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Abstract

Mutation of human chromosome 15q13.3 increases the risk for autism and schizophrenia. One of 

the noteworthy genes in 15q13.3 is CHRNA7, which encodes the nicotinic acetylcholine receptor 

alpha 7 subunit (α7nAChR) associated with schizophrenia in clinical studies and rodent models. 

This study investigates the role of α7nAChR in maternal immune activation (MIA) mice model, a 

murine model of environmental risk factor for autism and schizophrenia. We provided choline, a 

selective α7nAChR agonist among its several developmental roles, in the diet of C57BL/6N wild-

type dams throughout the gestation and lactation period and induced MIA at mid-gestation. The 

adult offspring behavior and gene expression profile in the maternal spleen-placenta-fetal brain 

axis at mid-gestation were investigated. We found that choline supplementation prevented several 

MIA-induced behavioral abnormalities in the wild-type offspring. Pro-inflammatory cytokine 

interleukin-6 (IL-6) and Chrna7 gene expression in the wild-type fetal brain were elevated by 

poly(I:C) injection and were suppressed by gestational choline supplementation. We further 

investigated the gene expression level of IL-6 in Chrna7 mutant mice. We found that the basal 

level of IL-6 was higher in Chrna7 mutant fetal brain, which suggests that α7nAChR may serve 

an anti-inflammatory role in the fetal brain during development. Lastly, we induced MIA in 

Chrna7+/− offspring. The Chrna7+/− offspring were more vulnerable to MIA, with increased 

behavioral abnormalities. Our study shows that α7nAChR modulates inflammatory response 

affecting the fetal brain and demonstrates its effects on offspring behavior development after MIA.
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1. Introduction

Autism and schizophrenia are neurodevelopmental disorders that stem from genetic 

inheritance and environmental influences (Hallmayer et al., 2011; Persico and Bourgeron, 

2006; Tsuang, 2000). Epidemiology studies indicate that viral or bacterial infections of 

pregnant mothers increase the risk for schizophrenia and autism in the offspring (Patterson, 

2009). A promising explanation for the link between maternal infection and the occurrence 

of autism and schizophrenia is MIA (Boksa, 2010; Brown and Patterson, 2011; Meyer and 

Feldon, 2010; Meyer et al., 2005; Patterson, 2002, 2009, 2011a, b). Briefly, MIA represents 

a state of activated immune system in infected, pregnant women that leads to immunological 

or physiological changes in the mothers, eventually perturbing fetal neurodevelopment 

(Garbett et al., 2012; Meyer et al., 2008a; Soumiya et al., 2011; Stolp et al., 2011).

The hypothesis that MIA increases the risk for autism and schizophrenia in the offspring has 

been tested by injecting a viral mimic compound, poly(I:C), into pregnant mice. Injection of 

poly(I:C) alters the cytokine levels in both mother and fetuses (Abazyan et al., 2010; Connor 

et al., 2012; Garay et al., 2013; Harvey and Boksa, 2012; Hsiao and Patterson, 2011; Meyer 

et al., 2006; Missault et al., 2014; O’Leary et al., 2014; Pratt et al., 2013; Vuillermot et al., 

2012). In particular, pro-inflammatory cytokine IL-6 has been shown to play a critical role 

in MIA associated autistic- and schizophrenia-like behaviors (Hsiao and Patterson, 2011; 

Smith et al., 2007). IL-6 was found to be elevated in maternal serum, placenta, and fetal 

brain after poly(I:C) injection into pregnant mice (Connor et al., 2012; Harvey and Boksa, 

2012; Hsiao and Patterson, 2011; O’Leary et al., 2014; Pratt et al., 2013; Vuillermot et al., 

2012). Blockade of IL-6 with antibody prevents the MIA offspring from displaying autistic- 

and schizophrenia-like behaviors (Smith et al., 2007). Furthermore, injecting recombinant 

IL-6 into pregnant mice led to behavioral abnormalities in the offspring similar to those 

found in MIA offspring (Hsiao and Patterson, 2011; Smith et al., 2007). This evidence 

points to IL-6 as a key mediator in the development of behavioral abnormalities caused by 

MIA.

Molecular mechanisms underlying MIA have been investigated by induction of MIA in 

genetically altered mice and testing for their physiological or behavioral changes. Autism 

and schizophrenia susceptibility genes are considered as identifying possible mechanisms 

involved in MIA. To date, induction of MIA in the mice with disrupted-in-schizophrenia 1 

(Disc1), neuregulin 1 (Nrg1), nuclear receptor related 1 protein (Nurr1), tuberous sclerosis 2 

(Tsc2), or interleukin 10 (Il10) mutation produced exacerbated effect in offspring behaviors 

and brain functionalities (Abazyan et al., 2010; Ehninger et al., 2012; Ibi et al., 2010; Lipina 

et al., 2013; Meyer et al., 2008b; O’Leary et al., 2014; Vuillermot et al., 2012). Dysfunction 

of the cholinergic system has been associated with the etiology of autism and schizophrenia 

(Adams and Stevens, 2007; Karvat and Kimchi, 2014; McTighe et al., 2013; Miwa et al., 
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2011; Pratt et al., 2013; Ross et al., 2010), a process that, in the MIA system, may act 

through α7nAChR agonism. Supporting this hypothesis, mutations or splice variations of the 

nicotinic acetylcholine receptor alpha 7 subunit (Protein: α7nAChR, Human: CHRNA7, 

Mouse: Chrna7) have been associated with autistic and schizophrenic patients (Freedman et 

al., 1997; Leonard et al., 2002; Ross et al., 2010; Yasui et al., 2011). α7nAChR-expressing 

neurons emerge at an early stage of development and serve different functions, many of 

which are involved in inhibition in the hippocampus and regulation of sensory gating 

(Adams et al., 2002; Miwa et al., 2011; Ross et al., 2010). Perinatal choline dietary 

supplementation increases hippocampal α7nAChR levels and improves hippocampal 

sensory gating in DBA/2 mice, which have sensory gating deficit similar to that found in 

schizophrenia and associated with Chrna7 and hippocampal α7nAChRs (Stevens et al., 

2008). Although choline has many roles in fetal development, its role includes acting as a 

specific agonist of α7nAChR (Alkondon et al., 1997). Its specific activity at the α7nAChR 

to promote the development of sensory inhibition was confirmed by the demonstration that 

DBA/2 Chrna7 null mutants do not demonstrate the ameliorating effect of perinatal choline 

supplementation found in the parental strain (Stevens et al., 2014). We hypothesized that 

α7nAChR agonism may be involved in MIA-induced behavioral abnormalities.

In this study, we investigate how α7nAChRs interact with the environmental factor, MIA, to 

alter behavior in the offspring. We provided mid-gestational poly(I:C)-injected wild-type 

dams with choline supplementation in the daily diet through the period of gestation and 

lactation and tested for offspring behavior. To understand how α7nAChRs agonism alters 

MIA fetal brain IL-6 production, we analyzed gene expression in the maternal spleen-

placenta-fetal brain axis at the early stage of MIA with perinatal choline supplementation. 

To further characterize the role of α7nAChR in MIA-induced cytokine changes in fetus and 

behavioral abnormalities in the adult offspring, we examined cytokine changes in Chrna7 

mutant fetal brain and adult behavior alteration in Chrna7 mutant offspring.

2. Materials and Methods

2.1. Mice

Wild-type C57BL/6N mice were obtained through Caltech’s Braun animal facility 

(originally from Charles River, Wilmington, MA, USA). Chrna7−/− mice were obtained 

from Jackson Laboratory (Bar Harbor, ME, USA) and then crossed with the wild-type mice 

to yield heterozygous mice. The colony was maintained by crossing heterozygous breeding 

pairs. Genotyping of Chrna7 mutant mice followed instructions from Jackson Laboratory. 

Mice were transferred and maintained at Caltech’s Broad animal facility. All mice were 

group housed (2–5 per cage) with a 13 hours light/11 hours dark cycle (lights on at 06:00) at 

21–23°C and 45% relative humidity within a range of 30–70% in ventilated cages (Super 

Mouse 750™, Lab Products Inc, Seaford, DE, USA). We fed the mice which were not 

involved in maternal choline supplementation experiment with the Irradiated PicoLab 

Rodent Diet (5053, Lad Diet, St. Louis, MO, USA). For the pregnant and lactating mice, we 

fed the mice with a mix of half 5053 PicoLab Rodent Diet and half 5058 PicoLab Rodent 

Diet (5053, Lad Diet, St. Louis, MO, USA). Total number of mice we used in this study is 
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listed in supplementary Tables 1 and 2. All experiments were performed under the approval 

of the California Institute of Technology Institutional Animal Care and Use Committee.

2.2. Timed-mating for Chrna7 mutant and C57BL/6N wild-type mice

Timed-mating pairs were set up in the late phase of the light period. Vaginal plugs were 

checked the next morning. The day of vaginal plug presence was termed E0.5. Two 

independent mouse lines were used in this study-C57BL/6N wild-type line and Chrna7 

mutant line. For the maternal choline supplementation experiments, both genders were wild-

type C57BL/6N mice (Originally from Charles River, Wilmington, MA, USA). For testing 

the MIA-induced autistic and schizophrenia behavior in Chrna7 mutant mice, our goal was 

to compare the wild-type and heterozygous mice, instead of knockout mice. The timed-

mating pair we used was male Chrna7+/− and female wild-type mice. For the cytokine-

related gene expression analysis in Chrna7 fetal brain, we included all three genotypes. The 

timed-mating pair we used was male Chrna7+/− and female Chrna7+/− mice.

2.3. Maternal immune activation (MIA)

Potassium salt poly(I:C) (P9582; Sigma, St. Louis, MO, USA) was used to induce MIA. 

20mg/kg Poly(I:C) was injected i.p. into pregnant female mice at E12.5. We injected saline 

into pregnant female mice as control. All female mice were 8–16 weeks of age, and this was 

their first pregnancy.

2.4. Maternal choline supplementation

5 g/kg choline supplemented (#110184) and 1.1g/kg control choline (#110098) diets were 

purchased from DYETS INC (Bethlehem, PA, USA). The dose of choline supplementation 

was chosen because of the previous report of the effect of this dose of choline 

supplementation on the DBA/2 sensory gating deficit (Stevens et al., 2008; Stevens et al., 

2014). After the timed-mating, plugged female mice were single housed at E0.5 and 

randomly assigned to either choline supplemented or control diet. Poly(I:C) or saline 

injection was randomly given to both groups at E12.5. Choline supplemented and control 

diets were provided through the entire pregnancy until weaning. After weaning, all offspring 

were given regular mouse chow (#5053; LabDiet; St. Louis, MO, USA).

2.5. Tissue sampling from E12.5 pregnant mice after MIA

Three hours after poly(I:C) injection, mice were deeply anesthetized by Euthasol (Virbac 

Animal Health, Fort Worth, TX, USA) and tissues harvested. This time point was based on 

prior work in MIA on the placenta (Hsiao and Patterson, 2011). Spleen, placenta and fetal 

brain were harvested from poly(I:C)- and saline-injected pregnant mice. Fetal brains were 

dissected under a stereomicroscope (M5A, Wild Heerbrugg, Switzerland). For gene 

expression analysis, tissues were stored in RNAlater (Qiagen, Gaithersburg, MD, USA) at 

−80°C. For immunohistochemistry, fetal brains were postfixed in 4% paraformaldehyde at 

4°C for 30 min and then dehydrated in 30% sucrose at room temperature overnight. After 

dehydration, brains were embedded in OCT (Tissue-Tek, Torrance, CA, USA) and stored at 

−80 °C.
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2.6. Splenic macrophage culture

The isolation of splenic macrophages was based on published methods with modifications 

(Zhu et al., 1995). Mice were deeply anesthetized by Euthasol and spleens immediately 

dissected and thoroughly washed in cold Dulbecco’s Modified Eagle Medium (DMEM), 

high glucose, GlutaMAX medium (Life Technologies, Carlsbad, CA, USA). Spleen pieces 

were ground between sterilized microscope slides to make a single cell suspension. The cell 

suspension was centrifuged at 1000 rpm for 15min. The pellet was re-suspended in 3 ml 

medium with 10% fetal bovine serum (FBS) and then seeded into 6 well cell culture plates 

(22.6 mm diameter, Corning Inc, Acton, MA, USA). After seeding, 1 ml DMEM with 10% 

FBS was added to each well. The plates were then incubated at 37 °C in a 5% CO2 for 2 hr, 

after which non-adherent cells were removed by washing with DMEM. At this stage, the 

majority of the viable cells adherent to the plate appeared to be macrophages, based on 

morphology. For experimentation, the macrophages were collected by mechanically 

washing the plate with DMEM.

2.7. RNA extraction and quantitative reverse transcription (qRT-PCR)

The RNA extraction of spleen, macrophages, placenta, and fetal brain was based on the 

manufacturer’s protocol (Trizol; Life Technologies, Grand Island, NY, USA). The RNA 

concentration and quality were measured by NanoDrop (Thermo Scientific, Wilmington, 

DE, USA). Before the reverse transcription, RNA was treated with DNase I (Promega, San 

Luis Obispo, CA, USA) to eliminate DNA contamination. 1μg RNA from each sample was 

reverse transcribed by using the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA). 

mRNA expression was measured using FastStart Universal SYBR Green master mix with 

ROX (Roche, El Cerrito, CA, USA) on the ABI 7300 real-time PCR system (Life 

Technologies, Carlsbad, CA, USA). Gene expression was normalized to either β-actin or 

GAPDH mRNA. Data are presented as fold-change in gene expression in each group 

relative to that in the maternal saline control group. The primer sequences were adapted 

from PrimerBank database (Spandidos et al., 2010).

2.8. Immunohistochemistry

For fetal brain immunostaining, whole embryos were cut in 16 μm thickness in sagittal 

direction and the sections were adhered to Superfrost Plus microscope slide (Fisher 

Scientific, Tustin, CA, USA). After adherence, a barrier was drawn on the edge of 

microscope slide by using ImmEdge Hydrophobic Barrier Pen (Vector Laboratories Inc, 

Burlingame, CA, USA) for the convenience of staining.

For staining, the slides were incubated with blocking solution (10% horse serum, 0.1% triton 

X-100, and 0.02% sodium azide in PBS) for 1 hr at room temperature. After blocking, slides 

were incubated in primary antibody overnight at 4 °C. The next day, the slides were 

incubated in fluorescence-conjugated secondary antibody for 1.5 hr at room temperature, 

and then washed in PBS. PBST (PBS with 0.1% triton X-100) served as the first wash to 

increase the penetration of the antibody and PBS served as rest of the washing solutions. 

The primary antibodies and their dilutions were goat anti-α7nAChR (1:100; Santa Cruz, 

CA, USA), rabbit anti-IL-6R (1:100; Santa Cruz, CA, USA), mouse anti-NeuN (1:500; 

Millipore, Billerica, MA, USA), mouse anti-MAP2 (1:100; Sigma, St. Louis, MO, USA), 
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rabbit anti-DCX (1:100; Cell Signaling, Danvers, MA, USA), mouse anti-Nestin (1:100; 

Millipore, Billerica, MA, USA). The secondary antibodies were fluorescence-conjugated 

donkey anti-goat (1:1000), donkey anti-rabbit (1:1000), and donkey anti-mouse (1:1000) (all 

from Molecular Probes, Life Technologies, Carlsbad, CA, USA). After staining, ProLong 

gold, anti-fade mounting medium (Molecular Probe, Life Technologies, Carlsbad, CA, 

USA) was applied to the slide before coverslip mounting. For imaging, the fluorescence 

images were taken by fluorescence microscope (Nikon DIAPHOT 300, Nikon, Tokyo, 

Japan) with SPOT software (V4.6, Sterling Heights, MI, USA). For confocal imaging, TCS 

SP confocal microscope (Leica, Exton, PA, USA) equipped with argon and krypton was 

used to image the sections. Quantification of α7nAChR optical density was analyzed by 

ImageJ software (NIH, Bethesda, MD, USA).

2.9. α-bungarotoxin binding

2.9.1. [125I]-α-bungarotoxin (BTX) binding—Fresh-frozen total and nonspecific tissue 

sections (12 μM) were collected through the dorsal hippocampus, and preincubated in a Tris/

saline (TBS) buffer containing bovine serum albumin (BSA) (TBS/BSA) (50 mM Tris-HCl, 

120 mM NaCl, 2 mg/ml bovine serum albumin, pH 7.4, Sigma Aldrich, St. Louis, MO) for 

30 minutes at room temperature (RT), with nonspecific binding defined by blocking with 50 

nM unlabeled α-BTX (Tocris Bioscience, Bristol, UK). Sections were incubated in 

TBS/BSA buffer containing [125I]-α-BTX (5 nM, specific activity 2000 Ci/mmol, Perkin-

Elmer, Waltham, MA) at 37°C for 3 hours followed by rinsing with TBS/BSA buffer for 5 

minutes, with TBS without BSA for 15 minutes and with PBS for 5 minutes, all at 37°C. 

Nonspecific binding was again defined by blocking with 50 nM unlabeled α-BTX. The 

slides were dipped briefly in ice cold, distilled water, dried quickly under a stream of cool 

air, dried overnight and placed on radiation-sensitive Hyperfilm (Amersham, Piscataway, 

NJ) for 72 hours with [14C] standards (Amersham, Piscataway, NJ) of known radioactivity 

to generate autoradiograms for quantitative analysis.

2.9.2 Quantitative autoradiography—Film images of tissue sections labeled with 

[125I]-α-BTX were captured using an LED light box (Schott North America, Inc., Elmsford, 

NY) and Retiga CCD camera (Qimaging, Surrey, BC, Canada) using Simple PCI software 

(Hamamatsu Corp., Sewickley, PA). Calibration curves were generated from [14C] standards 

to generate equations for converting gray values into tissue equivalent values (nCi/g tissue, 

ImageJ, NIH). Gray values were measured in all major subdivisions of the hippocampal 

formation for total and nonspecific binding. The gray values were converted to tissue 

equivalents and the nonspecific tissue binding values were subtracted from the total tissue 

equivalent values, resulting in specific tissue equivalent values, which were statistically 

analyzed.

2.10. Choline measurements

Choline/acetylcholine quantification kit (MAK056; Sigma, St. Louis, MO, USA) was used 

to determine choline level. The measurement was based on manufacturer’s protocol. Briefly, 

50 μg fetal brain was homogenized in 200 μl of choline assay buffer respectively and 

centrifuged at 13,000 g for 10 min. The supernatants were stored at −20°C until used. 50μl 

of each sample was added to a 96 well plate (Corning Inc, Acton, MA, USA). Reaction mix 
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cocktail was added to each sample and was mixed by gentle pipetting. The plate was then 

covered by foil and place on horizontal shaker for 30 min. Each plate contained choline 

standards of 0–5 nmole/well. The concentration in each sample was detected by microplate 

reader (SpectraMax 190, Molecular Devices, Sunnyvale, CA, USA) using absorbance at 570 

nm (A570). All samples were measured in duplicate. Total protein of each sample was 

measured by BCA assay (Thermo Scientific, Rockford, IL, USA) according to the manual.

2.11. Behavior

Mice were labeled by ear punch and tail snips obtained for genotyping immediately after 

weaning. Both genders were used for the behavior assay. Unless specified, prepulse 

inhibition (PPI) was performed at 6 weeks of age. Open-field testing was performed at 7 

weeks of age. Marble burying was also performed at 8 weeks of age. All the apparatuses 

were cleaned with 70% ethanol and then tap water between subjects. Cage bedding was not 

changed 3 days prior to behavioral testing. Mice were acclimated to the testing room at least 

30 min before each behavior test.

2.11.1. Prepulse inhibition (PPI)—PPI is a typical test for detecting sensorimotor gating 

deficits. The procedure has been previously described (Smith et al., 2007). SR-LAB 

apparatus (San Diego Instruments, San Diego, CA, USA) was used to measure the PPI of 

mice. Mice were restrained in a plexiglass cylinder that has a piezo-electric sensor 

underneath it. Mice were acclimated to chamber for 5 min and then exposed to six trials of 

120 dB white noise (Startle). After white noise exposure, mice were exposed to randomized 

mixtures of 14 trials of background noise, 14 trials of Startle, 14 trials of prepulse 5 dB (5 

dB higher than background noise) + Startle (PPI5), and 14 trials of prepulse 15 dB (15 dB 

higher than background noise + Startle (PPI15). Each value was yielded from the average of 

14 values. PPI was defined as (Startle - PPI5 or PPI15)/Startle.

2.11.2. Open field test—Open-field test is a task for testing anxiety level and general 

locomotion. The procedure has been previously described (Hsiao and Patterson, 2011). The 

open-field apparatus is a square open arena (50 × 50 cm) bordered by opaque plastic walls. 

Each mouse was placed in the arena, along a wall, and behavior was recorded for 10 min. 

The center zone (17 × 17 cm) was defined as the middle of the open-field chamber. The 

behavior in the open field was recorded by a video camera mounted over the arena. 

Ethovision (Noldus Information Technology, Leesburg, VA, USA) was used to analyze the 

number of entries and the duration in the center zone.

2.11.3. Marble burying test—Marble burying is a test for repetitive behavior. The 

procedure has been previously described (Malkova et al., 2012) with modification. The 

mouse was first acclimated to a test cage with compressed, 5-cm deep, clean Aspen pine 

bedding. After this habituation the mouse was returned to its home cage. 20 navy blue glass 

marbles (15 mm diameter) were gently placed on the bedding of the test cage (4 × 5 

arrangement). The mouse was then returned to this test cage and, after 10 min, the number 

of buried marbles was counted. The criteria for a buried marble was over 50% of the marble 

covered by bedding.
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2.12. Statistical analysis

All behavior results were analyzed by 2-way ANOVA with Fisher’s LSD post-hoc test. 

qPCR and immunohistochemistry results were compared by Student’s t test. Data were 

analyzed by a 3-way ANOVA assessing differences in [125I]-α-BTX binding in 

hippocampal across gender, choline treatment and saline/poly(I:C) treatment, with Holm-

Sidak post-hoc test. All Pairwise Multiple Comparison Procedures a posterior analyses were 

performed where appropriate.

3. Results

3.1. Maternal choline supplementation prevented C57BL/6N wild-type offspring autistic- 
and schizophrenia-like behaviors induced by MIA

As a rodent model of autism and schizophrenia, MIA had previously been observed to 

decrease PPI, decrease center zone entering in open field test, and increase marble burying 

behavior (Hsiao and Patterson, 2011; Malkova et al., 2012; Smith et al., 2007). Choline 

treatment had a range of effects on these observations (Fig. 1). The clearest example of an 

alteration of the effect of MIA by choline treatment was in open field entries, where there 

was no change in behavior of the offspring who did not receive MIA, regardless of choline 

status, but for offspring who received MIA, choline treatment prevented the decrement in 

center entries normally observed with MIA (Saline v.s. Poly(I:C), p = 0.0641; Poly(I:C) v.s. 

Saline+Choline, p < 0.01; Poly(I:C) v.s. Poly(I:C)+Choline, p < 0.01) (Fig. 1A). MIA 

offspring showed decrement of time in center zone. There were no changes by choline 

treatment in the time spent in center zone for the offspring who received MIA (Saline v.s. 

Poly(I:C), p = 0.0689; Saline+Choline v.s. Poly(I:C)+Choline, p = 0.0570; Poly(I:C) v.s. 

Saline+Choline, p < 0.01) (Fig. 1B). An alteration of the effect of MIA by choline treatment 

was found in marble burying behavior. For the offspring who received MIA, choline 

treatment prevented the increment in marble burying behavior (Poly(I:C) v.s. Poly(I:C)

+Choline, p < 0.05), which is normally observed with MIA (Saline v.s. Poly(I:C), p < 0.01). 

However, choline treatment also changed marble burying behavior for the offspring who did 

not receive MIA (Saline v.s. Saline+Choline, p < 0.05)(Fig. 1C). In PPI, MIA offspring 

showed reduction of inhibition in PPI 5db (Saline v.s. Poly(I:C), p < 0.01; Saline+Choline 

v.s. Poly(I:C)+Choline, p < 0.01) and PPI 15db (Saline v.s. Poly(I:C), p < 0.05; Saline

+Choline v.s. Poly(I:C)+Choline, p = 0.0593), regardless of choline treatment (Fig. 1D–E).

3.2. α7nAChR level in adult hippocampus of MIA offspring

Hippocampal α7nAChR has been reported as a critical mediator for sensory gating (Stevens 

et al., 2008). Since some of the MIA offspring behavioral abnormalities can be ameliorated 

by maternal choline supplementation, changes in hippocampal α7nAChR expression levels 

is one of the mechanisms to explain the effect of maternal choline supplementation on the 

MIA wild-type offspring. We examined the α7nAChR level in hippocampus by qPCR of 

Chrna7 mRNA level and the binding of the α7nAChR ligand α-BTX. We found that the 

Chrna7 mRNA expression was significantly higher in MIA wild-type offspring 

hippocampus (p < 0.05) (Fig. 2A). Maternal choline supplementation also showed higher 

Chrna7 mRNA expression than saline wild-type offspring (p < 0.01)(Fig. 2A). Next, we 

further examined α7nAChR in MIA wild-type hippocampus by 125Iα-BTX binding (Fig. 
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2B–E). However, neither MIA nor maternal choline supplementation resulted in a difference 

of 125Iα-BTX binding at the hippocampal CA3, CA1 and dentate gyrus (DG) regions (Fig. 

2D–E). This result indicates that hippocampal expression of α7nAChRs in adult animals 

may not directly contribute to the behavioral abnormalities induced by MIA.

3.3. Changes in cytokines and cholinergic gene expression after MIA in C57BL/6N wild-
type dam spleen, splenic macrophages, and placenta

Studies show that α7nAChR is involved in the anti-inflammatory reflex of the CNS and 

periphery (Rosas-Ballina et al., 2011; Tracey, 2009). MIA had been shown to induce an 

acute inflammatory response in maternal-placental-fetal axis (Boksa, 2010; Patterson, 

2011a). Therefore, we examined the MIA-induced acute inflammatory reaction in dam 

spleen, placenta and fetal brain. In the dam spleen and splenic macrophages, the increase in 

interleukin-6 (Il6) and tumor necrosis factor (Tnf) mRNA normally observed after poly(I:C) 

injection was moderately blunted by choline administration (Spleen-Saline v.s. Poly(I:C): 

Il6, p < 0.01; Tnf, p < 0.001; Saline v.s. Poly(I:C)+Choline: Il6, p < 0.01)(Splenic 

macrophage-Saline v.s. Poly(I:C): Il6, p < 0.05; Tnf, p = 0.0596;)(Fig 3A–B). The decrease 

in acetylcholinesterase (Ache) and beta-2 adrenergic receptor (Adrb2) mRNA seen in the 

dam spleen after MIA was not blunted by choline administration (Saline v.s. poly(I:C) and 

Saline v.s. Poly(I:C)+Choline, Ache, p < 0.01; Adrb2, p < 0.001) (Fig 3A). In the placenta, 

the increasing trend in Il6 mRNA was not blunted by choline treatment (Fig 4). Choline 

caused a fall in both Chrna7 (Saline vs. Poly(I:C)+Choline, p < 0.05; Poly(I:C) v.s. 

Poly(I:C)+Choline, p = 0.0555) and Ache mRNA expression (Poly(I:C) v.s. Poly(I:C)

+Choline, p < 0.01)(Fig 4).

3.4. Maternal choline supplementation prevented Il6 and Chrna7 elevation in the C57BL/6N 
wild-type MIA fetal brain

IL-6 and cholinergic signaling mRNA levels were next analyzed in the wild-type fetal brain 

3 hours after maternal poly(I:C) injection. Il6 mRNA was significantly increased in the 

wild-type fetal brain after MIA (p < 0.05)(Fig. 5A). Choline treatment significantly reduced 

the Il6 elevation in the fetal brains who received MIA (p < 0.05)(Fig. 5A). Several genes 

involved in the cholinergic system of the wild-type fetal brain were examined after poly(I:C) 

injection. Similar to the fluctuation of Il6, Chrna7 mRNA level was elevated in the wild-

type fetal brain after MIA (p < 0.05). The elevation of Chrna7 mRNA in the MIA fetal brain 

was reduced with choline administration (p < 0.05)(Fig. 5A). No change was found in Ache 

and Slc5a7 (Choline transporter) mRNA expression (Fig. 5A). The choline content was next 

analyzed in the wild-type fetal brain who received MIA with maternal choline 

supplementation. The choline level was only increased in the offspring when the dams were 

given the choline supplementation (Saline v.s. Poly(I:C)+Choline, p < 0.05; Poly(I:C) v.s. 

Poly(I:C)+Choline, p < 0.05) (Fig. 5B).

3.5. MIA increased α7nAChR in mature neurons in the wild-type fetal brain

With immunohistochemistry staining for α7nAChR in the wild-type fetal brain, we observed 

an increase in the number of α7nAChR positive cells in the fetal brain 3 hours post maternal 

poly(I:C) injection. α7nAChR staining was expressed in several fetal brain regions. The 
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most notable elevation of α7nAChR is in the fetal hindbrain region. More specifically, the 

α7nAChR positive staining was increased in prepontine hindbrain (PPH) and pontine 

hindbrain (PH) of fetal brain (Fig. 6A–B). The optic density of α7nAChR was significantly 

higher in MIA group than in saline group in PPH and PH of fetal hindbrain (p < 0.05)(Fig. 

6C). By co-staining α7nAChR with neuron makers, we could identify the cell types of the 

α7nAChR positive cells in the MIA fetal hindbrain (Fig. 6D). α7nAChR was expressed with 

MAP2 and DCX, but not with nestin (Fig. 6D). This indicated that the α7nAChR positive 

cells we found in MIA fetal hindbrain are differentiated and migrated neurons. The increase 

of α7nAChR in MIA fetal brain reflects the alteration of neuron development by immune 

activation.

3.6. Il6 gene expression increased in the Chrna7 mutant fetal brain

To further explore the role of α7nAChR in fetal brain during maternal infection, we injected 

poly(I:C) into Chrna7+/− dams and compared the acute inflammatory response in the wild-

type (+/+), heterozygous (+/−), and knockout (−/−) fetal brain. Chrna7 mRNA expression 

was changed in genotype-dependent manner; there was no expression in −/− fetal brain and 

intermediate levels of expression in +/− fetal brain (Among genotypes: p < 0.0001. Except 

Saline +/+ v.s. Saline +/−, p < 0.001; Saline +/+ v.s. Poly(I:C) +/−, p < 0.01)(Fig. 7A). The 

increase in Chrna7 mRNA and Il6 mRNA by poly(I:C) injection was only observed in +/+ 

fetal brain (Chrna7, p < 0.01; Il6, p < 0.05)(Fig. 7A–B). The basal level of Il6 mRNA was 

higher in the +/− and −/− fetal brain than in the wild-type fetal brain (p < 0.05) (Fig. 7B). 

Poly(I:C) injection did not produce additional effect on Il6 expression in +/− and −/− fetal 

brain (Fig. 7B).

3.7. Chrna7 heterozygous mouse were more susceptible to MIA induced autistic- and 
schizophrenia-like behaviors

Combining MIA with genetic mutation of Chrna7 produced synergistic effects on several 

offspring behaviors. In the open-field test, there was no genotype effect in the offspring who 

did not receive MIA (Fig. 8A–B). But for the offspring who received MIA, Chrna7+/− mice 

showed reduction of the time spent in center zone (Poly(I:C) +/+ v.s. Poly(I:C) +/−, p = 

0.0637; Saline +/+ v.s. Poly(I:C) +/−, p < 0.05; Saline +/− v.s. Poly(I:C) +/−, p < 0.05)(Fig. 

8B). MIA had an effect on marble burying behavior in the wild-type littermates of Chrna7 

mutant line (Saline +/+ v.s. Poly(I:C) +/+, p < 0.01)(Fig. 8C). Chrna7+/− offspring showed 

higher marble burying behavior compared to the wild-type offspring who were maternally 

injected with saline (Saline +/+ v.s. Saline +/−, p < 0.05; Saline +/+ v.s. Poly(I:C) +/−, p < 

0.05). There was no additional effect of MIA on the marble burying behavior in Chrna7+/− 

offspring (Fig. 8C). Genotype effect was also found in PPI test. Chrna7+/− offspring who 

had not received MIA exhibited higher inhibition of PPI 5 db than wild-type littermates 

(Saline +/+ v.s. Saline +/−, p < 0.05). However, MIA decreased the inhibition of PPI 5db in 

Chrna7+/− offspring (Saline +/− v.s. Poly(I:C) +/−, p < 0.001)(Fig. 8D). The inhibition of 

PPI15 showed a higher trend in Chrna7+/− than in the wild-type littermates (Fig. 8E). Wild-

type and Chrna7+/− offspring who received MIA showed lower inhibition of PPI15 than 

Chrna7+/− offspring who had not received MIA (Saline+/− v.s. Poly(I:C) +/+, p < 0.05; 

Saline +/− v.s. Poly(I:C) +/−, p < 0.05)(Fig. 8E).
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4. Discussion

Our study used several strategies to investigate the role of both the maternal and fetal 

α7nAChR in the development of MIA-induced behavioral abnormalities. Stimulating 

a7nAChR activation in both dam and fetus by providing the dams a choline-supplemented 

diet during gestation and lactation prevented several behavioral abnormalities in the 

offspring caused by MIA. We further demonstrated that gestational choline dietary 

supplementation suppressed MIA-induced Il6 and Chrna7 mRNA increases in the fetal 

brain. In a complementary series of experiments, we crossed heterozygous Chrna7 null 

mutant mice and showed that loss of Chrna7 expression in the resultant homozygous and 

heterozygous Chrna7 null mutant offspring resulted in increased fetal Il6 response to MIA 

and increased behavioral deficits in the offspring. Taken together, the results indicate that 

maternal and fetal a7nAChR activation is critical for modulating the effects of MIA.

Maternal choline supplementation had been shown to ameliorate the phenotypes in different 

mouse models of autism and schizophrenia (Langley et al., 2014; Ricceri et al., 2011; 

Stevens et al., 2008), as well as in the MIA model as we show in this study. More 

specifically, we demonstrated that maternal choline supplementation lessened MIA-induced 

anxiety-like behavior in open-field test and repetitive behavior in marble burying test. This 

implies choline in modulating the core symptom and comorbidity of autism and 

schizophrenia. We also observed that maternal choline supplementation changes the basal 

level of some behaviors, such as open-field center entering behavior, marble burying 

behavior and PPI. There are several possible mechanisms through which choline 

supplementation might influence fetal development. During pregnancy, choline can affect 

the maternal-placental-fetal axis in several ways (Jiang et al., 2014). Choline is a selective 

agonist of the α7nAChR, compared to other nicotinic receptors (Alkondon et al., 1997). 

During embryonic development, choline itself appears to serve as the ligand for fetal 

α7nAChRs before the development of cholinergic nerve innervation (Miwa et al., 2011; 

Ross et al., 2010). Choline-derived acetylcholine can also be synthesized and accumulated in 

the placenta. Acetylcholine in the placenta, as the agonist of its acetylcholine receptors, 

regulates nutrient transport, fluid volume and blood flow during the development of the 

placenta (Kawashima and Fujii, 2008; Lips et al., 2005; Sastry, 1997; Sastry and 

Sadavongvivad, 1978). Choline phospholipid phosphatidylcholine can be synthesized from 

choline in the maternal liver through the cytidine diphosphate (CDP)-choline pathway and 

the phosphatidylethanolamine N-methyltransferase (SAM) pathway and affect fetal cell 

division, cell membrane biogenesis, myelination of nerve axons, and lipid transport (Jiang et 

al., 2014). Choline’s oxidized metabolite, betaine, is a source for the production of the 

universal methyl donor SAM, which is a substrate of DNA methyltransferases (DNMTs) 

and histone methyltransferases (HMTs), and important for the fetal epigenome 

establishment (Davison et al., 2009; Jiang et al., 2014; Kovacheva et al., 2007). In this study, 

we found that choline regulates an anti-inflammatory reflex, potentially through the agonism 

of α7nAChR, to suppress the acute inflammatory response in the fetal brain after MIA.

To understand the impact of α7nAChR level in maternal infection, we induced MIA in mice 

with mutations in the α7nAChR gene. However, knockout of Chrna7 in mice alters the 

inflammatory response (Wang et al., 2003), which may affect MIA responses in either the 
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dam or offspring. Therefore, our timed-mating strategy was to cross male Chrna7+/− mice 

with female wild-type mice. Through the mating, we could obtain heterozygous offspring 

with reduced expression of α7nAChR in a normal wild-type dam, along with wild-type 

littermates as the ideal control. Compared to wild-type offspring, the Chrna7+/− offspring 

were more affected by MIA; they were more anxious and displayed more repetitive behavior 

during the open field and marble burying tests, respectively. Chrna7−/− mice had been 

reported to display a partial PPI deficit and anxiety (Azzopardi et al., 2013; Paylor et al., 

1998), but we did not observe the PPI deficit and anxiety in Chrna7+/− offspring in the 

maternal saline injection group.

We found differences in the MIA induced behavioral abnormalities between choline 

supplementation control mice and wild-type mice in the Chrna7 mutant studies. MIA 

produced more behavioral abnormalities in the choline supplementation control diet group, 

including marble burying behavior, PPI deficit, and a trend reduction in center zone entering 

in open-field (Fig. 1). In contrast, MIA only affected marble burying phenotype in the wild-

type mice from the Chrna7 mutant studies (Fig. 8). The reasons for the difference are not 

clear. Notably, several studies have shown that MIA does not produce robust effects on the 

wild-type littermates of a transgenic line (Abazyan et al., 2010; Ehninger et al., 2012; Ibi et 

al., 2010). Strain and source differences of mice could be factors affecting the outcome of 

rodent behaviors (Bryant et al., 2008; Matsuo et al., 2010; Paylor and Crawley, 1997; Simon 

et al., 2013).

Analysis of α7nAChR expression in the fetal and adult brains revealed that activation of 

maternal immune system by poly(I:C) increased Chrna7 mRNA expression in the fetal 

brain. We propose that the elevation of Chrna7 mRNA expression in the MIA fetal brain is 

related to the Il6 surge after maternal poly(I:C) injection. Chrna7 elevation might reflect the 

fetal brain’s acute response to inflammation. Supporting this idea, decreasing Chrna7 in the 

fetal brain increased the basal level of Il6 expression, suggesting a role for α7nAChR in 

regulating fetal brain cytokines. Choline supplemented fetal brain showed a higher choline 

level compared to those fetal brains which were not supplemented with maternal choline 

(Fig. 5B). Our hypothesis is that maternal choline supplementation acted as an α7nAChR 

agonist and stimulated an anti-inflammatory reflex, effectively inhibiting IL-6 increase in 

the fetal brain. Due to the ample availability of choline as an α7nAChR agonist, α7nAChRs 

did not need to increase in response to the inflammation by poly(I:C). In addition, reduction 

of α7nAChR in fetal brain raised the IL-6 basal levels. Maternal choline supplementation 

thus may activate an α7nAChR based anti-inflammatory reflex and decrease the acute 

inflammation in the fetal brain in response to MIA. Other investigators have investigated 

anti-purinergic therapy in MIA offspring and found increased α7nAChR level in cerebral 

synaptosomes (Naviaux et al., 2013), along with other evidence suggests that α7nAChRs 

serve as an anti-inflammatory regulator of innate immunity in the CNS (Tracey, 2009).

Nicotinic cholinergic receptors are only one mechanism that appears to link genetic risk for 

autism, schizophrenia and MIA. For example, Disc1 mouse mutants including mutant 

human DISC1 (mhDISC1), a point mutation of DISC1 gene at L100P (Disc1-L100P+/−) and 

dominant-negative DISC1 (DN-DISC1) have increased behavioral, pathological, and 

neurochemical deficits after prenatal poly(I:C) treatment (Abazyan et al., 2010; Ibi et al., 
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2010; Lipina et al., 2013). Another schizophrenia risk gene NRG1 also produced synergetic 

effects with MIA causing developmental stage-specific changes in social behavior, spatial 

memory and PPI (O’Leary et al., 2014). Nurr1 (NR4A2) is an orphan member of steroid 

hormone receptor and highly essential for dopaminergic development. Prenatal poly(I:C) 

treatment exerts pronounced effects in the development of dopaminergic system and 

behavioral changes on Nurr1+/− offspring (Vuillermot et al., 2012). TSC2 is a key regulator 

for mTOR signaling and a risk gene for autism. Gestational poly(I:C) treatment disrupted 

adult social behavior in the Tsc2 haploinsufficiency offspring (Ehninger et al., 2012). 

Overexpression of IL-10 in macrophages modulated several behavioral dysfunctions 

exhibited in the MIA macIL-10tg offspring (Meyer et al., 2008b).

In summary, viral infection in the pregnant mother activates the maternal immune system, 

increasing the risk for autism and schizophrenia in the offspring. α7nAChR in the fetal brain 

suppresses inflammatory response by inhibiting IL-6 production and, consequentially, the 

loss of α7nAChR in the offspring increases their vulnerability to MIA-induced autistic and 

schizophrenia-like symptoms. Maternal choline supplementation triggers an anti-

inflammatory response in the fetal brain and thus decreases the MIA-induced IL-6 elevation 

during embryonic stage and the autistic- and schizophrenia-like behaviors in the adults. 

These findings raise the possibility that the abnormal behaviors in MIA offspring produced 

by elevated IL-6 are modulated by activation of α7nAChRs in the fetal brain.
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Fig. 1. 
Maternal choline supplementation ameliorated autistic- and schizophrenia-like behaviors in 

MIA wild-type offspring. (A–B) Maternal choline supplementation prevented the MIA-

induced open field anxiety phenotype as assayed by center entries (A) but not center 

duration (B). (C) Maternal choline supplementation prevented repetitive/compulsive 

behavior in the marble burying test that was induced by MIA. MIA offspring given the 

control diet buried significantly more marbles than saline offspring. The MIA-induced 

marble burying behavior was reduced by maternal choline supplementation. (D–E) Maternal 

choline supplementation did not prevent the MIA-induced PPI deficit. Saline-Control diet: n 

= 6 litters; Poly(I:C)-Control diet: n = 7 litters; Saline-Choline diet: n = 7 litters; Poly(I:C)-

Choline diet: n = 8 litters. Data are presented as Mean ± SEM. Significant difference 

between groups is labeled as * p < 0.05, ** p < 0.01, *** p < 0.001. n.s. : not significant.
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Fig. 2. 
α7nAChR expression in the hippocampus of adult MIA offspring. (A) Compared to control 

offspring, hippocampal Chrna7 mRNA expression was higher in MIA offspring. The 

elevation of Chrna7 mRNA expression was not affected by maternal choline 

supplementation diet, however. Chrna7 mRNA expression was normalized by Gapdh. 

Saline n = 4; Poly(I:C) n = 12, Poly(I:C)+Choline n = 8. (B) Film images of 125Iα-

bungarotoxin binding to transverse sections through the hippocampus of saline and MIA 

offspring given a control or choline supplementation diet. The dashed lines illustrate how 

the subdivisions of the hippocampus were delineated. (C–E) The density of 125Iα–

bungarotoxin (α–BTX) binding to sections of hippocampal formation from saline and MIA 

offspring given control or choline supplementation diets. Generally, no difference was 

detected among the groups. Male, Saline-Control diet: n = 3 litters; Poly(I:C)-Control diet: n 

= 3 litters; Saline-Choline diet: n = 3 litters; Poly(I:C)-Choline diet: n = 4 litters. Female. 

Saline-Control diet: n = 2 litters; Poly(I:C)-Control diet: n = 4 litters; Saline-Choline diet: n 

= 5 litters; Poly(I:C)-Choline diet: n = 4 litters. MIA and maternal choline supplementation 

did not affect the density of α–BTX binding in (C) CA3, (D) CA1 and (E) dentate gyrus 

(DG). Chrna7: nicotinic acetylcholine receptor alpha 7 subunit. Data are presented as Mean 

± SEM. Significant difference between groups is labeled as * p < 0.05, ** p < 0.01.
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Fig. 3. 
Cytokines and cholinergic signaling genes were altered in maternal spleen and splenic 

macrophage by maternal poly(I:C) injection, but not by maternal choline supplementation. 

(A) Il6 and Tnf mRNA were increased while Ache and Adrb2 were decreased in the dam’s 

spleen 3 hr after maternal poly(I:C) injection. Choline supplementation did not affect these 

changes in gene expression. Saline n = 3 dams; Poly(I:C) n = 4 dams, Poly(I:C)+Choline n = 

4 dams. (B) Consistent with the results from the spleen, Il6 and Tnf mRNA were increased 

in macrophages after maternal poly(I:C) injection, and choline supplementation had little 

effect. Gene expression was normalized by β-actin. Saline n = 3; Poly(I:C) n = 4, Poly(I:C)

+Choline n = 4. Ache: acetylcholinesterase, Adrb2: beta-2 adrenergic receptor, Chrna7: 

nicotinic acetylcholine receptor alpha 7 subunit, Il6: interleukin-6, Tnf: tumor necrosis factor 

alpha. Data are presented as Mean ± SEM. Significant difference between groups is labeled 

as * p < 0.05, ** p < 0.01, *** p < 0.001.
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Fig. 4. 
Cytokines and cholinergic signaling genes were altered in placenta by maternal poly(I:C) 

injection and maternal choline supplementation. Maternal poly(I:C) injection increased Il6 

mRNA in the placenta, and maternal choline supplementation did not prevent this induction. 

Maternal choline supplementation lowered Chrna7 and Ache mRNA in placenta after 

poly(I:C) injection. Gene expression was normalized by β-actin. Saline n = 3 litters; 

Poly(I:C) n = 4 litters, Poly(I:C)+Choline n = 3 litters. Ache: acetylcholinesterase, Chrna7: 

nicotinic acetylcholine receptor alpha 7 subunit, Il6: interleukin-6. Data are presented as 

Mean ± SEM. Significant difference between groups is labeled as * p < 0.05, ** p < 0.01.
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Fig. 5. 
Cytokines and cholinergic signaling genes were altered in fetal brain by maternal poly(I:C) 

injection and maternal choline supplementation. (A) Maternal poly(I:C) injection increased 

Il6 and Chrna7 mRNA in fetal brain, and maternal choline supplementation prevented these 

increases. No changes were found in Ache and Slc5a7 among groups. Gene expression was 

normalized by β-actin. Saline n = 3 litters; Poly(I:C) n = 3–4 litters, Poly(I:C)+Choline n = 

3–4 litters. (B) Maternal choline supplementation was associated with increased trend of 

choline levels in MIA fetal brain. Each n = 3 litters. Ache: acetylcholinesterase, Chrna7: 

nicotinic acetylcholine receptor alpha 7 subunit, Il6: interleukin-6, Slc5a7: choline 

transporter 1. Data are presented as Mean ± SEM. Significant difference between groups is 

labeled as * p < 0.05.
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Fig. 6. 
MIA increased α7nAChR in fetal brain neurons. MIA E12.5 fetal hindbrain displayed more 

α7nAChR immunostaining than control hindbrain 3 hours following maternal poly(I:C) 

injection. In hindbrain subregions (A) PPH and (B) PH, α7nAChR was increased in MIA 

offspring. (C) Optical density quantitation revealed the increased α7nAChR immunostaining 

in MIA fetal hindbrain. PPH: Saline: n = 3 litters, Poly(I:C): n = 3 litters; PH: Saline: n = 3 

litters, Poly(I:C): n = 4 litters. (D) Confocal images demonstrated α7nAChR-positive cells 

were double-labeled with mature neuronal marker MAP2 (left panel) and the immature 

neuronal marker DCX (middle panel), but not with the neural stem cell marker nestin (right 

panel). White arrows indicate the colocalization between α7nAChR and the other markers. 

PPH: prepontine hindbrain, PH: pontine hindbrain, MAP2: microtubule-Associated Protein 

2, DCX: doublecortin. Data are presented as mean ± SEM. Significant difference between 

groups is labeled as * p < 0.05.
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Fig. 7. 
Decreased Chrna7 in fetal brain led to the elevation of Il6 expression. (A) MIA increased 

Chrna7 mRNA level in wild-type fetal brain, but not in Chrna7+/− and Chrna7−/− fetal 

brain. (B) MIA increased Il6 mRNA in wild-type fetal brains but not in Chrna7+/− and 

Chrna7−/− fetal brains. Baseline Il6 levels were elevated in Chrna7+/− and Chrna7−/− fetal 

brains. Gene expression was normalized by β-actin.Saline +/+ n = 3 litters, +/− n = 3 litters, 

−/− n = 3 litters; Poly(I:C) +/+ n = 3 litters, +/− n = 3 litters, −/− n = 2 litters. Chrna7: 

nicotinic acetylcholine receptor alpha 7 subunit, Il6: interleukin-6. Data are presented as 

Mean ± SEM. Significant difference between groups is labeled as * p < 0.05, ** p < 0.01, 

**** p < 0.0001.
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Fig. 8. 
Compared to wild type, Chrna7+/− offspring were more susceptible to MIA, generally 

exhibiting more autistic- and schizophrenia-like behaviors. (A–B) Chrna7+/− MIA offspring 

displayed anxiety-like behavior in the open field, while wild-type MIA offspring did not. (C) 

Wild-type MIA offspring displayed more repetitive behavior in the marble burying test 

compared to saline offspring. The baseline of repetitive behavior in the Chrna7+/− offspring 

was higher than in the wild-type saline offspring and there was no effect of MIA in the 

Chrna7+/− offspring. (D–E) Chrna7+/− MIA offspring displayed a PPI deficit at PPI5 and 

PPI15, while wild-type MIA offspring exhibited normal PPI5 and PPI15. Saline: n = 4–5 

litters, Poly(I:C): n = 4–6 litters. Data are presented as Mean ± SEM. Significant difference 

between groups is labeled as * p < 0.05, ** p < 0.01, *** p < 0.001.
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