A-stimulated

IL-1 b, TNF-a and IL-6 cytokine production.

Two way ANOVA (LPS and clozapine as factors)

revealed a significant effect of chronic treatment with

clozapine (an atypical antipsychotic drug) on the

IL-1b [F (1, 19) = 128.32, p < 0.00], TNF-a [F (1, 17)

= 17.94, p < 0.05] as well as IL-2 [F (1, 20) = 7.276,

p < 0.001] in the prenatally LPS-treated offspring. On

the other hand, two-way ANOVA did not reveal any

effect of chronic administration of this drug on the

IL-6 and IL-10 levels in prenatally LPS-pretreated

offspring (Fig. 3).

Discussion

The data presented here confirm reports that the treat-

ment with LPS in a critical period of pregnancy leads

to permanent behavioral deficits in adult offspring

rats [5, 6]. As we showed previously, the long-lasting

disruption of sensorimotor gating was detected only

in adult 3 months old LPS-pretreated offspring, but

not in younger animals i.e., 30 days old. These data

are in agreement with those obtained by other investi-

gators in various animal schizophrenia-like models in

which bacterial endotoxin was used [11, 34]. Addi-

tionally, the present model was also pharmacologi-

cally validated by the ability of two antipsychotic

drugs to attenuate the behavioral changes [5, present

study].

The main finding of this study was demonstration

that maternal exposure to bacterial endotoxin during

pregnancy led to long-lasting immunological distur-

bances in offspring, evident already in 30 days old

male rats. This clearly indicates that immunological

changes in this animal neurodevelopmental model

precede the behavioral deficit and suggests functional

engagement of the immune system in the develop-

ment of schizophrenia-like behavioral symptoms.

The present experimental results indicated that re-

peated prenatal LPS administration increased prolif-

erative activity of splenocytes stimulated by mito-

gens: concanavalin A (Con A) and lipopolysaccharide

(LPS). This activation was permanent and more pro-

found in the younger offspring after Con A stimula-

tion. These data suggest a higher activity of the T cells

than B cells in younger animals. The similar potentia-

tion of both cellular and humoral immunity was ob-

served in 3 months old offspring of dams treated with

LPS. One can assume that LPS-induced changes dur-

ing pregnancy via modulation of maternal and fetal

immunity lead to disturbances in acquiring immuno-

competence in offspring and may result in persistent

dysfunction in splenocyte immunoreactivity. To the

best of our knowledge, no other authors reported

changes in proliferative activity of splenocytes in an

animal model of schizophrenia. However, clinical

studies provided evidence for a significant involve-

ment of humoral and cellular component of the im-

mune system in etiology of schizophrenia [4]. In

schizophrenic patients, the occurrence of specific an-

tibodies [36, 39] and changes in the expression of

acute phase proteins [16, 47] have been reported.

Moreover, cell-mediated immunity in schizophrenic

patients seems to be disturbed. Some data point to an

increase in the total T lymphocyte, T-suppressor lym-

phocyte count in drug-free patients [24, 29] and ele-

vation in the T-helper lymphocyte count in schizo-

phrenics undergoing pharmacotherapy. Regarding the

mitogen-induced lymphocyte proliferation in patients,

there are inconsistent data, but in a majority of cases,

an enhancement in this parameter was observed [19].

Apart from the changes in lymphocyte population,

also some changes in monocyte and macrophage acti-

vation was demonstrated in this disorder [23, 28].

In this work, we discovered that the prenatal LPS-

induced changes in proliferative activity of spleno-

cytes were significantly attenuated by chlorpromaz-

ine, regardless of the mitogen used. On the other

hand, clozapine affected only the ability of spleno-
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cytes to proliferate after the endotoxin activation.

Additionally, it was observed that chlorpromazine,

but not clozapine, inhibited the immunoreactivity in

control offspring. These findings are in line with pre-

vious data showing that antipsychotic drugs suppress

the cell-mediated immunity with different potency,

depending on the type of antipsychotic drugs and mi-

togens used. The differences between clozapine and

chlorpromazine action on the mitogen-stimulated

splenocyte proliferation may result from various

chemical structure and receptor characteristics of

these agents as well as on their differential effects on

intracellular pathways triggered by Con A and LPS

[33, 41]. Chlorpromazine interacts with dopamine re-

ceptors, as well as with noradrenergic, serotoninergic

and histaminergic systems [7]. The multiple receptor-

mediated effects of chlorpromazine make it difficult

to identify the molecular targets involved in its effects

on the immune system. Also an impact of this drug on

intracellular processes should be considered. Chlor-

promazine is known to block voltage-gated calcium

channels, inhibit protein kinase C (PKC) and to di-

minish calmodulin and phospholipases A and C ac-

tivities [37]. Since inhibition of calmodulin decreases

the proliferative response of lymphocytes, this mecha-

nism may be engaged in the chlorpromazine suppres-

sive effect on splenocyte proliferation observed in the

present study. As compared to chlorpromazine, clo-

zapine shows a higher affinity for serotonin 5HT2A re-

ceptors than for dopamine D2 receptors. Data regard-

ing the effect of clozapine on immune reactivity are

inconsistent [14, 22]. Like in our study, clozapine did

not suppress proliferation of lymphocytes stimulated

by T-cell mitogen. In addition, clinical studies re-

vealed that various antipsychotics, including clozap-

ine, did not modify the mitogen-induced T lympho-

cyte response [2]. The action of clozapine on the im-

mune parameters appears to depend on its dose, time

of action and experimental design [14, 15].

Prenatal LPS administration besides enhancement

of proliferative activity of splenocytes, also increased

the production of proinflammatory cytokines by these

cells. In younger animals, the levels of all measured

cytokines (IL-1b, IL-2, IL-6 and TNF-a) were esca-

lated, whereas in the older rats no changes in IL-6 was

observed. No alterations in the level of anti-

inflammatory IL-10 in both old and young prenatally

LPS-pretreated rats was detected. This is a rather un-

expected observation, because in schizophrenia a shift

from a Type 1 (cellular) to a Type 2 (humoral) im-

mune response, which attenuates cytotoxic T cell-

mediated activity but enhances the B cell-mediated

responses was postulated [30, 38]. Interleukin-10

(IL-10) expression reflects Type 2 immunity [27, 39,

49] and this cytokine may suppress the cell-mediated

immune responses by hindering T cell proliferation

and proinflammatory cytokine production.

Thus, the lack of enhancement in IL-10 synthesis

may partially explain the marked increase in proin-

flammatory cytokines, especially IL-1b. It should be

stressed that in contrast to other neurodevelopmental

models of schizophrenia [11, 34], in our model, the

level of IL-1b profoundly increased in both 30 and 90

days old rats. As IL-1b is a potent activator of HPA

axis activity [18], the increase in its synthesis may be re-

sponsible for elevated blood corticosterone level ob-

served previously in the same model [9]. Regarding

other proinflammatory cytokines, i.e., IL-2, IL-6 and

TNF-a, most studies demonstrated enhancement of their

peripheral levels in LPS-pretreated offspring, however,

their levels were measured mainly in serum [11, 35]. In

addition, the age and sex of animals and particular char-

acteristics of the model are also important factors influ-

encing the cytokine production [20, 31]. Cytokines are

modulators of immune reactions and brain development.

Pathological induction of cytokines in response to ma-

ternal infections produces adverse effects on the neuro-

development of offspring [9, 46].

Many clinical studies point to a dysregulation of

the cytokine network in schizophrenic patients. For

example, an increased serum levels of IL-1b, IL-6,

IL-6 receptor (IL-6R) and IL-1R antagonist (IL-1RA)

have been described by several authors [3, 42], al-

though the changes in production of interleukin 2

(IL-2) appear to depend on the phase of the illness and

its level frequently increases shortly before the occur-

rence of schizophrenia episode [1, 10]. It has been

commonly accepted that stimulation of peripheral pro-

inflammatory cytokine production may influence the

production of cytokines in the brain [43, 46]. The in-

crease in the proinflammatory cytokine level prior to

the occurrence of behavioral deficit, observed in the

present study, suggests that these cytokines could influ-

ence directly or via stimulation in brain proinflamma-

tory cytokine release, the disturbances in neuronal cy-

toarchitecture and neurotransmitters which are impli-

cated in sensorimotor gating deficit [20, 35, 43].

In 90 days old rats prenatally treated with LPS,

both chlorpromazine and clozapine significantly di-

minished the elevated IL-1b, TNF-a and IL-2 level.

This is in agreement with clinical data and with data
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obtained using other neurodevelopmental animal

models of schizophrenia [21, 26, 45]. This suggests

that normalizing effect of both typical and atypical

antipsychotics on cytokine production may contribute

to their pharmacotherapeutic mechanism of action

[21, 30, 33].

In summary, this study demonstrated that periph-

eral immunological changes in the LPS-evoked model

of schizophrenia were long-lasting and preceded the

behavioral deficit. Moreover, the disturbances in T

cell-mediated immunity as well as cytokine produc-

tion and PPI deficit were attenuated by antipsychotic

drugs. Thus, our data support the hypothesis that pre-

natal immune overactivation can be a causative factor

in pathogenesis of schizophrenia.
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