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Background: Maternal immune activation (MIA) is a mature means to construct a

schizophrenia model. However, some preclinical studies have reported that a MIA-

induced schizophrenia model seemed to have gender heterogeneity in behavioral

phenotype. On the other hand, the MIA’s paradigms were diverse in different studies,

andmany details could affect the effect of MIA. To some extent, it is not credible and

scientific to directly compare the gender differences of different MIA programs.

Therefore, it is necessary to study whether the sex of the exposed offspring leads to

behavioral differences on the premise of maintaining a consistent MIA mode.

Methods: An animal model of schizophrenia was established by the

administration of 10 mg/kg Poly (I: C) when dams were on day 9 of gestation.

Then, a number of female and male offspring completed a series of behavioral

tests during postnatal days 61–75.

Results: Compared with the female control group (n = 14), female MIA offspring

(n = 12) showed a longer movement distance (d = 1.07, p < 0.05) and higher

average speed (d = 1.08, p < 0.05) in the open field test (OFT). In the Y maze test,

the percentage of entering the novel arm of female MIA offspring was lower (d =

0.92, p < 0.05). Compared with the male control group (n = 14), male MIA

offspring (n = 13) displayed less movement distance (d = 0.93, p < 0.05) and a

lower average speed (d = 0.94, p < 0.05) in the OFT. In the Y maze test, the

proportion of exploration time in the novel arm of male MIA offspring was lower

(d= 0.96, p < 0.05). In the EPM, male MIA offspring showed less time (d= 0.85, p <

0.05) and a lower percentage of time spent in the open arms (d = 0.85, p < 0.05).

Male MIA offspring also had a lower PPI index (76 dB + 120 dB, d = 0.81, p < 0.05;

80 dB + 120 dB, d = 1.45, p < 0.01).

Conclusions: Our results showed that the behavioral phenotypes induced by

prenatal immune activation were highly dependent on the sex of the offspring.
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1 Introduction

A great deal of epidemiological evidence links maternal

infection during pregnancy with several neuropsychiatric

disorders including schizophrenia (SZ) and autism spectrum

disorder (ASD) (1–3).

Research suggests that viral or bacterial infections during

pregnancy act as initiators and mediate maternal immune

activation (MIA) (4). MIA may directly affect maternal health

through the abnormal release of inflammatory mediators (5). At

the same time, the release of these inflammatory mediators may

interfere with the development and differentiation of the fetal brain

during pregnancy (6), potentially impacting on brain function and

the behavior of offspring (7) and increasing the risk of diseases such

as schizophrenia (8).

The development of MIA animal models is fundamental for the

in-depth study of schizophrenia. So far, researchers have

successfully established MIA models in rats, mice, rhesus

monkeys, and more (9). The process of MIA is mainly realized by

the administration of polyinsinic acid-polycytidylic acid [Poly (I:

C)] or lipopolysaccharides (LPS) (10, 11). Poly (I: C) is a kind of

RNA synthetic analog, while LPS is a kind of cell endotoxin. They

are both powerful innate immune inducers acting on toll-like

receptor (TLR) signal pathways, which respectively simulate the

process of virus and bacteria infecting pregnant mothers (12). Based

on these two classical MIA models, some studies have reported that

the offspring exposed to a prenatal infection show a series of

behavioral abnormalities similar to schizophrenia in adulthood,

including cognitive dysfunction, sensory gating function

impairment, anxiety-like behavior, social decline, and so on (13,

14). These studies provide substantial evidence of the causal

relationship between MIA and schizophrenia-like behaviors

of offspring.

However, current rodent studies on prenatal infection exposure

have reported mixed and conflicting results. The majority of these

studies showed that MIA does not induce the full spectrum of

behavioral abnormalities (15, 16)—for example, in the study of

Gray A and his colleagues (17), MIA-exposed rats only showed a

decline in object recognition memory but did not exhibit other

behavioral phenotypes such as impaired pre-impulse inhibition

(PPI), loss of pleasure, and social decline. In another study, rats

with prenatal Poly (I: C) exposure had social interaction defects,

anxiety, and depression-like behaviors, while their performance in

recognition memory was even better than that of the control group

(14). The focus in the MIA field has started to turn to the diversity

and heterogeneity of experimental outcomes in recent years. The

researchers found that the disordered and sometimes contrary

findings of MIA offspring were largely attributed to the

experimental design (18). A series of interexperimental factors,

including the vendors and batches of Poly (I: C) (19), dosage (20),

route of injection, administration time (21), animal strain (22), and

so on, have affected the outcome of prenatal immune activation.

Another potential influencing factor that should not be ignored

is the sex of the offspring. Some clinical studies have reported that

there are gender differences in the clinical symptoms of

schizophrenia. Male schizophrenics seem to show more negative
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symptoms, while female schizophrenics tend to show more

emotional symptoms (23). Whether there are similar gender

differences in the animal model of schizophrenia mediated by

maternal immune activation is still unknown. Although some

researchers try to explore this problem in depth, these studies

only studied certain aspects of schizophrenia, such as cognitive

function (24). In addition, to avoid the possible interference of

estrogen in the experiment, most researchers only focused on the

influence of maternal immune activation on male offspring. Limited

studies are focused on female offspring, but these studies reported

inconsistent immune activation effects (24, 25). As described above,

methodological differences and design details between studies may

play a crucial role in MIA, which make it difficult to directly

compare the gender differences in different research paradigms.

Studying the effect of prenatal Poly (I: C) exposure on offspring

of different sexes is helpful to fully understand the influence of MIA

on behavior phenotype and the gender differences of schizophrenia.

On this basis, if researchers are interested in specific symptoms of

schizophrenia (such as sensory gating impairment, anxiety, or

hyperactivity), they can choose the sex of the animal to be tested

according to the sex differences mediated by Poly (I: C) in these

symptoms. This is of great significance for studying the specific

symptoms of schizophrenia successfully and efficiently. In addition,

a correct understanding of the gender differences in schizophrenia

and its animal models can also guide the formulation of targeted

prevention and treatment measures. Given the above-mentioned

considerations, we carried out this study aiming at simultaneously

exploring the effects of maternal Poly (I: C) exposure during

pregnancy on schizophrenia-related behaviors of female and male

offspring. We conducted a series of tests on spontaneous activity,

anxious behavior, spatial working memory, intrinsic anhedonia,

and sensory gating function to compare the behavior differences

between female offspring and male offspring.
2 Materials and methods

2.1 Animals and treatment

A total of 10 pregnant female Wistar rats were obtained at

gestation day (GD) 6 from Beijing Speifu Biotechnology Company,

Ltd. These dams were of the same origin, age, and weight and were

raised in the same housing environment. We targeted MIA to

gestational day 9 (GD9), which was a critical period of embryonic

development (14). The rats were divided randomly into two groups:

(1) A part of the pregnant rats received a tail vein injection with

polyinosinic: polycytidylic acid [Poly (I: C); Sigma-Aldrich] dissolved

in 0.9% saline (10mg/kg), and (2) the other part of pregnant rats were

injected with an equivalent volume of saline. Parturition was

considered postnatal day (PD) 0. Female and male pups were

weaned on PD21. Each cage housed four to five from the same

treatment group. The rats were housed in the specific pathogen free-

grade animal laboratory of Beijing University of Chinese Medicine

with environmentally controlled conditions (20°C–22°C, light/dark

cycle: 8:00 am–8:00 pm/8:00 pm–8:00 am). Food and water were

freely available. A series of behavioral tests was performed from
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PD61. The procedural timeline for the animal treatments is depicted

in Figure 1. Other experimental details except gender were strictly

controlled as much as possible. All experimental procedures were

approved by the experimental animal ethics review committee of

Beijing University of Chinese Medicine.
2.2 Sample size calculation

The sample size was calculated using G*Power (ver. 3.1.9.7,

Heinrich-Heine-Universität Düsseldorf, Düsseldorf, Germany).

According to the result of our preliminary experiment, the effect

size was about 1.57. Using an alpha (a) level of 0.05 and a beta (b)
level of 0.05, i.e., power = 95%, the estimated minimum sample size

(n) for each group should be at least 12 samples. Considering that

some rats may fail in the behavioral tests, we expanded the sample

size with a 10% loss possibility. Thus, the actual sample size of each

group was 14. Two female Poly (I: C) rats and one male Poly (I: C)

rat failed to test in the prepulse inhibition test or the Y maze test. To

avoid the potential impact of this failed test on their behaviors and

ensure the consistency of test conditions for all rats, we did not

retest the three rats. They were not included in the analysis of all

behavioral tests.
2.3 Behavioral tests

A series of five behavioral tests was performed during PD61–75.

Except for the sucrose water preference test, all behavioral

experiments were performed between 9:00 am and 6:00 pm.

2.3.1 Open field test (PD61)
The open field test was conducted to assess the locomotor

activity and anxiety behavior of rats, following previously reported

procedures (26). The experiment was carried out in a dark and quiet

environment. A single rat was placed in the test box (88 cm × 88 cm

× 45 cm) with a lamp covering the entire arena and allowed to

explore the test box freely for 5 min. The behavior of the rat during

the test was recorded and analyzed using the VisuTrack animal

behavior analysis system (Shanghai Xinsoft Information

Technology Co., Ltd.). The moving distance and time spent in the

center and periphery zones were calculated.

2.3.2 Y maze (PD62-63)
Spatial recognition memory was assessed by testing the rats’

ability to recognize previously explored sites and discover new

places in the Y maze (27). The Y maze apparatus consisted of
Frontiers in Psychiatry 03
three black wooden arms (50 cm × 10 cm) radiating from a central

triangle and separated by 120° from each other. The arms were

named respectively as start arm, familiar arm, and novel arm. The

test consisted of the training session and the test session. In the

training session, a tested animal was put at the end of the start arm

and allowed to explore only the start arm and the familiar arm for 5

min with the novel arm blocked by a partition. One hour after the

training session, the novel arm was opened. The experiment entered

the test session. The rats were still placed at the end of the start arm

and allowed to explore all arms freely for 5 minutes. After testing,

75% alcohol was used to clean the floor of the maze, to reduce the

interference of odor to the tested rats.

2.3.3 Elevated plus maze test (PD64-65)
The elevated plus maze was a wooden structure elevated 50 cm

above the floor used to test innate anxious behaviors (28). It

consisted of two open arms (60 cm × 8 cm) and two closed arms

(60 cm × 8 cm × 30 cm) radiating from a square center (8 cm × 8

cm). A single rat was placed on the central square of the elevated

maze facing one of the closed arms. Then, the rat was allowed to

explore freely for 5 min. Only when 60% of the whole rat body

entered the closed arms was it considered to have entered the closed

arms, and so was the criterion for the entry of open arms. The

number of open arm and closed arm entries as well as the duration

of time spent in the open arm and closed arm was scored. The rat

was returned to the home cage after finishing the test. The

percentage of open arm duration time was calculated using the

formula ([time spent in the open arms]/[time spent in all arms]

× rms%). The percentage of open arm frequencies was calculated

using the formula ([open arm entries]/[total arm entries] × ntr%).

Both of these values can reflect the anxiety of animals. After the

experiment on each rat, the four arms and the central square were

carefully wiped with 75% ethanol, and the excrement of the rat

was cleaned.

2.3.4 Prepulse inhibition (PD66-68)
We used the paradigm of prepulse inhibition (PPI) to assess the

rats’ sensorimotor gating ability (29). PPI was performed by using a

single sound-attenuated chamber startle apparatus, and the results

were analyzed by using a specific analysis software (Shanghai

Xinsoft Information Technology Co., Ltd., China). At 1 day

before the official PPI test, all rats were put into the experimental

chamber with background white noise (68 dB, which could cover up

the noise in the laboratory environment) for 15 min, which was

necessary to adapt to the test equipment. The formal test began with

a 5-min background noise adaptation period. Then, the rats

received six startle trials (120-dB burst of sound stimuli lasting
FIGURE 1

Timeline of the whole experiment.
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for 40 ms) to reduce the initial reaction of the animals to a platform

level. Subsequently, the rats were given eight types of sound modes:

(1) three separate prepulse stimulus of a 76-, 80-, or 84-dB burst of

sound stimuli lasting for 20 ms; (2) a separate pulse stimulus of

120 dB lasting for 40 ms; (3) the combination of three kinds of

prepulse stimulus and the startle reflex stimulation with white noise

of 120 dB (with an interval of 100 ms), which was named prepulse +

pulse; and (4) a no-stimulus mode with only background sound

(68 dB). Each type of stimulus was presented randomly 10 times. All

trials were separated by an average interval of 15 s. PPI percentage

was calculated as (1 - average prepulse + pulse reaction amplitude/

average pulse-alone reaction amplitude) * 100%.

2.3.5 Sucrose preference test (PD69-75)
The sucrose preference test (SPT) was a reward-based

behavioral test that was performed to reflect the intrinsic

anhedonia state of animals (30). Throughout the experiment, the

rats in each group were housed individually. For the first 3 days, the

rats were trained to adapt to sucrose water by giving different

drinking regimens. On the first day, the rats were given two bottles

of 1% sucrose water for 24 h. On the second day, two bottles of

sucrose solution were replaced with two bottles of pure water.

Subsequently, the rats were continuously banned from food and

water for 24 h. On the following day, the rats were given a bottle of

pure water and a bottle of sucrose water at the same time. All water

bottles are prelabeled and preweighed. Pure and sucrose water

consumption was recorded within 12 h, and the rats were not

disturbed. The sucrose water preference was calculated as follows:

sucrose water preference (%) = sucrose water consumption (g)/total

liquid (sugar water + pure water) consumption (g) × 100%.
2.4 Statistical analysis

The results from behavioral examinations were displayed as the

means ± standard errors of the mean (SEMs). Statistical analysis of
Frontiers in Psychiatry 04
the data was carried out by IBM SPSS Software (ver. 23.0, Armonk,

New York, USA). Comparisons of variables between groups

[Female Ctrl vs. Female Poly (I: C) or Male Ctrl vs. Male Poly (I:

C)] were analyzed using Student’s t-test. The p-value less than 0.05

was considered as the threshold of statistical significance. The effect

sizes of the difference between groups were presented by Cohen’s d

value (abbreviated as d). Graphical representations were generated

by GraphPad Prism software (ver. 9.5.0, San Diego, CA, USA).
3 Results

3.1 Poly (I: C) exposure influenced the
body weight of offspring in a sex-
specific manner

On the day before the behavioral test (PD60), we measured the

body weight of all rats. The result showed that there was a

significantly higher body weight of the female MIA offspring

compared to that of the female control offspring (Figure 2A, d =

0.72, t = -2.502, p < 0.05). However, after the treatment of dams with

Poly (I: C), the body weight of male offspring was not significantly

different from that of normal control rats (Figure 2B, d = 0.19, t =

0.745, p > 0.05).
3.2 Poly (I: C) exposure induced
hyperactivity in female offspring and
hypoactivity in male offspring

We investigated the effect of prenatal Poly (I: C) therapy on the

spontaneous activity of offspring rats. Representative movement

trajectories of offspring are presented in Figure 3A. In female

offspring, Poly (I: C) resulted in increased movement distance

(Figure 3B, d = 1.07, t = -2.793, p < 0.05) and velocity of

movement (Figure 3D, d = 1.08, t = -2.799, p < 0.05) during a 5-
A B

FIGURE 2

Impact of Poly (I: C) treatment on the body weight of female and male offspring of dams. (A) Body weight of female offspring rats. (B) Body weight
of male offspring rats. n = 19 in the Female Ctrl group, n = 36 in the Female Poly (I: C) group, n = 20 in the Male Ctrl group, n = 41 in the Male Poly
(I: C) group. Female Ctrl, female offspring born to the control dams; Female Poly (I: C), female offspring born to the Poly (I: C)-treated dams; Male
Ctrl, male offspring born to the control dams; Male Poly (I: C), male offspring born to the Poly (I: C)-treated dams. Poly (I: C) vs. saline: *p < 0.05 ; ns,
not statistically significant.
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min open field test. Male offspring have the opposite performance.

Because male Poly (I: C) rats in total travel distance (Figure 3C, d =

0.93, t = 2.424, p < 0.05) and travel velocity (Figure 3E, d = 0.94, t =

2.426, p < 0.05) were lower compared with male saline-treated
Frontiers in Psychiatry 05
offspring, the results seemed to indicate that prenatal Poly (I: C)

administration induced hyperactivity in female rats and hypoactivity

in male rats. Furthermore, we compared the duration of rats in the

central area of the open field. Interestingly, Poly (I: C) decreased the
A

B

D E

F G

C

FIGURE 3

Impact of Poly (I: C) treatment on the spontaneous activity of female and male offspring of dams. (A) Representative movement trajectories of
offspring born to dams receiving different treatments. (B) Total movement distance of female offspring. (C) Total movement distance of male
offspring. (D) Movement velocity of female offspring. (E) Movement velocity of male offspring. (F) Duration in the central area of female offspring.
(G) Duration in the central area of male offspring. n = 14 in the Female Ctrl and the Male Ctrl groups, n = 12 in the Female Poly (I: C) group, and n =
13 in the Male Poly (I: C) group. Female Ctrl, female offspring born to the control dams; Female Poly (I: C), female offspring born to the Poly (I: C)
treated-dams; Male Ctrl, male offspring born to the control dams; Male Poly (I: C), male offspring born to the Poly (I: C)-treated dams. Poly (I: C) vs.
saline: *p < 0.05; **p < 0.01; ns, not statistically significant.
frontiersin.org

https://doi.org/10.3389/fpsyt.2024.1375999
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org


Liu et al. 10.3389/fpsyt.2024.1375999
time spent in the center zone in male offspring only (Figure 3G, d =

1.22, t = 3.146, p < 0.05). There were no significant differences

between female Poly (I: C) and saline-treated offspring in center

duration (Figure 3F, d = 0.72, t = -1.857, p > 0.05).
3.3 Poly (I: C) exposure induced spatial
working memory defects in all offspring

In the Y maze testing session, female rats born to dams treated

with Poly (I: C) were significantly less interested in exploring the

novel arm. Because the percentage of entering the novel arm of

female Poly (I: C) rats was lower than that of the controls

(Figure 4A, d = 0.92, t = 2.316, p < 0.05). However, there was no

significant difference in exploration time in the novel arm

(Figure 4C, d = 0.15, t = 0.378, p > 0.05). Male offspring also

showed defects of spatial working memory in the Y maze. The

results displayed that although Poly (I: C) exposure did not affect

the ratio of entering the novel arm of males (Figure 4B, d = 0.10, t =

1.524, p > 0.05), it significantly reduced the proportion of

exploration time in the novel arm of male offspring (Figure 4D,
Frontiers in Psychiatry 06
d = 0.96, t = 2.451, p < 0.05). These results suggested that spatial

working memory was affected by prenatal Poly (I: C) treatment.
3.4 Poly (I: C) exposure induced anxiety-
like behavior in male offspring, but not in
female offspring

We evaluated the anxiety-like behavior of rats by running an

elevated plus maze test (EPM). Firstly, we evaluated the activity of the

animals in the maze. The results showed that Poly (I: C) exposure of

dams decreased the male offspring’s total distance in EPM (Figure 5B,

d = 1.03, t = 2.7621, p < 0.05), while it did not affect the female

offspring’s activity (Figure 5A, d = 0.55, t = 1.401, p > 0.05). The Poly

(I: C) administration of pregnant rats did not alter the female

offspring’s behavioral characteristics in the EPM apparatus,

specifically the time spent in the open arms (Figure 5C, d = 0.52,

t = -1.309, p > 0.05) and the closed arms (Figure 5C, d = 0.69, t =

1.731, p > 0.05), the percentage time spent in the open arms

(Figure 5E, d = 0.59, t = -1.484, p > 0.05), and the percentage

number of entries to the open arms (Figure 5G, d = 0.37, t = -0.942, p
A B

DC

FIGURE 4

Impact of Poly (I: C) treatment on the spatial working memory activity of female and male offspring of dams. (A) Percentage novel arm frequencies
of female offspring. (B) Percentage novel arm frequencies of male offspring. (C) Percentage novel arm duration of female offspring. (D) Percentage
novel arm duration of male offspring. n = 14 in the Female Ctrl and the Male Ctrl groups, n = 12 in the Female Poly (I: C) group, n = 13 in the Male
Poly (I: C) group. Female Ctrl, female offspring born to the control dams; Female Poly (I: C), female offspring born to the Poly (I: C)-treated dams;
Male Ctrl, male offspring born to the control dams; Male Poly (I: C), male offspring born to the Poly (I: C)-treated dams. Poly (I: C) vs. saline: *p <
0.05; ns, not statistically significant.
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> 0.05). The behavior the of male offspring of Poly (I: C) dams in

EPM was different from that of the female offspring. A significant

decrease in time spent in the open arms (Figure 5D, d = 0.85, t =

2.189, p < 0.05) and the tendency to spend more time in the closed
Frontiers in Psychiatry 07
arms (Figure 5D, d = 0.74, t = -1.926, p > 0.05) were observed in the

male Poly (I: C) group compared to the male control group. In

addition, Poly (I: C) exposure to dams significantly decreased the

male offspring’s percentage of time spent in the open arms (Figure 5F,
A B

D

E F

G H

C

FIGURE 5

Impact of Poly (I: C) treatment on the anxiety-like behavior of female and male offspring of dams. (A) Total movement distance of female offspring in
the elevated plus maze test. (B) Total movement distance of male offspring in the elevated plus maze test. (C) Duration spent in the open arm and
the closed arm of female offspring. (D) Duration spent in the open arm and the closed arm of male offspring. (E) Percentage of open arm duration of
female offspring. (F) Percentage of open arm duration of male offspring. (G) Percentage open arm frequencies of female offspring. (H) Percentage
open arm frequencies of male offspring. n = 14 in the Female Ctrl and the Male Ctrl groups, n = 12 in the Female Poly (I: C) group, and n = 13 in the
Male Poly (I: C) group. Female Ctrl, female offspring born to the control dams; Female Poly (I: C), female offspring born to the Poly (I: C)-treated
dams; Male Ctrl, male offspring born to the control dams; Male Poly (I: C), male offspring born to the Poly (I: C)-treated dams. Poly (I: C) vs. saline:
*p < 0.05; ns, not statistically significant.
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d = 0.85, t = 2.214, p < 0.05). However, the closed arms entries in the

male Poly (I: C) group were statistically insignificant compared with

the male control group animals (Figure 5H, d = 0.33, t = 0.853, p >

0.05). These results indicated a sex-related restlessness due to

antenatal Poly (I: C) treatment.
3.5 Poly (I: C) exposure induced the defect
of sensory gating of male offspring, while
female offspring were unaffected

The startle amplitude was not significantly affected by maternal

Poly (I: C) exposure, regardless of the sex of the offspring

(Figure 6A, Female Ctrl vs. Female Poly (I: C), d = 0.51, t =

-1.324, p > 0.05; Figure 6C, Male Ctrl vs. Male Poly (I: C), d = 0.02,

t = 0.064, p > 0.05). The sex-dependent PPI impairment induced by

prenatal Poly (I: C) treatment was observed; thus, female offspring

did not demonstrate any changes in PPI for all tested prepulse

intensities (Figure 6B, 76 dB + 120 dB, d = 0.17, t = -0.439, p > 0.05;

80 dB + 120 dB, d = 0.40, t = -1.029, p > 0.05; 84 dB + 120 dB, d =
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0.27, t = -0.673, p > 0.05), whereas male offspring displayed

disturbed sensory gating for parts of the tested prepulse

intensities (Figure 6D, 76 dB + 120 dB, d = 0.81, t = 2.093, p <

0.05; 80 dB + 120 dB, d = 1.45, t = 3.141, p < 0.01; 84 dB + 120 dB,

d = 0.46, t = 1.195, p > 0.05).
3.6 Poly (I: C) exposure did not cause
intrinsic anhedonia in offspring, whether
female or male

We conducted a sucrose water preference test to explore

whether the Poly (I: C) administration of pregnant rats would

affect the depression-like behavior of offspring. The results showed

that there was no difference in the percentage of preference for

sucrose water between offspring born to rats treated with Poly (I: C)

and those born to control rats. Neither the female offspring nor the

male offspring showed significant intrinsic anhedonia (Figure 7A,

Female Ctrl vs. Female Poly (I: C), d = 0.28, t = -0.722, p > 0.05;
A B

DC

FIGURE 6

Impact of Poly (I: C) treatment on the sensory gating function of female and male offspring of dams. (A) Average startle amplitude of female offspring
when the stimulus intensity was 120 dB. (B) Paradigm of prepulse inhibition (PPI) index of female offspring in different prepulse intensities. (C)
Average startle amplitude of male offspring when stimulus intensity was 120 dB. (D) PPI index of male offspring in different prepulse intensities. n =
14 in the Female Ctrl and the Male Ctrl groups, n = 12 in the Female Poly (I: C) group, and n = 13 in the Male Poly (I: C) group. Female Ctrl, female
offspring born to the control dams; Female Poly (I: C), female offspring born to the Poly (I: C)-treated dams; Male Ctrl, male offspring born to the
control dams; Male Poly (I: C), male offspring born to the Poly (I: C)-treated dams. Poly (I: C) vs. saline: *p < 0.05; **p < 0.01; ns, not
statistically significant.
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Figure 7B, Male Ctrl vs. Male Poly (I: C), d = 0.11, t = -0.292, p >

0.05), indicating that this effect was not affected by sex.
4 Discussion

We reported here that a single dose tail vein injection of 10 mg/

kg Poly (I: C) at GD9 induced behavioral changes which were highly

dependent on the sex of the offspring. For female offspring,

maternal Poly (I: C) exposure led to higher body weight, excessive

spontaneous activity as well as decreased cognitive memory. For

male offspring, prenatal immune activation caused decreased

spontaneous activity, spatial working memory deficit, anxiety-like

behavior, and impaired sensorimotor gating function. Surprisingly,

the behaviors of female offspring and male offspring were not

affected by MIA in the sucrose water preference test.

Our present research displayed that the body weight of female

offspring exposed to Poly (I: C) was higher than that of female

offspring exposed to saline, while the weight of male MIA offspring

was no different from that of the control males. The unusual change

in body weight caused byMIA has been reported in previous animal

studies. Chen et al. found that the prenatally exposed Poly (I: C)

rats’ body weight was slightly increased, accompanied by a heavier

liver and perirenal white adipose tissue (31). According to our

research, female rats seemed to be more susceptible to prenatal Poly

(I: C) exposure than male rats in terms of body weight. This effect

may be related to the sex-specific distribution of adipose tissue and

the regulation of sex hormones on body weight (32).

The total movement distance and average speed in the open

field test reflected the spontaneous activity of the tested rats. So far,

it was still inconclusive how MIA affected the spontaneous activity

of offspring. This was because although there have been some

studies on the correlation between prenatal immune activation

and the offspring’s motor activity, it was difficult to reach a

unanimous conclusion. Generally speaking, exposure to infection

during pregnancy may increase or decrease the locomotor activity

of offspring, and sometimes it even had no effect (14, 33, 34). Our
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research showed a gender-dependent spontaneous activity change.

Concretely, maternal Poly (I: C) therapy mediated the hyperactivity

of female offspring and the insufficiency of motor activity of male

offspring. These results confirmed that sex was an important factor

affecting the spontaneous activity phenotype of offspring when

other experimental factors were uniformly set. Studies showed

that sex steroid hormones played a role in the movement of

humans and animals by affecting the dopamine system (35).

Future research should thus investigate whether different levels of

sex hormones may mediate differences in spontaneous activity

between female and male offspring in the MIA group.

Anxiety is a common emotional symptom of schizophrenia

(36). We used the open field test and the elevated plus maze test to

evaluate the anxiety behavior of rats. Our results show that it was

adult male offspring born to dams injected with 10 mg/kg poly (I:

C), not female offspring, that presented elevated anxiety-like

behaviors. A previous animal study that was designed similarly to

ours reported that MIA resulted in the gradual deterioration of

anxiety-related behaviors in male offspring from adolescence to

adulthood (37). Taken together, a high-dose injection of Poly (I: C)

in early pregnancy was effective in inducing the anxiety-like

behavior of male offspring. However, this effect was not stable for

female offspring. The sex differences in anxiety and other symptoms

have been described to be related to the sexually dimorphic

hypothalamus–pituitary–adrenals (HPA) axis. Nikolaos Kokras

and others found that the anxiety level of male individuals was

related to peripheral endogenous corticosterone, while the anxiety

behavior of female individuals seemed to be less dependent on the

influence of corticosterone (38).

Cognitive dysfunction is a core behavioral phenotype of

schizophrenia, both for animal models of the disease and patients

(39–41). Our present study showed that both female offspring and

male offspring born to dams with Poly (I: C) exposure performed

worse in the Y maze paradigm. Cognitive impairment has always

been regarded as a consistent and stable feature of schizophrenia,

which may occur at any stage of disease development (42, 43). The
A B

FIGURE 7

Impact of Poly (I: C) treatment on the sucrose water preference of female and male offspring of dams. (A) Proportion of sucrose water consumption
of female offspring. (B) Proportion of sucrose water consumption of male offspring. n = 14 in the Female Ctrl and the Male Ctrl groups, n = 12 in the
Female Poly (I: C) group, and n = 13 in the Male Poly (I: C) group. Female Ctrl, female offspring born to the control dams; Female Poly (I: C), female
offspring born to the Poly (I: C)-treated dams; Male Ctrl, male offspring born to the control dams; Male Poly (I: C), male offspring born to the Poly (I:
C)-treated dams. Poly (I: C) vs. saline: ns, not statistically significant.
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deficiency of cognitive ability would worsen with the increase of

age (42). The rodent MIA model provided support for this view.

Even though the research results may differ across the specific

Poly (I: C) schemes in different studies, the aberrant cognitive

behaviors of offspring seemed to be manifested at a certain stage of

growth (44, 45). Thus, the existence of the behaviors related to

cognitive dysfunction helped to confirm harmful factors from the

previous maternal Poly (I: C) exposure that caused perturbed

neurodevelopment in offspring.

Prepulse inhibition existed in the same manner in humans and

rodents, which was a specific measure to evaluate schizophrenia.

Prepulse inhibition deficit reflected the defect of information

processing and the imbalance of inhibition ability in rats. The

results showed that prenatal Poly (I: C) exposure mediated the

decline of the PPI index in male offspring in early adulthood, while

female offspring were not affected by MIA. This conclusion once

again confirmed that there were gender differences in the final effect

of immune activation in the schizophrenia model. The reasons why

gender affected the offspring’s behaviors were still unknown. It may

be attributed to the late onset of females (46) and the potential

influence of sex hormones on pathological processes (47)—for

example, a study of Gogos and colleagues found that estrogen

and progesterone prevented rats from showing the disruption

of prepulse inhibition of sound startle mediated by 5-

hydroxytryptamine serotonin-1A [5- HT (1A)] receptor (48).

Anhedonia referred to the ability to experience happiness,

which was considered to be related to a dysfunction of the reward

system in the brain. To evaluate whether Poly (I: C) exposure would

induce the offspring’s anhedonia, the sucrose water preference test

was used in our study. The results showed that neither the female

offspring nor the male offspring receiving maternal immune

activation showed a significant decline in sugar water preference.

Although anhedonia has long been regarded as one of the negative

symptoms of schizophrenia, some studies have gradually found that

anhedonia was not necessary for schizophrenia, and schizophrenia

patients could have the intact ability to experience present pleasure

(49). Previous studies on schizophrenia rat model also reported that

MIA did not make the offspring display anhedonia in adulthood

(50). One view was that Poly (I: C) exposure in late pregnancy was

more likely to induce negative symptoms. One study successfully

promoted the offspring’s expression of anhedonia in adulthood

under this MIA mode (51). We noticed that the implementation

time of the sugar water preference test in this study was at a later

stage of adulthood compared with our study. We thought that the

performance of anhedonia in behavioral tests may be related to the

progress of the disease course.

Our work provided new evidence for sex heterogeneity in the

behavioral phenotype of an animal model of schizophrenia.

Specifically, in the MIA-induced schizophrenia model, there were

significant differences in weight, spontaneous activity, anxiety

behavior, and sensory gating function between male and female

offspring. Considering that, in our study’s open field test the female

MIA offspring exhibited a hyperactive behavior, whereas the male

MIA offspring was demonstrated to have much less spontaneous
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activity, we speculated that the Poly (I: C) challenge of dams made

the female offspring have a tendency to display positive symptoms

and the male offspring tend to display negative symptoms, which

was consistent with research on schizophrenia from a clinical

perspective (52). The sex specificity of the behavior phenotypes

associated with schizophrenia may be partially explained by the

expression of estrogen receptor b (ERb) as ERb expression has been

reported to show sex differences in developing brains (53). In

support of this view, a study in a schizophrenia model found that

prenatal exposure to Poly (I: C) (5 mg/kg) had an impact on the

expression of ERb in offspring (21). Therefore, prenatal immune

activation may directly affect the expression of sex hormones and

their related receptors and ultimately mediate sex-dependent

schizophrenia phenotype. However, we did not measure these

molecular indicators because of inadequate study conditions. This

represented a constraint on our study. Further study to evaluate the

role of sex hormones and their receptors in schizophrenia behavior

phenotype deserves attention.

Whether MIA has a gender-specific impact on anhedonia is yet

to be determined because our study only observed the impact of

how prenatal immune activation affected the offspring’s behavioral

phenotype in early adulthood. Clinical evidence shows that some

schizophrenics are late onset, that is, some symptoms of

schizophrenia first appear in middle adulthood (54). There may

be a similar disease progression pattern in the rat model of

schizophrenia induced by Poly (I: C). As a result, the symptoms

of anhedonia in the offspring are probably not manifested in early

adulthood. We believe that the sex differences of MIA offspring will

be more significant in the middle or late adulthood of MIA

offspring, e.g., those corresponding to menopause. However,

limited by time and research conditions, we did not carry it out

further in this study.

One possible mechanism of MIA mediating schizophrenia was

that it could induce an inflammatory cascade. However, there may

be variations in the inflammatory response induced by Poly (I: C)

exposure in different pregnant rats. Furthermore, the tail vein

injection may exert extra pressure on animals, triggering a slight

immune reaction. Our study did not eliminate this effect by

establishing the wild-type group. Our findings were limited to

some extent by these situations. Therefore, it may be necessary to

verify the immune inflammatory response scientifically to discuss

the gender differences of MIA-induced schizophrenia rats.
5 Conclusions

Overall, our study confirmed that Poly (I: C) exposure mediated

different behavioral phenotypes of schizophrenia between female

offspring and male offspring in early adulthood. This provides new

support for the view that the complex outcome effect of a

schizophrenia model depends on the sex of the offspring because

the destruction modes of neural development by different MIA

schemes are different. Therefore, future studies need to verify the

influence of offspring gender on behavior phenotypes and specific
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pathological changes in different immune attack schemes in more

detail to better understand the internal mechanism of gender

heterogeneity in schizophrenia animal models.
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15. Macêdo DS, Araújo DP, Sampaio LR, Vasconcelos SM, Sales PM, Sousa FC, et al.
Animal models of prenatal immune challenge and their contribution to the study of
schizophrenia: a systematic review. Braz J Med Biol Res. (2012) 45:179–86. doi: 10.1590/
S0100-879X2012007500031

16. Minakova E, Warner BB. Maternal immune activation, central nervous system
development and behavioral phenotypes. Birth Defects Res. (2018) 110:1539–50.
doi: 10.1002/bdr2.1416

17. Gray A, Tattoli R, Dunn A, Hodgson DM, Michie PT, Harms L. Maternal
immune activation in mid-late gestation alters amphetamine sensitivity and object
recognition, but not other schizophrenia-related behaviours in adult rats. Behav Brain
Res. (2019) 356:358–64. doi: 10.1016/j.bbr.2018.08.016

18. Estes ML, Prendergast K, MacMahon JA, Cameron S, Aboubechara JP, Farrelly
K, et al. Baseline immunoreactivity before pregnancy and poly (I: C) dose combine to
dictate susceptibility and resilience of offspring to maternal immune activation. Brain
Behav Immun. (2020) 88:619–30. doi: 10.1016/j.bbi.2020.04.061

19. Mueller FS, Richetto J, Hayes LN, Zambon A, Pollak DD, Sawa A, et al. Influence
of poly(I: C) variability on thermoregulation, immune responses and pregnancy
outcomes in mouse models of maternal immune activation. Brain Behav Immun.
(2019) 80:406–18. doi: 10.1016/j.bbi.2019.04.019

20. Meyer U. Sources and translational relevance of heterogeneity in maternal immune
activation models. Curr Top Behav Neurosci. (2023) 61:71–91. doi: 10.1007/7854_2022_398

21. Nakamura JP, Schroeder A, Gibbons A, Sundram S, Hill RA. Timing of maternal
immune activation and sex influence schizophrenia-relevant cognitive constructs and
neuregulin and GABAergic pathways. Brain Behav Immun. (2022) 100:70–82.
doi: 10.1016/j.bbi.2021.11.006

22. Bucknor MC, Gururajan A, Dale RC, Hofer MJ. A comprehensive approach to
modeling maternal immune activation in rodents. Front Neurosci. (2022) 16:1071976.
doi: 10.3389/fnins.2022.1071976

23. Wang DM, Chen DC, Wang L, Zhang XY. Sex differences in the association
between symptoms and superoxide dismutase in patients with never-treated first-
episode schizophrenia. World J Biol Psychiatry. (2021) 22:325–34. doi: 10.1080/
15622975.2020.1805510

24. Gogos A, Sbisa A, Witkamp D, van den Buuse M. Sex differences in the effect of
maternal immune activation on cognitive and psychosis-like behaviour in Long Evans
rats. Eur J Neurosci. (2020) 52:2614–26. doi: 10.1111/ejn.14671

25. Osborne AL, Solowij N, Babic I, Lum JS, Huang XF, Newell KA, et al. Cannabidiol
improves behavioural and neurochemical deficits in adult female offspring of the maternal
immune activation (Poly I: C) model of neurodevelopmental disorders. Brain Behav
Immun. (2019) 81:574–87. doi: 10.1016/j.bbi.2019.07.018

26. Wang S, Mao S, Yao B, Xiang D, Fang C. Effects of low-frequency repetitive
transcranial magnetic stimulation on depression- and anxiety-like behaviors in
epileptic rats. J Integr Neurosci. (2019) 18:237–43. doi: 10.31083/j.jin.2019.03.1100

27. Liu X, Feng S, Feng Z, Ma C, He Y, Li X, et al. Protective effects of shi-zhen-an-
shen decoction on the cognitive impairment in MK801-induced schizophrenia model. J
Integr Neurosci. (2022) 21:164. doi: 10.31083/j.jin2106164

28. Knight P, Chellian R, Wilson R, Behnood-Rod A, Panunzio S, Bruijnzeel AW.
Sex differences in the elevated plus-maze test and large open field test in adult Wistar
rats. Pharmacol Biochem Behav. (2021) 204:173168. doi: 10.1016/j.pbb.2021.173168

29. Sun Z, Jiang T, Wu Y, Ma C, He Y, Yang J. Low field magnetic stimulation
ameliorates schizophrenia-like behavior and up-regulates neuregulin-1 expression in a
mouse model of cuprizone- induced demyelination. Front Psychiatry. (2018) 9:675.
doi: 10.3389/fpsyt.2018.00675

30. Jiang X, Wu J, Tan B, Yan S, Deng N, Wei H. Effect of chronic unpredicted mild
stress-induced depression on clopidogrel pharmacokinetics in rats. PeerJ. (2022) 10:
e14111. doi: 10.7717/peerj.14111

31. Verma SK, Subramaniam M, Liew A, Poon LY. Metabolic risk factors in drug-
naive patients with first-episode psychosis. J Clin Psychiatry. (2009) 70:997–1000.
doi: 10.4088/JCP.08m04508

32. Shi H, Clegg DJ. Sex differences in the regulation of body weight. Physiol Behav.
(2009) 97:199–204. doi: 10.1016/j.physbeh.2009.02.017
Frontiers in Psychiatry 12
33. Li W, Chen M, Feng X, Song M, Shao M, Yang Y, et al. Maternal immune
activation alters adult behavior, intestinal integrity, gut microbiota and the gut
inflammation. Brain Behav. (2021) 11:e02133. doi: 10.1002/brb3.2133

34. Al-Amin MM, Sultana R, Sultana S, Rahman MM, Reza HM. Astaxanthin
ameliorates prenatal LPS-exposed behavioral deficits and oxidative stress in adult
offspring. BMC Neurosci. (2016) 17:11. doi: 10.1186/s12868-016-0245-z

35. Di Paolo T. Modulation of brain dopamine transmission by sex steroids. Rev
Neurosci. (1994) 5:27–41. doi: 10.1515/REVNEURO.1994.5.1.27

36. Buonocore M, Bosia M, Bechi M, Spangaro M, Cavedoni S, Cocchi F, et al.
Targeting anxiety to improve quality of life in patients with schizophrenia. Eur
Psychiatry. (2017) 45:129–35. doi: 10.1016/j.eurpsy.2017.06.014

37. Hao K, Su X, Luo B, Cai Y, Chen T, Yang Y, et al. Prenatal immune
activation induces age-related alterations in rat offspring: Effects upon NMDA
receptors and behaviors. Behav Brain Res. (2019) 370:111946. doi: 10.1016/
j.bbr.2019.111946

38. Kokras N, Dalla C, Sideris AC, Dendi A, Mikail HG, Antoniou K, et al.
Behavioral sexual dimorphism in models of anxiety and depression due to changes
in HPA axis activity. Neuropharmacology. (2012) 62:436–45. doi: 10.1016/
j.neuropharm.2011.08.025

39. Bellon A, Le Pen G, Matricon J, Jay TM, Krebs MO. Potential application as
screening and drug designing tools of cytoarchitectural deficiencies present in three
animal models of schizophrenia. Expert Opin Drug Discovery. (2009) 4:257–78.
doi: 10.1517/17460440902762794

40. Maas DA, Eijsink VD, Spoelder M, van Hulten JA, De Weerd P, Homberg JR,
et al. Interneuron hypomyelination is associated with cognitive inflexibility in a rat
model of schizophrenia. Nat Commun. (2020) 11:2329. doi: 10.1038/s41467-020-
16218-4

41. Gebreegziabhere Y, Habatmu K, Mihretu A, Mihretu A, Cella M, Alem A.
Cognitive impairment in people with schizophrenia: an umbrella review. Eur Arch
Psychiatry Clin Neurosci. (2022) 272:1139–55. doi: 10.1007/s00406-022-01416-6

42. Thuaire F, Rondepierre F, Bacon E, Vallet GT, Jalenques I, Izaute M. Executive
functions in schizophrenia aging: Differential effects of age within specific executive
functions. Cortex. (2020) 125:109–21. doi: 10.1016/j.cortex.2019.12.003

43. Fusar-Poli P, Deste G, Smieskova R, Barlati S, Yung AR, Howes O, et al.
Cognitive functioning in prodromal psychosis: a meta-analysis. Arch Gen Psychiatry.
(2012) 69:562–71. doi: 10.1001/archgenpsychiatry.2011.1592

44. O’Leary C, Desbonnet L, Clarke N, Petit E, Tighe O, Lai D, et al. Phenotypic
effects of maternal immune activation and early postnatal milieu in mice mutant for the
schizophrenia risk gene neuregulin-1. Neuroscience. (2014) 277: 294–305. doi: 10.1016/
j.neuroscience.2014.06.028

45. Guerrin CGJ, Shoji A, Doorduin J, de Vries EFJ. Immune activation in pregnant
rats affects brain glucose consumption, anxiety-like behaviour and recognition memory
in their male offspring. Mol Imaging Biol. (2022) 24:740–9. doi: 10.1007/s11307-022-
01723-3

46. Rietschel L, Lambert M, Karow A, Zink M, Müller H, Heinz A, et al. Clinical high
risk for psychosis: gender differences in symptoms and social functioning. Early Interv
Psychiatry. (2017) 11:306–13. doi: 10.1111/eip.12240

47. Krysta K, Krzystanek M, Jakuszkowiak-Wojten K, Węgielnik-Gałuszko M,
Wilkowska A, Wiglusz M, et al. Infulence of sex hormones and inflammatory
processes on cognition in schizophrenia. Psychiatr Danub. (2019) 31:517–9.

48. Gogos A, Van den Buuse M. Estrogen and progesterone prevent disruption of
prepulse inhibition by the serotonin-1A receptor agonist8-hydroxy-2- dipropylaminote
-tralin. JPET. (2004) 309:267. doi: 10.1124/jpet.103.061432

49. Moran EK, Culbreth AJ, Barch DM. Anhedonia in schizophrenia. Curr Top
Behav Neurosci. (2022) 58:129–45. doi: 10.1007/7854_2022_321

50. Guerrin CGJ, de Vries EFJ, Prasad K, Vazquez-Matias DA, Manusiwa LE,
Barazzuol L, et al. Maternal infection during pregnancy aggravates the behavioral
response to an immune challenge during adolescence in female rats. Behav Brain Res.
(2023) 452:114566. doi: 10.1016/j.bbr.2023.114566

51. Bitanihirwe BK, Peleg-Raibstein D, Mouttet F, Feldon J, Meyer U. Late prenatal
immune activation in mice leads to behavioral and neurochemical abnormalities
relevant to the negative symptoms of schizophrenia. Neuropsychopharmacology.
(2010) 35:2462–78. doi: 10.1038/npp.2010.129

52. Choi JS, Chon MW, Kang DH, Jung MH, Kwon JS. Gender difference in the
prodromal symptoms offirst-episode schizophrenia. J Korean Med Sci. (2009) 24:1083–
8. doi: 10.3346/jkms.2009.24.6.1083

53. Zuloaga DG, Zuloaga KL, Hinds LR, Carbone DL, Handa RJ. Estrogen receptor b
expression in the mouse forebrain: age and sex differences. J Comp Neurol. (2014)
522:358–71. doi: 10.1002/cne.23400

54. Maglione JE, Thomas SE, Jeste DV. Late-onset schizophrenia: do recent studies
support categorizing LOS as a subtype of schizophrenia? Curr Opin Psychiatry. (2014)
27:173–8. doi: 10.1097/YCO.0000000000000049
frontiersin.org

https://doi.org/10.1016/j.euroneuro.2021.06.009
https://doi.org/10.1152/ajpregu.00087.2021
https://doi.org/10.1176/appi.ajp.2018.17121311
https://doi.org/10.1093/ijnp/pyab087
https://doi.org/10.1590/S0100-879X2012007500031
https://doi.org/10.1590/S0100-879X2012007500031
https://doi.org/10.1002/bdr2.1416
https://doi.org/10.1016/j.bbr.2018.08.016
https://doi.org/10.1016/j.bbi.2020.04.061
https://doi.org/10.1016/j.bbi.2019.04.019
https://doi.org/10.1007/7854_2022_398
https://doi.org/10.1016/j.bbi.2021.11.006
https://doi.org/10.3389/fnins.2022.1071976
https://doi.org/10.1080/15622975.2020.1805510
https://doi.org/10.1080/15622975.2020.1805510
https://doi.org/10.1111/ejn.14671
https://doi.org/10.1016/j.bbi.2019.07.018
https://doi.org/10.31083/j.jin.2019.03.1100
https://doi.org/10.31083/j.jin2106164
https://doi.org/10.1016/j.pbb.2021.173168
https://doi.org/10.3389/fpsyt.2018.00675
https://doi.org/10.7717/peerj.14111
https://doi.org/10.4088/JCP.08m04508
https://doi.org/10.1016/j.physbeh.2009.02.017
https://doi.org/10.1002/brb3.2133
https://doi.org/10.1186/s12868-016-0245-z
https://doi.org/10.1515/REVNEURO.1994.5.1.27
https://doi.org/10.1016/j.eurpsy.2017.06.014
https://doi.org/10.1016/j.bbr.2019.111946
https://doi.org/10.1016/j.bbr.2019.111946
https://doi.org/10.1016/j.neuropharm.2011.08.025
https://doi.org/10.1016/j.neuropharm.2011.08.025
https://doi.org/10.1517/17460440902762794
https://doi.org/10.1038/s41467-020-16218-4
https://doi.org/10.1038/s41467-020-16218-4
https://doi.org/10.1007/s00406-022-01416-6
https://doi.org/10.1016/j.cortex.2019.12.003
https://doi.org/10.1001/archgenpsychiatry.2011.1592
https://doi.org/10.1016/j.neuroscience.2014.06.028
https://doi.org/10.1016/j.neuroscience.2014.06.028
https://doi.org/10.1007/s11307-022-01723-3
https://doi.org/10.1007/s11307-022-01723-3
https://doi.org/10.1111/eip.12240
https://doi.org/10.1124/jpet.103.061432
https://doi.org/10.1007/7854_2022_321
https://doi.org/10.1016/j.bbr.2023.114566
https://doi.org/10.1038/npp.2010.129
https://doi.org/10.3346/jkms.2009.24.6.1083
https://doi.org/10.1002/cne.23400
https://doi.org/10.1097/YCO.0000000000000049
https://doi.org/10.3389/fpsyt.2024.1375999
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org

	Maternal immune activation induces sex-dependent behavioral differences in a rat model of schizophrenia
	1 Introduction
	2 Materials and methods
	2.1 Animals and treatment
	2.2 Sample size calculation
	2.3 Behavioral tests
	2.3.1 Open field test (PD61)
	2.3.2 Y maze (PD62-63)
	2.3.3 Elevated plus maze test (PD64-65)
	2.3.4 Prepulse inhibition (PD66-68)
	2.3.5 Sucrose preference test (PD69-75)

	2.4 Statistical analysis

	3 Results
	3.1 Poly (I: C) exposure influenced the body weight of offspring in a sex-specific manner
	3.2 Poly (I: C) exposure induced hyperactivity in female offspring and hypoactivity in male offspring
	3.3 Poly (I: C) exposure induced spatial working memory defects in all offspring
	3.4 Poly (I: C) exposure induced anxiety-like behavior in male offspring, but not in female offspring
	3.5 Poly (I: C) exposure induced the defect of sensory gating of male offspring, while female offspring were unaffected
	3.6 Poly (I: C) exposure did not cause intrinsic anhedonia in offspring, whether female or male

	4 Discussion
	5 Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


