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Behavioral impact of maternal allergic-asthma in two genetically 
distinct mouse strains

Jared J. Schwartzera, Milo Careagab,c, Morgan A. Coburna, Destanie R. Roseb,c, Heather K. 
Hughesb,c, and Paul Ashwoodb,c

aProgram in Neuroscience and Behavior, Department of Psychology and Education, Mount 
Holyoke College, 50 College Street, South Hadley, MA 01075

bThe M.I.N.D. Institute, University of California, Davis, 2825 50th Street, Sacramento, CA 95817

cDepartment of Medical Microbiology and Immunology, University of California, Davis, One 
Shields Avenue, Davis, CA 95616

Abstract

Recent population-based studies of expecting mothers identified a unique profile of immune 

markers that are associated with an increased risk of having a child diagnosed with autism 

spectrum disorder (ASD). This immune profile, including increased levels of maternal and 

placental interleukin (IL)-4 and IL-5, is consistent with an immune response found in an allergic-

asthma phenotype. Allergies and asthma reflect an imbalance in immune responses including 

polarization towards T-helper type 2 (TH2) responses, with both genetic susceptibility and 

environmental factors affecting this T-cell polarization. Mouse strains provide a known and 

controlled source of genetic diversity to explore the role of genetic predisposition on 

environmental factors. In particular, the FVB background exhibits a skew towards TH2-mediated 

allergic-asthma response in traditional models of asthma whereas the C57 strain exhibits a more 

blunted TH2 polarized phenotype resulting in an attenuated allergic-asthma response. C57BL/6J 

(C57) and the sighted FVB.129P2-Pde6b(+) Tyr(c-ch)/Ant (FVB/Ant) lines were selected based 

on their characteristic high sociability and differing sensitivity to TH2-mediated stimuli. Based on 

the distinct allergy-sensitive immune responses of these two strains we hypothesized that unique 

developmental consequences would occur in offspring following maternal allergy-asthma 

exposure. Female C57 and FVB/Ant dams were primed/sensitized with an exposure to ovalbumin 

(OVA) before pregnancy, then exposed to either aerosolized OVA or PBS-vehicle throughout 

gestation. Sera from pregnant dams were analyzed for changes in cytokine profiles using 

multiplex-arrays and offspring were assessed for changes in autism-like behavioral responses. 

Analysis of maternal sera revealed elevated IL-4 and IL-5 in OVA-treated dams of both strains but 

To whom correspondence should be addressed: Jared Schwartzer, Ph.D., Program in Neuroscience and Behavior, Department of 
Psychology and Education, Mount Holyoke College, 50 College Street, South Hadley, MA 01075, Telephone: (413) 538-2843, 
jjschwar@mtholyoke.eduAnd Paul Ashwood, Ph.D., Department of Medical Microbiology and Immunology, And the MIND Institute, 
University of California, Davis. Telephone: (916) 703-0405, pashwood@ucdavis.edu. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

The authors declare no conflicts of interest.

HHS Public Access
Author manuscript
Brain Behav Immun. Author manuscript; available in PMC 2018 July 01.

Published in final edited form as:
Brain Behav Immun. 2017 July ; 63: 99–107. doi:10.1016/j.bbi.2016.09.007.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



only C57 mice expressed increased levels of IL-1β, IL-6, TNFα, and IL-17. Behavioral 

assessments revealed strain-dependent changes in juvenile reciprocal social interaction in offspring 

of maternal allergic asthma dams. Moreover, mice of both strains showed decreased repetitive 

grooming and increased marble burying behavior when born to OVA-exposed dams. Together, 

these findings support the important role genetic predisposition plays in the effects of maternal 

immune activation and underscore differences in ASD-like behavioral outcomes across mouse 

strains.
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1.0 INTRODUCTION

Autism spectrum disorders (ASD) are a phenotypically diverse class of neurodevelopmental 

disorders characterized by social-communication deficits and restrictive/repetitive behaviors 

(Association, 2013). Twin studies indicate that ASD is highly heritable (Hallmayer et al., 

2011) and research suggests that familial history of autoimmune diseases like rheumatoid 

arthritis, celiac disease, and type-1 diabetes increase the risk for an ASD diagnosis 

(Atladottir et al., 2009). However, the hundreds of genes linked to predisposition and the 

wide variation in the genomic pattern from individual to individual has made it difficult to 

identify a distinct genetic marker (Vijayakumar and Judy, 2016). Consequently, research is 

looking beyond exclusively genetic origins of ASD and considering environmental 

influences, particularly the connection to immune system perturbations. Epidemiological 

studies have found that gestational exposure to air pollutants associated with freeways can 

increase the risk for an ASD diagnoses in offspring (Raz et al., 2015; Volk et al., 2011), and 

maternal inflammation, most notably by viral or bacterial pathogen, during gestation can 

also affect neurodevelopment (Jiang et al., 2016).

Most models of immune system dysfunction and ASD evaluate the effects of an immune 

responses using polyinosinic:polycytidylic acid (Poly[I:C]) to mimic the double stranded 

RNA in viruses or lipopolysaccharide (LPS), a bacterial membrane protein, to activate 

pathways of innate immunity. A less studied pathway of maternal immune activation 

postulates that allergic asthma and T-Helper 2 (TH2) immune responses may contribute to an 

ASD diagnosis in offspring. Epidemiological studies have shown that mothers with allergies 

or asthma during pregnancy were at increased risk for having a child with ASD (Croen et al., 

2005; Lyall et al., 2014). Furthermore, a case-control study conducted by Goines and 

colleagues revealed elevated gestational levels of interleukin (IL)-4 and IL-5 in mothers who 

had children with autism, describing a 50% increased risk of ASD diagnosis in offspring 

(Goines et al., 2011). These cytokines are consistent with the profiles associated with 

allergy/asthma immune responses, highlighting the correlations between maternal TH2 

immune responses and increased incidence of ASD in the child. Interestingly, elevated levels 

of IL-4 have been detected in the amniotic fluid of children who were later diagnosed with 

ASD (Abdallah et al., 2013). More recently, an analysis of cytokine levels in newborn blood 

spots linked elevations in IL-4 at birth with more severe ASD symptoms and cognitive 
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deficits (Krakowiak et al., 2015). Together, these findings implicate TH2-associated 

maternal-fetal signaling as a mediating factor in the etiology of ASD and underscore the 

need to investigate causal links between maternal allergic-asthma and ASD-like behavioral 

outcomes.

Mouse models afford researchers a powerful tool to directly evaluate the causative effects of 

maternal immune activation. Though ASD is a strictly human disorder, several indicative 

behaviors like repetitive stereotypies or social avoidance can be modeled in mice (Silverman 

et al., 2010). One novel model precipitates ASD-like behavioral deficits in offspring exposed 

to maternal allergic asthma (MAA) (Schwartzer et al., 2015); this model sensitizes female 

mice to ovalbumin (OVA) protein followed by induction of airway hypersensitivity through 

aerosolized OVA exposure at gestational days (G)9.5, 12.5, and 17.5 to mimic early, middle, 

and late gestation in humans. Importantly, variations in genetic background between mouse 

strains result in varying severity of immune responses to allergic asthma induction. For 

example, the FVB/NJ strain displays heightened TH2-responses compared to C57Bl/6J 

(C57) mice in OVA-induced allergy models (Zhu and Gilmour, 2009). Additionally, all FVB 

lines carry the Fv-1b allele (van Wyk et al., 2015), leading to increased histamine sensitivity 

and a significantly greater airway hyperreactivity in OVA-induced asthma (Whitehead et al., 

2003). These phenotypic differences in immune responses predispose the FVB line to 

heightened immune activation. However, it remains unknown whether this heightened 

immune response in FVB strains will result in greater behavioral deficits in offspring 

following MAA.

To this end, we explored whether genetic predisposition in FVB strains results in greater 

offspring behavioral deficits following MAA exposure. Two highly social strains of mice, 

C57 and a sighted hybrid FVB.129P2-Pde6b(+) Tyr(c-ch)/Ant (FVB/Ant), were selected for 

their distinct genetic backgrounds and immune profiles. C57 and FVB lines are widely 

studied inbred strains and known to display typical social and repetitive behaviors (Moy et 

al., 2007). FVB/Ant mice are a sighted hybrid of the FVB/NJ, characterized by high 

sociability and low self-grooming, comparable to the C57 strain, and this strain has 

previously been used as a highly social control strain (Yang et al., 2013). Offspring of OVA- 

and PBS-treated dams were assessed for changes in sociability at a juvenile age using the 

reciprocal social interaction task. This behavioral paradigm has the benefit of measuring 

complex and intricate social behaviors, providing new insights into underlying features of 

social interaction. While this task often requires a trained observer, demanding significant 

human resources and increased sensitivity to human error (Silverman et al., 2010), we 

employed automated tracking technology to produce unbiased measures of juvenile play 

behavior in offspring. Then, mice were measured for changes in restricted/repetitive 

behaviors using the self-grooming and marble burying tasks. In addition, differences in 

cytokine responses were assessed in pregnant dams using multiplex bead-based arrays.

2.0 MATERIALS AND METHODS

2.1 Animals

Male and Female C57Bl/67 (Jackson Laboratory, Bar Harbor, Maine USA & Sacramento, 

CA) and FVB/Ant (Jackson Laboratory, Bar Harbor, Maine) mice were bred and maintained 
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at Mount Holyoke College and the Center for Laboratory Animal Research, at the University 

of California, Davis. Mice were maintained at ambient room temperature on a 12 h light/

dark cycle (lights on at 0800 hours). Each strain was housed separately in standard plastic 

cages with same-sex littermates, and food and water were provided ad libitum. Mice were 

group-housed 2–4 per cage and pregnant female mice were single housed following the start 

of pregnancy. All mice were provided nestlets for enrichment. Behavioral procedures were 

performed during the first 4 h of the light cycle and all procedures were approved by Mount 

Holyoke College, Institutional Animal Care and Use Committee and the University of 

California, Davis Institutional Animal Care and Use Committee in accordance with the 

guidelines provided by the National Institutes of Health Guide for the Care and Use of 

Laboratory Animals.

2.2 Maternal allergy/asthma induction

Sexually naïve female C57 and FVB/Ant mice were randomly assigned to either the allergic 

asthma (OVA) or the control group (PBS) and sensitized with 10 µg ovalbumin (OVA, 

Sigma, St Louis, MO, USA) in 1 mg (Al)OH3 (InvivoGen, San Diego, CA, USA) dissolved 

in 200 µl phosphate-buffered saline (PBS) or vehicle alone on postnatal day (P)42 and again 

1 week later at P49. One week following the second sensitization period, mice were mated 

overnight and females were checked daily for the presence of seminal plugs, noted as 

gestational day 0.5 (G0.5). Pregnant mice were exposed to either an aerosolized solution of 

1% (wt/vl) OVA in PBS (OVA group) or PBS control for three 45-minute induction sessions 

throughout gestation. Specifically, these induction sessions occurred at gestational days 9.5, 

12.5, and 17.5, to correspond with early, middle, and late gestation as previously described 

(Schwartzer et al., 2015). Four hours after the final induction, 100µl of blood was drawn and 

collected from the saphenous vein for cytokine analysis and mice were returned to their 

home cages, single housed, and left undisturbed until the birth of their litters. Pups remained 

with their mother until weaning on P21, at which time the offspring were group housed with 

same-sex littermates. A total of 34 C57 dams (17 PBS and 17 OVA) were used to generate 

152 offspring (67 PBS, 85 OVA) and a total of 28 FVB/Ant dams (10 PBS and 12 OVA) 

were used to generate 63 offspring (25 PBS, 38 OVA) (Table 1).

2.3 Behavioral Assessments - Experimental Design

Experimental offspring were generated from two laboratories (Schwatzer – Mount Holyoke 

College; Ashwood – University of California, Davis). Juvenile reciprocal social interaction 

(Mount Holyoke College) was assessed at P21 following weaning. Then, adult offspring 

(Mount Holyoke and University of California Davis) were evaluated for repetitive, anxiety 

and motor behaviors beginning at 8 weeks of age. All procedures were run in parallel at both 

institutions using both strains and the same experimental procedures.

2.3.1 Juvenile Reciprocal Social Interaction—On P21, experimental offspring and 

stimulus mice were weaned, ear notched, and evaluated for changes in interactive social 

behavior between offspring of OVA and PBS-exposed dams using the reciprocal social 

interaction (RSI) task. Mice were acclimated to the experimental room in their home cage 

for 30 min prior to the RSI task (McFarlane et al., 2008). Then, experimental mice were 

placed into clean plastic cages (40 × 50 × 20cm) and allowed to habituate for 20 minutes. 
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Following habituation, experimental mice were quickly returned to their home cage and 

marked with blue (experimental) or pink (stimulus C57 mice) hair chalk for automated 

detection. Experimental mice were placed back into the arena along with a novel C57 

stimulus mouse and the dyads were video recorded while freely interacting for a 30-minute 

period. Mice were analyzed for discrete social interactions using EthoVision XT 11.5 with 

the social interaction and three-point body modules. Behaviors assessed included nose-to-

nose, body sniff, nose-to-tail, and following behaviors.

2.3.2 Grooming—Mice were placed inside an empty, clear plastic cage and left 

undisturbed to habituate for 10 min in a dimly lit room as previously described (McFarlane 

et al., 2008). Following the habituation period, mice were video recorded for an additional 

10 min and later hand scored for self-grooming behavior by two individuals blind to the 

treatment conditions. Grooming was defined as time spent licking paws, washing the nose 

and face, or scratching fur with any foot. Inter-rater reliability was confirmed using an 

interclass-correlation coefficient to be greater than 95%

2.3.3 Marble burying—Repetitive marble burying behavior was assessed using 

procedures modified from Deacon (2006). Mice were habituated for 10 min to a clean 

Plexiglas cage (37 × 14 × 12.5 cm) filled with a 4-cm thick layer of clean corncob bedding. 

Following habituation, animals were returned to their home cage and 15 glass marbles were 

laid out in five rows of three marbles placed equidistantly apart. Mice were then returned to 

their cages and allowed to explore under dim illumination for 10 min. At the end of the 10-

min period, animals were gently removed from the testing cages and the number of marbles 

buried was recorded. Only marbles covered by 75% or more bedding were counted as 

buried, as previously described.

2.3.4 Elevated Plus-Maze—Experimental offspring were evaluated for changes in 

general anxiety using an elevated plus-maze as previously described (Walf and Frye, 2007). 

Mice were placed in the central platform and allowed to freely explore the maze for 5 min. 

Behaviors were video recorded and later analyzed using EthoVision XT 11.5 for the number 

of entries into each arm and the percentage of time spent in open arms. Reductions in open 

arm exploration were interpreted as increased anxiety.

2.3.5 Open Field Exploration and Locomotor Activity—Mice were individually 

placed in an empty Plexiglas arena (30 cm × 30 cm × 38 cm) and allowed to freely explore 

the environment for 20 min. Horizontal locomotor activity was assessed using Ethovision 

XT 11.5 to measure the time in the center, total distance traveled, and average velocity 

during the 20-min exploration task.

2.4 Serum Cytokine Analysis

In order to minimize the effects of maternal stress on pup development, serum was collected 

from a separate cohort of pregnant dams whose offspring were not assessed behaviorally. 

100µl of blood was collected from pregnant dams four hours after the last induction of OVA 

or PBS via lateral saphenous vein. Whole blood was centrifuged at 1000g for 10 min and 

plasma was collected and stored at −80°C. Quantification of IL-1β, IL-2, IL-4, IL-5, IL-6, 
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IL-10, IL-13, IL-17, IFNγ, and TNFα was carried out using a custom murine multiplexing 

bead immunoassay (Millipore, Billerica, MA, USA) per manufacturer’s specifications. 25µl 

of plasma was incubated with antibody-coupled beads. After a series of washes, a 

biotinylated detection antibody was added to the beads, and the reaction mixture was 

detected by the addition of streptavidin–phycoerythrin. The bead sets were analyzed using a 

flow-based Luminex 100 suspension array system (Bio-Plex 200; Bio-Rad Laboratories, 

Hercules, CA, USA). Unknown sample cytokine concentrations were calculated by Bio-Plex 

Manager software using a standard curve derived from the known reference cytokine 

concentrations supplied by the manufacturer. A five-parameter model was used to calculate 

final concentrations and values were expressed in pg/ml. The sensitivity of this assay 

allowed the detection of cytokine concentrations with the following limit of detection: IL-1β 
(5.4 pg/ml), IL-2 (1.0pg/ml), IL-4 (0.4 pg/ml), IL-5 (1.0 pg/ml), IL-6 (1.1), IL-10 (2.0 pg/

ml), IL-13 (7.8 pg/ml), IL-17 (0.5 pg/ml), IFNγ (1.1 pg/ml), and TNFα (2.3 pg/ml). 

Concentrations obtained below the limit of detection were assigned a value of one-half the 

limit of detection for statistical comparisons. Plasma aliquots had not undergone any 

previous freeze/thaw cycle.

2.5 Statistical analysis

Data were analyzed with R statistical software version 3.2.1 (2015) with the “nlme” 

package. Behavioral data were analyzed using linear mixed-effects models with maximum 

likelihood estimates, Type III sums of squares, Kenward-Roger degrees of freedom 

approximations. Treatment, strain, and sex were set as fixed factors and litter and location 

(University of California, Davis or Mount Holyoke) as random effects. Each mouse was 

nested within litter and litters were nested in location. Post hoc analyses were conducted 

using pairwise comparisons with bonferroni corrections. Cytokine data were log transformed 

to allow for parametric analysis and analyzed by two-way analysis of variance (strain by 

treatment) followed by Tukey post hoc analysis when applicable.

3.0 RESULTS

3.1 Juvenile Reciprocal Social Interaction

Juvenile social interaction parameters were assessed using generalized least squares models 

followed by adjustments for random effects. There was a significant treatment by strain 

interaction in the total time mice spent engaged in all social behaviors, F(1, 141) = 27.16, p < 

0.0001. The addition of sex did not further improve the model, χ2(9) = 6.66, p = 0.16, and 

no sex differences were detected between groups F(1, 138) = 2.33, p = 0.13. C57 offspring of 

OVA-treated dams spent significantly less time engaged in social interactions with a novel 

stimulus mouse compared to C57 offspring from control dams, p < 0.01 (Figure 1A). 

Conversely in FVB/Ant offspring, OVA treatment resulted in significantly elevated time 

engaged in social interactions compared to FVB/Ant offspring from PBS-treated dams, p < 

0.001 (Figure 1B). Importantly, when adjusting for litter effects our overall model was 

improved, χ2(6) = 45.69, p < 0.001, but the adjusted treatment by strain interaction effect no 

longer reached statistical significance, F(1, 18), = 3.48, p = 0.07.
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Differences in social interaction were most apparent in the time MAA offspring spent 

sniffing the body, F(1, 141) = 32.74, p < 0.001, and anogenital sniffing, F(1, 141) = 31.44, p < 

0.001, with treatment by strain interactions observed in both C57 (less sniffing after OVA 

exposure) and FVB/Ant (more sniffing after OVA exposure) strains (p < 0.001 for all 

comparisons) (Figure 1C–D). These differences remained significant when adjusted for 

variations in litter, p = 0.05. Importantly, not all social behaviors differed between treatment 

conditions. The total time juvenile mice engaged in following behaviors was similar across 

both strains and treatment conditions, F(1, 18) = 1.44, p > 0.05 (Figure 1E–F).

3.2 Repetitive Grooming and Marble Burying Behaviors

To assess the presence of strain-specific differences in repetitive behavior between offspring 

of OVA and PBS-exposed dams, male and female mice were measured for the amount of 

time spent grooming during a ten-minute period. Linear mixed-effects model revealed a 

significant main effect for strain, F(1, 103) = 7.143, p < 0.01, with C57 mice spending more 

time grooming (48.15 ± 4.629) compared to FVB/Ant (37.13 ± 5.235) mice. Moreover, there 

was a significant effect of treatment, F(1, 103) = 4.6511, p < 0.05. Both C57 and FVB/Ant 

offspring of OVA-treated dams engaged in significantly reduced self-grooming compared to 

offspring of PBS-treated mice (Figure 2). These differences were independent of strain as 

indicated by a non-significant strain by treatment interaction, F(1,12) = 0.006, p > 0.05. 

Moreover, there were no differences between sex, F(1,12) = 0.213, p > 0.05, and no sex by 

treatment interactions, F(1,12) = 0.120, p > 0.05.

In addition to grooming, mice were assessed for repetitive digging behavior in the marble 

burying task. There was a significant difference in percent of marbles buried between C57 

and FVB/Ant mice, F(1,12) = 20.65, p < 0.01, with C57 mice burying fewer marbles (10.9% 

± 3.38) compared to FVB/Ant mice (47.07% ± 4.43). There was also a significant main 

effect for treatment, F(1, 12) = 5.32, p < 0.05. Offspring of OVA-treated dams buried more 

marbles (39.38% ± 5.48) compared to offspring of PBS-exposed dams (23.19% ± 4.43). 

These treatment differences were similar between the two strains, F(1,12) = 2.87, p > 0.05

3.3 Anxiety-like behaviors

Mice were assessed for changes in anxiety-like behaviors in the elevated-plus maze and 

open field tasks. There were no differences between strains, F(1, 20) = 0.156, p > 0.05, and 

between treatment conditions, F(1, 20) = 0.956, p > 0.05, in the percent of time spent 

exploring the open arms of the elevated plus-maze (Figure 3A). There was also no treatment 

by strain interaction, F(1, 20) = 0.627, p > 0.05. Interestingly, in the open field task, FVB/Ant 

mice spent more time exploring the center arena compared to C57 mice, F(1,18) = 5.013, p < 

0.05 (Figure 3B). These differences in open field exploration were independent of treatment 

as noted by a non-significant main effect for treatment, F(1, 18) = 0.266, p > 0.05, and a non-

significant treatment by strain interaction, F(1, 18) = 0.036, p > 0.05. Together, these data 

indicate that changes in social and grooming behavior observed in offspring of OVA-

exposed dams are not driven by increases in anxiety.
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3.4 Locomotor

To determine whether maternal allergic asthma alters motor activity in either strain, mice 

were assessed for locomotor activity in the open field arena. There was a main effect in 

average velocity between strains F(1,18) = 23.67 p < 0.001 with FVB/Ant mice moving at a 

greater velocity than C57 mice. There was also a significant strain by treatment interaction 

F(1,18) = 7.879, p < 0.05. Specifically, there was a significant increase in average velocity of 

FVB/Ant offspring of OVA dams compared to FVB/Ant PBS-controls, t(18) = 2.136, p < 

0.05 (Figure 3C).

Similarly, for total distance traveled in a 20-minute period, there was a significant main 

effect for strain F(1,18) = 14.3, p < 0.01. These strain differences are likely a result of 

changes in motor activity observed between treatment conditions as reflected in a significant 

strain by treatment interaction F(1, 18) = 7.0029, p < 0.05. Post hoc analysis revealed a trend 

towards significant treatment effect in C57 mice, t(18) = −1.989, p = 0.06, with OVA-

exposed offspring moving less (7084cm ± 388) than PBS mice (7878cm ± 328) (Figure 3D). 

Importantly, when including velocity as a covariate, these differences were no longer 

present, indicating that changes in distance traveled are a result of overall difference in 

velocity.

3.5 Maternal Cytokine Analysis

Following OVA-induction, C57 and FVB/Ant dams expressed elevated levels of key TH2-

mediated cytokines, including IL-4, F(1, 34) = 53.96 p < 0.001, and IL-5, F(1, 34) = 57.78, p < 

0.001, but not IL-13, F(1, 34) = 0.17, p = 0.68. These increases in signaling factors were 

conserved between strains (Figure 4A, 4B) as indicated by a null treatment by strain 

interaction, IL-4, F(1, 34) = 1.51, p = 0.40; IL-5, F(1, 34) = 0.31, p = 0.58. Interestingly, 

FVB/Ant mice showed elevated baseline levels of IL-13 compared to C57 mice, F(1, 34) = 

12.44, p < 0.01 (Figure 4C) which was apparent regardless of treatment groups. Increased 

levels of the TH1-associated cytokine IFNγ was also observed in OVA-treated dams, F(1, 34) 

= 4.97, p < 0.05, regardless of strain, F(1, 34) = 0.92, p = 0.34 (Figure 4D). There was a 

significant strain by treatment interaction for IL-2, F(1, 34) = 8.82, p < 0.01; IL-6, F(1, 34) = 

4.74, p < 0.05; and IL-1β, F(1, 34) = 4.94, p < 0.05, along with a marginally significant strain 

by treatment interaction for TNFα, F(1, 34) = 3.92, p = 0.056. These strain by treatment 

interactions were reflected in elevated signaling in C57 dams (p = 0.06 for TNFα, p < 0.001 

for all other cytokines measured) but not FVB/Ant mice (Figure 4E–4H). Similarly, a strain 

by treatment interaction was detected for IL-17, F(1, 34) = 6.48, p < 0.05, with only OVA-

induced C57 dams producing significantly elevated IL-17 levels (p < 0.001) (Figure 4I). 

Finally, there was a significant main effect for treatment in the levels of anti-inflammatory 

IL-10, F(1, 34) = 14.47, p < 0.001, with OVA-induced dams expressing elevated responses 

compared to PBS-treated controls (p < 0.05).

4.0 DISCUSSION

Activation of the mother’s immune system during pregnancy is a well-established risk factor 

for neurodevelopmental disorders (for review see (Knuesel et al., 2014). Numerous 

epidemiological findings and animal model studies have noted that the inflammatory signals, 
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not the specific pathogen, contribute to the changes in fetal brain development (Boksa, 2010; 

Brown, 2012). Most preclinical investigations of maternal immune activation have relied 

exclusively on the use of viral and bacterial agents, most notably poly(I:C) and LPS, to 

identify behavioral consequences of systemic prenatal infection (Meyer, 2013). While these 

findings demonstrate a link between maternal immune activation and behavioral deficits, 

they are limited in identifying whether other immunogenic agents, particularly those stimuli 

that are currently on the rise such as allergy and asthma, equally impact neurodevelopmental 

and neuropsychiatric disease prevalence. Importantly, allergy/asthma responses represent a 

distinct immune response driven by TH2 immune cascades, raising the question of whether 

TH2-driven immune activation imparts similar neurodevelopmental alterations.

Using a recently developed animal model of maternal allergic asthma (Schwartzer et al., 

2015), pregnant dams of two immunologically distinct backgrounds (i.e. C57 and FVB) 

underwent repeated OVA-inductions and their sera analyzed for differences in immunogenic 

phenotype between the two strains. Mice in our MAA model show elevated IL-4, IL-5, and 

IFNγ, but no treatment effects for IL-13. Although IL-4, IL-5, and IL-13 are canonical TH2 

cytokines associated with allergy/asthma responses, and IFNγ is traditionally associated 

with TH1 responses, IFNγ signaling is important for maintaining chronic allergic 

inflammation (Ngoc et al., 2005). Clinical reports identified elevations in IL-4, IL-5, and 

IFNγ, but not IL-13, in mothers who later had a child diagnosed with ASD (Goines et al., 

2011), suggesting chronic allergic/asthma inflammation as a mediating factor in 

neurodevelopmental disorders. The increased levels if IL-4, IL-5, and IFNγ observed in 

MAA dams closely parallels the clinical findings (Goines et al., 2011) and corroborate our 

model as a valid paradigm for testing the effects of MAA during mid to late gestation. In 

fact, mouse serum was collected at 17 days gestation, following the third induction. This 

period of development is comparable to the mid- to late-second trimester in humans (Clancy 

et al., 2001), the time period identified to correlate with ASD risk (Goines et al., 2011). 

Interestingly, while TH2-associated cytokines were observed to be elevated in OVA-treated 

dams of both strains, elevations in innate and TH17-associated signals following OVA 

induction were more apparent in the C57 strain. In particular, IL-1β, TNFα, IL-6, and IL-17 

were significantly elevated in C57 OVA-dams but not in FVB/Ant OVA-dams. These 

differences in cytokine responses between FVB/Ant and C57 strains suggest that FVB/Ant 

mice may possess a more skewed TH2 phenotype in response to allergic/asthma inductions 

compared to C57 mice that show both TH1/inflammatory and TH2-driven responses. 

Importantly, increased levels of both IL-6 and IL-17 have been implicated in eliciting ASD-

like behaviors in mouse models of viral/bacterial immune activation (Choi et al., 2016; 

Smith et al., 2007) and IL-6 is an important effector signal in the development of TH17 T-

cell responses (Bettelli et al., 2006). However, both FVB/Ant and C57 offspring of MAA 

dams elicited alterations in social and repetitive behaviors, even though FVB/Ant dams did 

not express elevations in IL-6 and IL-17 following OVA treatment. These data suggest that 

other signaling factors that may mediate TH2-responses, as well as differences in signaling 

factors observed in maternal innate immune activation models, can contribute to changes in 

offspring behavior through hitherto unexplored pathways. Moreover, differences in immune 

system responses between strains underscores the importance of considering strain selection 
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when utilizing the OVA-induction model to measure the impact of TH2 over-activation in 

offspring development.

Behavioral measures from MAA offspring corroborate previous mouse model findings 

linking maternal allergic asthma to altered patterns of restructured/repetitive behaviors 

(Schwartzer et al., 2015) and extend this model by identifying altered patterns of social 

interaction present at a juvenile age. Animal models of autism and other neurodevelopmental 

disorders, including models of maternal immune activation, have relied on the social 

approach tasks to identify changes in social behavior deficits (Crawley, 2007; Meyer, 2013). 

Although this assay has the benefit of high-throughput and unbiased computer tracking, it is 

limited in identifying specific changes in the quality of social interaction as conspecifics are 

restricted by a tether or cage that may interfere with the naturalistic dynamic of social 

interactions (Nadler et al., 2004). The reciprocal social interaction task promotes more 

complex and intricate social behaviors, providing new insights into underlying features of 

social interaction. Offspring of maternal allergic/asthma dams exhibited altered reciprocal 

social interaction at the juvenile age. At this prepubertal period, social interactions are not 

directly driven by reproductive, territorial, or parenting processes and rough-and-tumble play 

is uncommon (Pellis and Pasztor, 1999; Wolff, 1981). Therefore, studying social interactions 

at this young age affords the benefit of identifying disturbances in basic social processes that 

are not directly related to resource acquisition.

Maternal allergic asthma offspring of both FVB/Ant and C57 strains showed alterations in 

juvenile social interactions, but these differences occurred in opposing directions. 

Specifically, C57 MAA offspring engaged in reduced social interaction with a conspecific, 

suggesting the presence of social behavior deficits at an early age. Conversely, FVB/Ant 

offspring of MAA dams engaged in significantly more social interactions compared to strain 

matched control mice. These strain-dependent differences in social interaction may reflect 

differences in stress responding following weaning. While the two background strains were 

selected given their previously reported similarities in sociability and anxiety-like behaviors 

(Moy et al., 2007), the specific genetic lines used to generate the FVB/Ant mice included 

outcrossing with a 129-background (Errijgers et al., 2007), a strain previously reported to 

show differences in stress responses (Moloney et al., 2015). Therefore, it remains unknown 

whether strain-specific differences in social behavior observed in our MAA model may be 

dependent on differences in responses to stress following the weaning process.

The increased social engagement observed in FVB/Ant offspring of OVA-treated dams may 

reflect deficits in processing social cues from stimulus mice. That is, increases in social 

interaction time in FVB/Ant mice of MAA dams may be a result of persistent/excessive 

social engagement when other mice may retreat in response to dominance or hierarchical 

social cues from a conspecific. Importantly excessive sociability is observed in some 

neurodevelopmental disorders, such as William's syndrome (Gosch and Pankau, 1994), and 

increased sociability has been reported in mouse models of neurodevelopmental disorders 

(Sakurai et al., 2011; Young et al., 2008) highlighting both excessive and reduced social 

interactions as atypical social behavior profiles (Barak and Feng, 2016). While it is tempting 

to conclude that the social behavior deficits in MAA offspring are strain-specific, the use of 

C57 mice as stimulus partners for all social dyads limits this notion.. Bolivar et al (Bolivar et 
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al., 2007) demonstrated that social interaction time is dependent on the strain of the partner. 

That is, the time a mouse spends engaged in social sniffing is dependent on whether the 

stimulus mouse is a highly social or low social strain. In our MAA paradigm, mice from all 

groups were paired with an untreated C57 stimulus mouse. This experimental approach has 

the benefit of controlling for variability in social stimuli by providing all mice with a similar 

conspecific. As a result, differences in social behavior between treatment conditions are 

unlikely a result of differences in the sociability of the stimulus mouse. However, the high 

sociability of C57 stimulus mice may have masked some of the treatment and strain effects 

that would have been more easily detected if mice were paired with a novel stimulus of the 

same treatment and strain. Follow-up studies should consider pairing offspring of MAA 

exposed dams to other novel strain-matched MAA offspring from a different dam to further 

elucidate differences in social engagement.

Aside from changes in social behavior, analysis of restricted/repetitive behaviors revealed 

consistent treatment effects across both strains, with offspring of OVA-treated dams burying 

significantly more marbles compared to PBS controls. Conversely, both FVB/Ant and C57 

offspring of OVA-dams engaged in significantly less stereotypical grooming behavior 

compared to control mice of the same strain. These findings are consistent with previous 

work characterizing the behavioral effects of maternal allergic asthma (Schwartzer et al., 

2015). The discrepancies in these repetitive grooming and marble burying tasks have been 

previously observed (Muehlmann et al., 2012; Sungur et al., 2014) and underscore the 

differences in neuronal mechanisms that drive these behaviors. For example, changes in 

serotonin signaling are associated with altered repetitive marble burying behavior (Ichimaru 

et al., 1995), and increases in marble burying, but not grooming, have been correlated with 

elevated level of the serotonin transporter protein in the brains of mice born to maternal 

allergic asthma primed dams (Schwartzer et al., 2015). Importantly, these behavioral 

changes were observed in the absence of changes in anxiety-like measures, indicating that 

social and repetitive behavioral changes are unlikely confounded by increased arousal. 

Overall, the similar patterns of repetitive behavior changes across both FVB/Ant and C57 

strains suggest that the mechanisms at play contributing to these behavioral changes are 

independent of genetics or that the genetic factors contributing to MAA-induced alterations 

in grooming and marble burying are conserved across these two strains.

Taking together the differences in offspring behavioral profiles along with cytokine 

responses to MAA induction between strains, our data suggest the presence of gene by 

environment interactions that influence the effects of maternal immune activation on 

offspring behavioral development. In particular, we highlight altered social phenotypes, 

beginning at the juvenile period, between C57 and FVB/Ant offspring of OVA-treated dams. 

These synergistic effects did not exacerbate restricted repetitive behaviors, raising the 

question of whether different cytokine signals in the mother are responsible for distinct 

ASD-like behaviors in offspring. Importantly, experimental procedures were conducted in 

parallel across two institutions, with all four experimental groups evenly distributed across 

both institutions. Differences in behavioral outcomes in mouse studies have been well noted 

to occur between institutions, even when procedures and environmental conditions are well 

controlled (Crabbe et al., 1999). Our data overcome this potential confound by 

demonstrating significant behavioral alterations in MAA-exposed offspring after controlling 

Schwartzer et al. Page 11

Brain Behav Immun. Author manuscript; available in PMC 2018 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



for random differences between institutions statistically. In fact, Wahlsten et al. (2003)) note 

the robust nature of strain-differences in behavioral outcomes across laboratories. These 

limitations notwithstanding, our data underscore the importance of strain selection in the 

development of a mouse model of MAA and support the ongoing hypothesis linking ASD to 

a combination of genetic predispositions and environmental insults.
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Highlights

• Compared to C57 dams, FVB/Ant mice exhibit a TH2 response to allergic 

asthma induction

• Altered social interactions are strain dependent in maternal allergic asthma 

offspring

• Maternal OVA-induction decreases grooming and increases marble burying 

behavior in offspring
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Figure 1. 
Strain-specific changes in juvenile social interactions in MAA offspring. (A) C57 offspring 

of OVA-treated dams displayed significant reductions in the total time engaged with a novel 

stimulus mouse compared to offspring of PBS-treated dams. (B) Conversely, FVB/Ant 

offspring born to MAA dams engaged in significantly more social interactions with a novel 

C57 juvenile compared to strain-matched offspring of control dams. MAA exposure resulted 

in (C) reduced sniffing in C57 offspring and (D) increased body sniffing in FVB/Ant 

offspring during the juvenile reciprocal social interaction task. No difference in following 
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behavior was observed between treatment conditions in either (E) C57 or (F) FVB/Ant 

strains. * p < 0.05

Schwartzer et al. Page 17

Brain Behav Immun. Author manuscript; available in PMC 2018 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Changes in restricted/repetitive behaviors in offspring of OVA-treated dams. (A) MAA 

exposure significantly reduced the total time mice spent grooming during a 10-minute period 

regardless of strain. (B) There was a significant increase in the percentage of marbles buried 

for both C57 and FVB/Ant offspring of OVA-treated dams compared to PBS-treated 

controls. * p < 0.05
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Figure 3. 
Assessment of anxiety and locomotor behaviors. (A) No differences were observed across 

strains or treatment conditions in the percent of time spent in the open arms of the elevated 

plus-maze. (B) FVB/Ant mice spent significantly more time in the center of the open field 

arena compared to C57 mice, suggesting that FVB/Ant mice may have reduced baseline 

anxiety levels. (C) There was a significant increase in velocity for MAA FVB/Ant offspring 

and (D) a trend towards significant reduction in total distance traveled among C57 offspring 

of MAA dams. * p < 0.05, § p < 0.06.
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Figure 4. 
Cytokine signaling in serum of dams following OVA or PBS induction on gestational day 

17. Maternal serum of OVA-treated dams in both C57 and FVB/Ant strains contained 

elevated levels of (A) IL-4, and (B) IL-5 compared to strain-matched PBS controls. (C) 
FVB/Ant mice had higher levels of circulating IL-13 compared to C57 mice and these 

differences were independent of treatment condition. (D) Both C57 and FVB/Ant mice 

exposed to aerosolized-OVA expressed higher levels of IFNγ compared to PBS-treated 

control dams. C57 dams treated with OVA, but not FVB/Ant dams, showed increased levels 

of (E) IL-2, (F) IL-6, (G) IL-1β, (H) TNFα and (I) IL-17 compared to PBS-treated dams. * 

p < 0.05, § p = 0.06
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