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Abstract

Maternal systemic inflammation increases risk for neurodevelopmental disorders like autism, 

ADHD, and schizophrenia in offspring. Notably, these disorders are male-biased. Studies have 

implicated immune system dysfunction in the etiology of these disorders, and rodent models of 

maternal immune activation provide useful tools to examine mechanisms of sex-dependent effects 

on brain development, immunity, and behavior. Here, we employed an allergen-induced model of 

maternal inflammation in rats to characterize levels of mast cells and microglia in the perinatal 

period in male and female offspring, as well as social, emotional, and cognitive behaviors 

throughout the lifespan. Adult female rats were sensitized to ovalbumin (OVA), bred, and 

challenged intranasally on gestational day 15 of pregnancy with OVA or saline. Allergic 

inflammation upregulated microglia in the fetal brain, increased mast cell number in the 

hippocampus on the day of birth, and conferred region-, time- and sex- specific changes in 

microglia measures. Additionally, offspring of OVA-exposed mothers subsequently exhibited 

abnormal social behavior, hyperlocomotion, and reduced cognitive flexibility. These data 

demonstrate the long-term effects of maternal allergic challenge on offspring development and 

provide a basis for understanding neurodevelopmental disorders linked to maternal systemic 

inflammation in humans.
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1. INTRODUCTION

Maternal systemic inflammation increases offspring risk for neurodevelopmental and 

psychiatric disorders like autism spectrum disorder (ASD), schizophrenia, attention-deficit 

hyperactivity disorder (ADHD), and bipolar disorder (A. S. Brown, 2012; Kloiber et al., 

2020; Meyer et al., 2011; Patterson, 2009, 2011). Human tissue from autistic and 

schizophrenic individuals as well as animal models of neurodevelopmental disorders show 

increased innate immune cell number, activation and downstream inflammatory signaling in 

the brain (Borrell et al., 2002; Giovanoli et al., 2013; Graciarena et al., 2010; Juckel et al., 

2011; Monji et al., 2013; Radewicz et al., 2000; Ratnayake et al., 2013; Suzuki et al., 2013; 

Vargas et al., 2005; Werling et al., 2016). Maternal allergy, atopic disease and autoimmune 

conditions are also associated with neurodevelopmental disorders in offspring (Chen et al., 

2016; Croen et al., 2005; Instanes et al., 2017; Lyall et al., 2014), and increased levels of 

maternal C-reactive protein are associated with psychosis in offspring (Canetta et al., 2014). 

Additionally, children with ASD have dysregulated levels of circulating cytokines (Ashwood 

et al., 2011), providing further evidence that immune function is implicated in 

neurodevelopmental disorders.

Many studies have implicated microglia, brain-resident macrophages, as critical players in 

the regulation of normal neurodevelopment (Frost & Schafer, 2016; Schwarz & Bilbo, 

2012). Microglia migrate from the yolk sack and colonize the fetal brain on about E9.5, and 

they exhibit a more inflammatory phenotype and produce elevated levels of immune 

molecules during early development (Nelson et al., 2019; Schwarz et al., 2012). Microglia 

are involved in regulation of cell death and survival, cell proliferation, and synaptic 

patterning, and they conduct these activities in the developing brain (Deverman & Patterson, 

2009; Frost & Schafer, 2016; Nelson et al., 2019; Schwarz et al., 2012). Previous work from 

our lab and others has shown that microglial depletion in the neonatal period confers 

persistent behavioral changes throughout life, indicating microglia program behavioral 

development (Nelson & Lenz, 2017; VanRyzin et al., 2016; Zhan et al., 2014). Thus, early 

life perturbations to microglial activity have long term consequences for development. Many 

models of maternal immune activation (MIA) have been used to investigate the effects on 

microglia or neuroimmune signaling on programming neurobehavioral outcomes in juvenile 

(Bilbo et al., 2018, 2018; Garay et al., 2013; Juckel et al., 2011; Manitz et al., 2013) and 

adult offspring (Bolton et al., 2012, 2014; Garay et al., 2013; Makinson et al., 2017; Manitz 

et al., 2013; Missault et al., 2014; Van den Eynde et al., 2014). Across MIA studies, findings 

are inconsistent with regard to whether microglia are affected by the inflammatory event, 

and results of MIA experiments on offspring microglia vary across rodent species, 

paradigms, and brain regions examined (Smolders et al., 2018).This may be because 

maternal immune activation shifts the microglial phenotype earlier in development. A recent 

study found that microglia proceed through three developmental stages, and that prenatal 

poly(I:C) shifts the transcriptional profile of offspring pre-microglia but not adult microglia 
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(Matcovitch-Natan et al., 2016). All in all, few other studies have actually characterized how 

MIA affects microglia in the perinatal period, a time during which altered microglial 

function could have long-term consequences on the neuroimmune milieu.

The MIA field has largely neglected to study another innate immune cell present in the 

developing brain, the mast cell. Mast cells are hematopoietic immune cells that regulate 

blood brain barrier permeability, peripheral allergy, anaphylaxis, and atopy (Dong et al., 

2014; Silver & Curley, 2013; Wernersson & Pejler, 2014). Mast cells rapidly respond to 

inflammatory stimuli and communicate with nearby cells via a process called degranulation, 

whereby they release histamine, serotonin, cytokines, proteases, and growth factors into the 

extracellular space. Following degranulation, mast cells can also undergo de novo synthesis 

of inflammatory mediators (Silver & Curley, 2013; Wernersson & Pejler, 2014). In the brain, 

mast cells and microglia reciprocally regulate each other’s activity (Dong et al., 2014; Zhang 

et al., 2016). We have previously shown that microglia and mast cells work together to 

facilitate sex-specific patterning of the preoptic area (Lenz et al., 2018), a brain region 

necessary for the display of male-typical sex behavior. Importantly, central mast cell activity 

has been shown to regulate anxiety and depressive-like behaviors in rodents (Nautiyal et al., 

2008) as well as courting and reproductive behaviors in birds (Zhuang et al., 1993). Mast 

cell numbers peak in the diencephalon and surrounding pia within the first two weeks of life 

(Khalil et al., 2007; Lambracht-Hall et al., 1990; Lenz et al., 2018), and the neonatal 

hippocampal area hosts a large population of mast cells (Joshi et al., 2019). Thus, mast cell 

perturbations in the perinatal period may be particularly relevant for programming behavior 

and neurodevelopmental disorders. However, despite these data and the many signs that 

suggest mast cells are involved in human autism spectrum disorders (Theoharides et al., 

2016), the mast cell has not been well-studied in the context of neurodevelopment and 

animal models of MIA.

Many neurodevelopmental disorders associated with neuroimmune dysregulation and 

maternal immune activation also exhibit sex differences (Estes & McAllister, 2015; 

Hanamsagar & Bilbo, 2016; McCarthy et al., 2017). For example, males are more likely to 

be diagnosed with ASD and ADHD (Baio et al., 2018; Catalá-López et al., 2012; Kim et al., 

2011; Willcutt, 2012), and they are more likely to have persistent and severe negative 

symptoms of schizophrenia (Novick et al., 2012; Thorup et al., 2007, 2014). Notably, both 

microglia and mast cells are sensitive to sex steroid hormones (Lenz et al., 2013, 2018; 

Sierra et al., 2008), and there are sex differences in microglial colonization and brain mast 

cell numbers during early life (Joshi et al., 2019; Lenz et al., 2018; Schwarz et al., 2012). 

This suggests that investigating neuroimmune sex differences in the context of maternal 

inflammation may be critical for a better understanding of neurodevelopmental disorders.

Animal models of MIA enable us to study mechanisms underlying the increased risk for 

neurodevelopmental disorders in offspring. Many studies have focused on viral or bacterial-

like models of maternal infection (Meyer, 2014; Meyer et al., 2009), and some work has 

been done on pollution-induced inflammation (Bilbo et al., 2018; Bolton et al., 2012, 2014). 

Here, we focused on a model of allergic reaction-induced inflammation, as epidemiological 

studies have shown correlations between risk for ASD and maternal atopic or autoimmune 

disease (Chen et al., 2016; Theoharides et al., 2016). Models of chronic allergic asthma have 
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reported alterations to social, repetitive, and anxiety-like behaviors (Schwartzer et al., 2015, 

2017), as well as alterations in microglial gene expression in females, particularly in gene 

sets associated with autism (males not examined, Vogel Ciernia et al., 2018). We have 

previously shown that a single-hit maternal allergic event upregulates neonatal mast cells 

and microglia, alters sexual differentiation of dendritic spine patterning in the neonatal 

preoptic area (POA), and changes adult sexual behavior (Lenz et al., 2019). Here, we expand 

upon our previous work and show that prenatal exposure to allergic inflammation alters the 

numbers of mast cells and microglia in multiple brain regions during development and 

produces long-term disruptions in offspring behavior, including social behavior impairments, 

hyperactivity, and cognitive inflexibility. These data demonstrate the long-term effects of 

maternal allergic challenge on offspring development and provide a basis for understanding 

neurodevelopmental disorders linked to maternal allergic reaction in humans.

2. METHODS

2.1 Animals:

All experimental procedures were approved by the Institutional Animal Care and Use 

Committee at The Ohio State University. Experiments were conducted with Sprague Dawley 

rats purchased from Harlan/Envigo Laboratories or bred in-house from Harlan/Envigo 

animals. Prior to breeding, animals were housed on a reverse 12 h light/dark cycle in 

standard group cages with food and water ad libitum. For breeding, adult females were 

paired with males and separated when vaginal lavage was sperm-positive, which was 

designated gestational day (GD) 0. Once sperm-positive, females were housed in groups of 

two until GD15. After the allergic challenge on GD15 females were housed individually and 

left undisturbed, with the exception of appropriate cage-maintenance practices. As GD22 

approached, cages were checked daily to determine the day of birth (designated PN0). To 

control for litter effects and maternal care differences no more than two animals/sex/litter 

were assigned to each experimental endpoint.

2.2 Gestational allergic challenge and experimental timeline:

Prior to pregnancy, adult virgin females assigned to the allergic challenge group were 

sensitized with a subcutaneous injection of ovalbumin-Alum adjuvant, composed of 1 mg 

ovalbumin (OVA grade V, Sigma) prepared at 4mg/ml in pyrogen-free 0.9% saline and 

precipitated at a 1:1 ratio with Al(OH)3 (Thermo Scientific) according to manufacturer’s 

instructions (see Fig. 1 for experimental timeline). After two weeks, a second injection of 

ovalbumin-Alum adjuvant was given. Control females were injected with saline at the same 

two timepoints to control for experimental handling and stress effects. One week after the 

second injection, females were bred as described in section 2.1. On GD15, pregnant rats 

were challenged intranasally with 1% ovalbumin in saline or saline vehicle (50μl per nare), 

which was placed on each nare under light restraint and inhaled. We have previously shown 

that this procedure induces a significant increase in immunoglobulin E (IgE) levels in 

maternal serum 30 min following challenge (Lenz et al., 2019).

Two hours following the allergic challenge, dams were sacrificed via perfusion and fetal 

brains were harvested for mast cell and microglia analyses. The remaining dams were left 
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undisturbed for the remainder of pregnancy and allowed to deliver naturally. On the day of 

birth (PN0), some offspring were sacrificed and processed for mast cell and microglia 

analyses. On PN4, some offspring were sacrificed and processed for microglia analyses. The 

remaining offspring were weaned at PN22 into same sex groups of three containing both 

OVA and vehicle offspring to avoid treatment and litter effects on social learning during 

development. These offspring were used for behavioral testing. All N’s are indicated by 

individual datapoints on graphs as well as in figure captions. No more than two animals/sex/

litter were assigned to each experimental endpoint to control for litter effects and maternal 

care differences.

2.3 Tissue processing, histology, and cell counting:

2.3.1 General methods.—For all histology experiments, animals were overdosed with 

FatalPlus (Vortech Pharma) and transcardially perfused with saline followed by 4% 

paraformaldehyde. Brains were removed and postfixed for at least 12 hours. Subsequently, 

brains were sectioned coronally into three series at 45 μm thickness on a cryostat (Leica) and 

mounted onto SuperFrost charged slides (Fisherbrand) for staining procedures. Various 

regions implicated in cognition and social behavior were examined with experimenter blind 

to condition. For a summary of analyses performed and regions investigated at each 

experimental timepoint, refer to Figure 1.

2.3.2 Mast Cell Histology and Stereology.—Mast cells were visualized via acidic 

Toluidine Blue staining (Fig. 2A). Tissue was stained with 0.5% Toludine Blue O (Sigma) in 

60% ethanol (pH=2.0) for 10 minutes, followed by sequential washes in ascending alcohols, 

defatting with xylenes (2 × 5 min) and coverslipping with Permount mounting medium. Our 

lab has previously employed this procedure in the developing rat brain with success (Lenz et 

al., 2018, 2019).

In the fetal brain, mast cells were visualized using an Olympus CX41 bright-field 

microscope. All mast cells were quantified and the average number of mast cells per section 

was calculated manually. During the neonatal period, a large number of mast cells reside in 

the perivascular area bordering the hippocampus, thalamus, and amygdala (Joshi et al., 

2019). Thus, our analyses at PN0 focused primarily on the space bordering the hippocampal 

area. Moreover, for hippocampal-related analyses at PN0, mast cells were counted using a 

computer-based stereology system (Stereoinvestigator, MBF Biosciences) coupled to a Zeiss 

Axioimager M2 microscope and a CX9000 Digital Camera. To obtain unbiased estimates of 

total mast cells, the optical fractionator workflow was employed. Cells were counted at 40x 

magnification with a 100 × 100 μm counting frame. All counted cells were classified as 

either granulated or degranulated, according to previously published criteria (Joshi et al., 

2019). A mast cell was classified as granulated if it had a darkly stained cell body with an 

intact membrane border. A mast cell was considered degranulated if it had a lighter 

appearance, granules present, and/or a non-spherical membrane border. The total number of 

mast cells in four other regions was also quantified (Septum, mPFC, AMY, BNST) due to 

their involvement in social behavior. However, as the population of mast cells outside of the 

hippocampal area was fairly small, mast cell counts in these regions were conducted 

manually using the same microscope employed for GD15 mast cell analysis.
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2.3.3 Microglia immunohistochemistry and analyses.—For 

immunohistochemistry staining, brain sections were rinsed with PBS, incubated in 0.3% 

H202 in 50% methanol to block endogenous peroxidases, permeabilized and blocked with 

5% bovine serum albumin in PBS + 0.4% Triton X (PBS-T), and incubated with primary 

antiserum against the calcium adapter protein, Iba1 (Wako; rabbit pc 1:1000) in 2.5% BSA + 

0.4% PBS-T for 24 hours at 4°C. Sections were extensively washed, and processed with 

biotinylated anti-rabbit secondary antibody (Vector 1:200), avidin-biotin complex (Vector 

1:500), and reacted with diaminobenzidine with Nickel (Ni-DAB; Sigma) in 0.125M sodium 

acetate to visualize chromogen for IHC. Stained sections were cleared with ascending 

alcohols, defatted with xylenes, and coverslipped with Permount mounting medium (Fig. 

2B).

The same microscope used for PN0 mast cell stereology was used to acquire images of 

microglia in various brain regions at a magnification of 4–20x. Microglia were counted and 

classified based on morphology in approximately four to six sections per region using one of 

three series. For GD15 tissue, total, number of ameboid, and percent ameboid microglia 

counts were obtained and means were calculated in the basal ganglia, hypothalamus, and 

hippocampus. We chose to examine ameboid microglia as we had previously found allergic-

inflammation induced alterations to ameboid microglia in the preoptic area (Lenz et al., 

2019). Microglia were classified as ameboid if they displayed an enlarged cell body with 

few to no processes. For PN0 tissue, mean total microglia per ROI, mean phagocytic 

microglia per ROI, and mean percent phagocytic microglia means were calculated in the 

mPFC, basal ganglia, septum, hippocampus, and amygdala. Microglia were classified as 

phagocytic if a phagocytic cup was visible. For PN4 tissue, average total microglia per ROI 

was obtained in the mPFC, basal ganglia, hippocampus, and amygdala. Densitometry 

measures were also taken in these regions at PN4, as described below.

To assess microglial staining density, each image used for PN4 morphology analysis was 

converted to grayscale and thresholded against a cell-deficient region of background 

staining. Following thresholding, the percentage of total black pixels per region of interest 

(ROI) was computed for each image and averaged across four to six sections per brain 

region to obtain a mean density of staining for each animal in each brain region analyzed.

2.4 Behavioral testing:

2.4.1 General methods.—For all behavioral tests, the order in which animals were run 

was equally balanced across treatment group. If multiple days of testing were required, the 

order in which animals were run was also randomized each day. For all behavioral tests 

performed, animals were videotaped during testing and videos coded by an experimenter 

who was blind to condition.

2.4.2 Juvenile Social Play.—Juvenile social play was tested in a group setting to assess 

for rough and tumble play behavior that is characteristic of juvenile rodents under natural 

circumstances (Auger & Olesen, 2009). Testing occurred daily for five days beginning at 

around 1000–1300 hours during the dark phase between PN28–38. Offspring were 

organized into mixed sex and treatment groups of six to seven animals, containing at least 
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three males. To differentiate between animals, each subject was given a unique symbol on 

their dorsal side with a Sharpie marker at least 40 minutes prior to testing. For testing, the 

entire group was placed in a bedded 48 × 38 × 30 cm (l × w × h) Plexiglas arena under red 

light. Rats were left undisturbed in the arena for 13 minutes to allow three minutes for 

habituation and ten minutes for behavioral scoring. After testing, rats were returned to their 

sex-specific home cages. Frequencies of five play behaviors (pouncing, chasing, wrestling, 

boxing, and pinning) were quantified for each animal.

2.4.3 Open field test.—On PN50, animals were tested for 30 min in a novel 48 × 38 × 

30 cm (l × w × h) Plexiglas box to test exploratory and anxiety-like behavior, as well as 

repetitive behavior and overall locomotion. Behaviors quantified include the time spent in 

the center of the arena as well as the total number of grids crossed.

2.4.4 Elevated plus maze test.—One week following the open field (around PN58), 

animals were placed in an elevated plus maze with four arms (width: 10cm, length: 50cm), 

two of which were enclosed by walls (height: 50cm), for 10 minutes to assess exploratory 

and anxiety-like behavior. Behaviors quantified include the amount of time spent in the open 

arms and the number of entries into the open arms.

2.4.5 Social interaction test.—We conducted a reciprocal social interaction test to 

measure social exploration behaviors. Around PN70, experimental animals were paired with 

an unfamiliar, treatment-naïve conspecific in a 48 × 38 × 30 cm (l × w × h) Plexiglas box 

under red light during the dark phase between 0900 and 1500 hr. Rats were left undisturbed 

for a single 10-minute session. The following behaviors were scored: number of avoidance 

behaviors (when the test animal was approached by the stimulus animal and the test animal 

moved away), number of investigative behaviors (when test animal sniffed, initiated contact, 

or actively investigated the stimulus animal), amount of time investigating stimulus animal, 

and amount of time passively interacting with the stimulus animal (test animal was in direct 

physical contact the stimulus animal but was directing no active investigation towards the 

stimulus animal).

2.4.6 Attentional set shifting.—The attentional set-shifting task (AST) is a rodent 

analog of the Wisconsin Card Sorting task for attention, cognitive flexibility and working 

memory (Birrell & Brown, 2000; V. J. Brown & Tait, 2016). The AST was performed and 

data analyzed as previously described (Leuner et al., 2014; Liston et al., 2006). The task 

requires training animals to dig in small 10 × 10 cm terracotta pots (depth × diameter) for a 

food reward. The pots could vary along two stimulus dimensions (texture of the pot and 

digging media), and the rat must learn to dig in the correct pot to earn the food reward (half 

of a cheerio). The testing apparatus consisted of a three chamber Plexiglass box, with an 

initial holding area (16 × 40 × 30 cm) separated from a two-chambered testing area (34 × 20 

× 30 cm each) by a removable opaque divider. Each testing chamber contained a terracotta 

digging pot.

2.4.6.1 Habituation:  Beginning on PN80–90, rats were food restricted for a week to 85% 

of their free-feeding weight beginning on PN80–90 and maintained at 85% for at least one 

week prior to the beginning of training. During this week, rats were habituated to the testing 
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arena for 30 minutes/day. On the final day of acclimation, testing pots were filled with 

regular bedding and a food reward (cheerio) was placed on the top of the bedding for 

animals to discover and consume.

2.4.6.2 Training phase 1:  On the first training day, each animal was given 4 initial 

exploration trials (120 s each) to explore and dig in the pots. Following the exploration trials 

animals underwent a four-stage training protocol, with rewards placed consecutively deeper 

in the bedding as follows: a) reward on top of bedding; b) buried under <1 cm bedding; c) 

buried under 2 cm bedding and d) buried under 4cm bedding. At each stage, animals were 

given 120 s to retrieve the reward successfully and had to perform six consecutive successful 

trials before proceeding to the next training stage. If animals could not progress through all 

the training phases on day one, training was repeated on the following day. If they still could 

not progress through training on day two, they were excluded from the experiment.

2.4.6.3 Training phase 2:  On the second training day only one of two pots was baited, 

but the un-baited pot contained crushed cheerio powder so animals could not use olfactory 

cues for discrimination. Rats were trained to discriminate between two perceptual 

dimensions: the texture on the outside of the pot (e.g., duct tape and sandpaper), or the type 

of media filling the pot (e.g., shredded paper and shredded nitrile gloves). Animals were 

given four exploratory trials before the testing trials. The location of the correct pot was 

counterbalanced across testing trials. If animals chose to dig in the incorrect pot, the divider 

between pot chambers was inserted so animals could not proceed to the correct pot. If 

animals did not dig, they were directed back to the holding chamber. Each of these behaviors 

was counted as an error. Animals were required to perform six consecutive trials in a row to 

reach training criterion for each of two discriminations. If animals failed to proceed through 

day two of training, they were re-run the following day. If they failed to reach criterion on 

this additional day of training, they were removed from the experiment.

2.4.6.4 Testing:  On testing day, animals were tested on a series of five discriminations of 

increasing difficulty. For the simple discrimination (SD), the rat needed to distinguish 

between two digging media in un-textured containers, with one medium predicting reward. 

For the compound discrimination (CD), a new stimulus dimension (pot texture) was 

introduced, but the reward-predicting medium presented in SD remained the correct 

stimulus. For the intradimensional shift (IDS), the exemplars of digging medium and pot 

texture were changed, but the digging medium remained the relevant dimensional feature. 

For the reversal (REV), the digging medium remained the relevant dimensional feature but 

the formerly incorrect digging medium from the IDS became the reward-predicting medium. 

For the extradimensional shift (EDS), new exemplars of pot texture and digging media were 

presented, and the pot texture became the relevant dimension that predicted reward. Prior to 

each discrimination test, animals were given four 120s exploration trials to learn the correct 

pot. During testing trials, animals were given 120s to dig; if they dug in the correct pot, it 

was counted as a correct trial, and if they dug in the incorrect pot or did not dig, it was 

counted as an incorrect trial and animals were removed to the holding chamber while pots 

were rebaited. After six consecutive correct trials, testing proceeded to the next 

discrimination phase. After five consecutive no-dig trials, testing was halted and resumed the 
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following day. In accordance with previous literature (Birrell & Brown, 2000; Leuner et al., 

2014; Liston et al., 2006), data are presented as the number of trials to criterion, with six 

being perfect performance.

2.5 Statistical analyses:

All analyses were conducted using two-way ANOVAs (sex and maternal treatment as main 

factors), followed by Tukey’s post-hoc tests where appropriate. GraphPad Prism software 

was used for data analyses. All graphs were generated in Prism and aesthetically modified in 

Adobe Illustrator. Data are presented as mean ± SEM with individual data points depicted 

over histograms. Statistical significance was set at α = 0.05 and corrected for multiple 

comparisons in post-hoc tests.

2. RESULTS

3.1 Mast Cell Measures

3.1.1 GD15.—Gestational allergic inflammation did not affect the number of mast cells 

in the fetal brain two hours post immune challenge (Fig. 3A; F(1, 26) = 0.47, n.s).

3.1.2 PN0.—In the septum, mPFC, amygdala, and BNST males and females had similar 

numbers of mast cells (Fig. S1; sex: F’s ≤ 0.13, all n.s.), and allergic inflammation did not 

affect the number of mast cells present (treatment: F’s ≤ 0.81, all n.s.). There were also no 

interactions (interaction: F’s ≤ 2.2, all n.s.).

Consistent with previous findings (Joshi et al., 2019), males had significantly more total 

(sex: F(1, 8) = 29.32, p = 0.0006, η2 = 0.53), granulated (sex: F(1, 8) = 28.41, p = 0.0007, η2 

= 0.50) and degranulated (sex: F(1, 8) = 5.71, p = 0.04, η2 = 0.41) mast cells in the area 

surrounding the hippocampus compared to females (Fig. 3B–D). Gestational allergic 

inflammation increased estimates of total hippocampal mast cells (treatment: F(1, 8) = 

18.05, p = 0.003, η2 = 0.32), and this was likely driven by an increase in granulated mast 

cells (treatment: F (1, 8) = 19.68, p = 0.002, η2 = 0.35), as there were no main effects of 

treatment on degranulated mast cells (F (1, 8) = 0.10, n.s.). The effect of allergic 

inflammation did not vary according to sex for any of these measures (interactions: Fs ≤ 

0.47, n.s.).

3.2 Microglia Measures

3.2.1 GD15.—Males had more total (sex: F(1, 28) = 4.29, p = 0.05, η2 = 0.12) and 

ameboid (sex: F(1, 28) = 4.90, p = 0.04, η2 = 0.13) microglia in the basal ganglia. However, 

there were no effects of sex on total (sex: F’s ≤ 2.71, all n.s.) or ameboid microglia (sex: F’s 

≤ 1.39, all n.s.) in the hypothalamus or hippocampus. There were also no effects of sex on 

ameboid tone in any region at GD15 (sex: F’s ≤ 2.44, all n.s.).

Maternal allergic inflammation did not affect total microglia number in the basal ganglia 

(treatment: F(1, 28) = 1.17, n.s.) or hippocampus (treatment: F(1, 26) = 2.19, n.s.), but it 

increased microglia number in the hypothalamus (treatment: F(1, 28) = 14.80, p = 0.0006, 

η2 = 0.32). No interactions were found for total number of microglia in any region 
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(interactions: F’s ≤ 1.44, all n.s.). Allergic inflammation tended to increase the number of 

ameboid microglia in the basal ganglia (treatment: F(1, 28) = 3.76, p = 0.06, η2 = 0.10) but 

not the hypothalamus (treatment: F(1, 28) = 2.46, n.s.) or hippocampus (treatment: F(1, 26) 

= 1.69, n.s.). Interestingly, while there were no interactions regarding ameboid number in the 

basal ganglia or hypothalamus (interactions: F’s ≤ 1.92, all n.s.), there was an interaction in 

the hippocampus (interaction: F(1, 26) = 10.03, p = 0.004, η2 = 0.26), whereby allergic 

inflammation increased the number of ameboid microglia in OVA males (p = 0.01) but not 

OVA females. Maternal allergic inflammation did not alter the percent of ameboid microglia 

in any of the three regions (treatment: F’s ≤ 2.76, all n.s.), though a significant interaction in 

the hippocampus (interaction: F(1, 26) = 12.37, p = 0.002, η2 = 0.31) revealed that allergic 

inflammation decreased the percent of ameboid microglia in OVA females (p = 0.01) but not 

males.

3.2.2 PN0.—Males and females had similar numbers of microglia in all regions examined 

at PN0 (sex: F’s ≤ 2.07, all n.s.). There was a trend for decreased phagocytic microglia in 

males relative to females in the hippocampus (sex: F(1, 40) = 3.30, p = 0.08, η2 = 0.06), 

though no other regions displayed trends for sex differences in phagocytic microglia (sex: 

F’s ≤ 1.75, all n.s.) or percent phagocytic microglia (sex: F’s ≤ 0.72, all n.s.).

Maternal allergic inflammation decreased microglia colonization in the mPFC (treatment: 

F(1, 34) = 8.73, p = 0.006, η2 = 0.20), septum (treatment: F(1, 34) = 5.68, p = 0.02, η2 = 

0.14), amygdala (treatment: F(1, 51) = 31.17, p< 0.00001, η2 = 0.37), and hippocampus 

(treatment: F(1, 40) = 7.85, p = 0.008, η2 = 0.15), though the number of microglia in the 

basal ganglia was not affected (treatment: F(1, 35) = 0.004, n.s.). No interactions for total 

microglia were found in any region (interactions: F’s ≤ 2.05, all n.s.)

Allergic inflammation also decreased the number of phagocytic microglia in the mPFC 

(treatment: F(1, 34) = 9.05, p = 0.005, η2 = 0.21), septum (treatment: F(1, 34) = 9.59, p = 

0.004, η2 = 0.22), amygdala (treatment: F(1, 51) = 18.22, p < 0.0001, η2 = 0.25), and 

hippocampus (treatment: F(1, 40) = 8.32, p = 0.006, η2 = 0.16). Conversely, allergic 

inflammation increased the number of phagocytic microglia in the basal ganglia (treatment: 

F(1, 35) = 5.84, p = 0.02, η2 = 0.13). No interactions were found in any region for 

phagocytic microglia (interactions: F’s ≤ 1.70, all n.s.), though one approached significance 

in the septum (interaction: F(1, 34) = 2.80, p = 0.10, η2 = 0.06), where maternal allergic 

inflammation significantly downregulated phagocytic microglia in OVA males relative to 

vehicle males (p = 0.02).

In terms of the overall percentage of phagocytic microglia, maternal allergic inflammation 

increased phagocytic tone in the basal ganglia (treatment: F(1, 35) = 9.33, p = 0.004, η2 = 

0.27), and there was a trend for a decrease in the septum (treatment: F(1, 34) = 3.18, p = 

0.08, η2 = 0.08). There were no main effects of allergic inflammation on phagocytic tone in 

the mPFC (treatment: F(1, 34) = 0.06, n.s.), amygdala (treatment: F(1, 51) = 1.50, n.s.), or 

hippocampus (treatment: F(1, 40) = 0.96, n.s.); however, there was an interaction in the 

hippocampus (interaction: F(1, 40) = 5.74, p = 0.02), whereby OVA females tended to 

display reduced phagocytic tone (p = 0.09), but OVA males were unaffected. No other 

interactions were found (interactions: F’s ≤ 0.71, all n.s.).

Breach et al. Page 10

Brain Behav Immun. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3.2.3 PN4.—Males and females had similar counts of microglia in all regions at PN4 

(sex: F’s ≤ 1.98, all n.s.). In terms of densitometry, females tended to have increased 

microglial staining in the mPFC relative to males (sex: F(1, 20) = 3.62, p = 0.07, η2 = 0.13). 

No other regions displayed sex differences in microglial staining (sex: F’s ≤ 1.42, all n.s.).

Maternal allergic inflammation decreased the number of microglia in the basal ganglia 

(treatment: F(1, 16) = 24, p = 0.002, η2 = 0.56). No differences in microglial number were 

detected in the mPFC (treatment: F(1, 20) = 3.92 × 10−5, n.s.) or hippocampus (treatment: 

F(1, 8) = 0.60, n.s.), though OVA offspring tended to have decreased microglia in the 

amygdala (treatment: F(1, 16) = 3.08, p = 0.10, η2 = 0.12). Notably, a significant interaction 

in the amygdala (interaction: F(1, 16) = 6.70, p = 0.02, η2 = 0.25) indicated that this trend 

was driven by a significant decrease in amygdala microglia of OVA males (p = 0.03). No 

other interactions were found for number of microglia (interactions: F’s ≤ 0.53, all n.s.).

Allergic inflammation increased microglial staining in the mPFC (treatment: F(1, 20) = 4.51, 

p = 0.05, η2 = 0.17), and tended to reduce microglial staining in the basal ganglia (treatment: 

F(1, 16) = 3.49, p = 0.08, η2 = 0.17). No effects of maternal treatment on microglial staining 

were found in the amygdala (treatment: F(1, 16) = 0.07, n.s.) or hippocampus (treatment: 

F(1, 8) = 2.43, n.s.). However, an interaction effect was found in the amygdala (interaction: 

F(1, 16) = 17.96, p = 0.0006, η2 = 0.51), whereby OVA males had decreased microglial 

staining (p = 0.02) and OVA females tended to have increased staining (p = 0.06) relative to 

their vehicle counterparts. No other interactions met or approached significance for 

densitometry measures (interactions: F’s ≤ 0.44, all n.s.)

3.3 Juvenile Social Play and Adult Social Interaction

As juveniles, males and females initiated social chase (Fig. 7B; sex: F (1, 26) = 1.94, n.s.), 

rough and tumble behaviors (Fig. 7C; sex: F(1, 26) = 0.43, n.s.), and thus all social play 

behaviors (Fig. 7A; sex: F(1, 26) = 0.95, n.s.) at about equal frequencies per session. OVA 

offspring displayed fewer chase behaviors (treatment: F(1, 26) = 10.12, p = 0.004, η2 = 

0.26), as well as decreased play behaviors overall (treatment: F(1, 26) = 5.75, p = 0.02, η2 = 

0.17), and this effect did not vary according to sex (interactions: Fs ≤ 0.92, n.s.). 

Additionally, while there was no main effect of treatment on the number of rough and 

tumble behaviors (treatment: F(1, 26) = 1.46, n.s.), there was a significant interaction (F(1, 

26) = 6.01, p = 0.021, η2 = 0.17), whereby OVA females tended to initiate fewer behaviors 

compared to vehicle females (p = 0.08). Thus, allergic inflammation decreased rough and 

tumble play behaviors in juvenile females but not males.

During the adult social interaction test, females tended to initiate active social investigation 

more than males (Fig. 7D; sex: F(1, 41) = 3.50, p = 0.07, η2 = 0.08). Both sexes participated 

in passive social investigation (Fig. 7E; sex: F(1, 41) = 0.57, n.s.) and avoidance (Fig. 7F; 

sex: F(1, 41) = 0.39, n.s.) at about the same frequency. The duration of time spent in active 

(Fig. 7G; sex: F(1, 41) = 0.76, n.s.) and passive investigation (Fig. 7H; sex: F(1, 41) = 0.72, 

n.s.), as well as avoidance (Fig. 7I; sex: F(1, 41) = 0.98, n.s.) also did not vary according to 

sex. Allergic inflammation did not affect the frequency or duration of active (treatment: Fs ≤ 

0.62, n.s.) or passive (treatment: Fs ≤ 0.60, n.s.) investigation, and there were no interactions 

(Fs ≤ 1.24, n.s.). However, OVA offspring tended to show decreased frequency (treatment: 
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F(1, 41) = 2.79, p = 0.1, η2 = 0.06) and duration (treatment: F(1, 41) = 3.64, p = 0.06, η2 = 

0.08) of avoidance behaviors, and these trends were not affected by sex (interactions: Fs ≤ 

0.04, n.s.).

3.4 Open Field and Elevated Plus Maze

Females spent more time in the center (Fig. 8A; sex: F(1, 39) = 4.056, p = 0.05, η2 = 0.08) 

and crossed more grids (Fig. 8B; sex: F(1, 28) = 19.32, p = 0.0001, η2 = 0.34) compared to 

males during the open field test in adolescence. Allergic inflammation decreased anxiety like 

behaviors, with OVA offspring spending more time in the center (treatment: F(1, 39) = 4.45, 

p = 0.04, η2 = 0.09) and crossing more grids (treatment: F(1, 28) = 6.41, p = 0.02, η2 = 0.11) 

compared to vehicle offspring. The effect of allergic inflammation did not vary significantly 

according to sex for either measure (interactions: Fs ≤ 0.91, n.s.).

In the elevated plus maze, females spent significantly more time on the open arms (Fig. 8C; 

sex: F(1, 41) = 15.93, p = 0.0003, η2 = 0.27), and entered the open arms with higher 

frequency (Fig. 8D; sex: F(1, 41) = 16.78, p = 0.002, η2 = 0.27). There was no effect of 

allergic inflammation on open arm time (treatment: F(1, 41) = 1.10, n.s), or open arm entries 

(treatment: F(1,41) = 2.21, n.s.). There were also no interactions (Fs ≤ 1.97, n.s.).

3.5 Attentional Set-Shifting Task

There were no main effects of sex on any phase of the AST (Fig. 9; sex: Fs ≤ 0.76, n.s.). 

OVA and vehicle offspring performed equally well on the simple discrimination (Fig. 9A; 

treatment: F(1, 23) = 1.60, n.s.), compound discrimination (Fig. 9B; treatment: F(1, 23) = 

0.03, n.s.), and intradimensional shift (Fig. 9C; treatment: F(1, 23) = 1.09, n.s.), and this was 

not moderated by sex (interactions: Fs ≤ 2.25, n.s.). However, OVA offspring were impaired 

on the reversal (Fig. 9D; treatment: F(1, 23) = 4.38, p = 0.05, η2 = 0.14) and 

extradimensional shift (Fig. 9E; treatment: F(1, 23) = 4.98, p = 0.04, η2 = 0.18), taking more 

trials to reach criteria. Sex tended to moderate the effect of allergic inflammation on the 

reversal task (interaction: F(1, 23) = 2.99, p = 0.1, η2 = 0.10), whereby OVA females tended 

to take more trials compared to vehicle females (p = 0.09). Conversely, OVA males and 

females were equally impaired on the extradimensional shift relative to their vehicle 

counterparts (interaction: F(1, 23) = 0.15, n.s.).

DISCUSSION

The current experiments tested whether prenatal exposure to allergic inflammation led to 

changes in the brain’s innate immune system and behavioral outcomes throughout life. Our 

primary findings were 1) Gestational allergic inflammation increases mast cells in the 

neonatal hippocampus, 2) Gestational allergic inflammation confers time-, region- and sex- 

dependent changes in developmental microglia, 3) Gestational allergic inflammation 

produces hyperlocomotive and abnormal social behavior in offspring, and 4) Gestational 

allergic inflammation decreases adult cognitive flexibility. We also found sex differences 

that merit consideration. These findings highlight the effects that maternal allergic 

inflammation has on the fetal neuroimmune milieu and adds to mounting evidence 
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suggesting that early changes in microglia and mast cells may underlie behavioral outcomes 

in rodent models of MIA.

4.1 Gestational allergic inflammation increases mast cells in the neonatal hippocampus

OVA offspring had more mast cells in the space surrounding the hippocampus and thalamus 

on PN0. Mast cells are the brain’s first responders, releasing histamine, serotonin, cytokines, 

and proteases in response to insult via a process called degranulation (Wernersson & Pejler, 

2014). These molecules bind to receptors on microglia to induce subsequent microglial 

release of inflammatory mediators (Lenz et al., 2018; Zhang et al., 2016). While few in 

number, mast cells contribute disproportionately to hippocampal function (Nautiyal et al., 

2012), and mast cell granules can travel up to 50um upon release (Silver & Curley, 2013), 

potentially enabling them to communicate with multiple neurons, astrocytes and microglia. 

As mast cells can be found in the leptomeninges near the hippocampus, they can release 

mediators into the CSF and thus have a wider effect on the parenchyma (Silver & Curley, 

2013). Consequently, an upregulation in mast cells of OVA offspring may represent a 

heightened neuroimmune tone and increased drive on the inflammatory response, suggestive 

of a more primed immune system. This change in tone also likely alters brain development, 

as we have previously shown that mast cell – microglia cross talk during early postnatal 

development is required for male-typical synaptic patterning of the mPOA and male-typical 

sex behaviors (Lenz et al., 2018). We have also previously demonstrated that this maternal 

allergic inflammation paradigm increases mast cell number and alters mPOA development 

and adult sociosexual behavior (Lenz et al., 2019). It is possible that the mast cell alterations 

documented here may have influenced the behavioral phenotypes presenting later in life via 

alteration of neurodevelopmental trajectory and long-term immune function. Future studies 

should examine whether such alterations in early mast cell numbers are causally implicated 

in subsequent behavioral abnormalities.

4.2 Gestational allergic inflammation confers time-, region-, and sex- dependent changes 
in developmental microglia

At GD15, allergic inflammation increased microglial colonization of the hypothalamus, 

though there were no changes in colonization in the basal ganglia or hippocampus. However, 

significant interactions indicated that allergic inflammation increased the number of 

ameboid microglia in the hippocampus of male offspring, and decreased ameboid tone in the 

hippocampus of female offspring (discussed further below). Moreover, it is reasonable to 

expect that the hypothalamus would be most sensitive to inflammation-induced 

upregulations in microglial colonization. The hypothalamus receives peripheral immune 

input via cytokine signaling (Czura et al., 2007; Ganong, 2000; Steinberg et al., 2016), 

lending vulnerability to the immediate effects of an immune challenge. Additionally, the 

maternal allergy-induced immune response may have crossed or induced further cytokine 

release at the level of the placenta, with the immune response subsequently acting on the 

fetal hypothalamus to induce microglial recruitment to the region.

At PN0, OVA offspring displayed reduced microglial colonization in the mPFC, septum, 

amygdala, and hippocampus. All of these regions also showed reductions in phagocytic 

microglia, though only the septum displayed a trend towards a decrease in overall 
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phagocytic tone. Conversely, OVA offspring had more phagocytic microglia and increased 

phagocytic tone in the basal ganglia. Interestingly, we saw different patterns at PN4, when 

there were no differences in microglia number in the hippocampus or mPFC, though we 

found heightened microglia staining in the mPFC in OVA offspring, suggesting an increase 

of microglial ramification. Conversely, we found reduced microglial colonization and 

staining in the basal ganglia, suggesting reduced ramification. A trend for a decrease in 

microglial colonization of the amygdala was observed, and OVA males had reduction in 

microglial staining whilst females had increased staining. Overall, these data suggest that 

gestational allergic inflammation produces variable changes in microglia number throughout 

a critical period of neurodevelopment.

Furthermore, microglia phagocytose cells in the cortex, hippocampus, and amygdala 

(Cunningham et al., 2013; Nelson et al., 2017; VanRyzin et al., 2019), participate in synaptic 

sculpting and formation (Kopec et al., 2018; Miyamoto et al., 2016; Schafer et al., 2012; 

Vanderschuren et al., 2016; Weinhard et al., 2018), and support developmental cell genesis 

in the subventricular zone, hippocampus, amygdala, and cortex (Shigemoto-Mogami et al., 

2014; Nelson et al., 2021), among other things. Microglial depletion in the neonatal period 

impairs prefrontally- and hippocampally-mediated cognition, induces hyperlocomotion, and 

reduces social play behavior (VanRyzin et al., 2016; Nelson & Lenz, 2017). Given that 

region-specific microglial manipulations in the nucleus accumbens and amygdala sculpt 

social play behavior (Kopec et al., 2018; VanRyzin et al., 2019), it is likely that the region-

dependent perturbations to microglial numbers documented here are responsible for long 

term organizational changes in synaptic patterning, brain structure, neuroimmune function, 

and behavior.

4.3 Gestational allergic inflammation produces hyperlocomotive and abnormal social 
behavior in offspring.

OVA offspring showed reduced social play behavior in the juvenile period. Interestingly, 

allergic inflammation reduced social chase in both sexes while it reduced rough and tumble 

play in females only. Previous studies employing an LPS model of maternal immune 

activation found male-specific reductions in social behaviors (Hava et al., 2006; Kirsten, 

Taricano, Maiorka, et al., 2010; Kirsten et al., 2012; Taylor et al., 2012). Likewise, studies 

using a viral mimetic paradigm (poly(I:C)) found reduced sociability and reduced ultrasonic 

vocalization responses to social stimuli in adult male offspring (females not examined; 

Malkova et al., 2012). It is possible that social interactions become less rewarding in 

offspring of immune-challenged moms, as studies employing poly(I:C) and LPS models of 

MIA have found alterations to the dopaminergic system in offspring (Aguilar-Valles et al., 

2020; Kirsten et al., 2012; Kirsten, Taricano, Flório, et al., 2010; Ling et al., 2002; 

Vuillermot et al., 2010), which may affect reward processing. Interestingly, microglial 

activity is involved in shaping the dopaminergic system (Squarzoni et al., 2014), and pro-

inflammatory cytokines are toxic to rat fetal dopaminergic neurons in culture (Jarskog et al., 

1997). Thus, the reduction in microglia in various brain regions discussed section 4.2 could 

be directly implicated in shaping abnormal social behaviors.
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In late adolescence, OVA offspring spent more time in the center of the open field and 

crossed more grids compared to vehicle offspring. This hyperlocomotive activity aligns with 

some studies employing other models of maternal immune activation, suggesting maternal 

immune activation may increase locomotion and risk-taking behavior and potentially 

decrease anxiety-like behaviors in offspring (Makinson et al., 2017; Vuillermot et al., 2012). 

However, other studies have found MIA-induced either increases in anxiety-like behaviors 

(Canetta et al., 2016; Depino, 2015) or no alterations (Kirsten, Taricano, Maiorka, et al., 

2010; Meyer, 2006; Penteado et al., 2014; Schwartzer et al., 2015). Contradictory results 

could be due to the different immune stimulants applied, the varied timing of the immune 

challenge, age at time of analysis, and/or the different rodent species or strains used. 

Alternatively, it is possible that hyperactivity may not necessarily mean reduced anxiety. For 

example, in a model of maternal stress and pollutant-induced prenatal inflammation, male 

offspring spent less time exploring unfamiliar bedding and demonstrated hyperlocomotive 

activity in their home cage bedding relative to vehicles (Bilbo et al., 2018), which could be 

indicative of anxiety. Nevertheless, since allergic inflammation did not induce alterations to 

anxiety-like behavior in the elevated plus maze, open-field hyperactivity could be indicative 

of increased risk-taking behavior or novelty seeking, which would align well with the 

reduced social avoidance displayed by adult OVA offspring in the social interaction test. A 

caveat to note, however, is that males rarely left the closed arms of the elevated plus maze at 

all. Moreover, we were unable to detect increases in anxiety-like behaviors in males in the 

elevated plus maze, and this impedes our ability to interpret the hyperlocomotive activity in 

the open field, at least in the OVA males.

As mentioned earlier, previous studies have found that microglial depletion in the early 

postnatal period produces socially impaired and hyperlocomotive offspring (Nelson & Lenz, 

2017; VanRyzin et al., 2016). Another study examining the effect of a CX3CR1 knockout, 

which reduces neuron-microglia signaling and causes a transient developmental reduction of 

microglia, found decreased PFC-HPC functional connectivity, and this was correlated with 

reduced social investigation (Zhan et al., 2014). Thus, microglial action during early 

development shapes circuits involved in anxiety and social behaviors and is likely implicated 

here.

Interestingly, multiple studies have also implicated mast cell activity in anxiety-like 

behavior. For example, central, not peripheral, injections of a mast cell stabilizer decreased 

exploratory behavior in the open field and elevated plus maze (Nautiyal et al., 2008). Mast 

cell degranulation in the meninges correlates positively with motor activity (Larson et al., 

2011), and histamine receptor (HR) 1 activation results in behavioral hyperactivity 

(Chiavegatto et al., 1998). Thus, prolonged dysregulated mast cell activity in OVA offspring 

could underlie this hyperlocomotive phenotype. It has been demonstrated previously that 

developmental mast cell activity can regulate adult sexual behaviors (Lenz et al., 2018); it is 

likely that other behaviors, including social behavior and anxiety-like behaviors, can be 

affected as well.

The allergic inflammation-induced upregulation of mast cells and downregulation of 

microglia in various cognitive, social and emotional brain regions during early postnatal 

development likely contribute to the abnormal social and locomotive behaviors documented 
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here. Future studies should characterize the specific contributions that each of these changes 

in microglial and mast cell populations makes to these behaviors and whether the effects are 

dependent on one another.

4.4 Gestational allergic inflammation decreases adult cognitive flexibility in the AST

Adult OVA offspring required more trials to meet criterion during the reversal and 

extradimensional shift phases of the attentional set shifting task. Studies have found that the 

reversal task is mediated by the orbitofrontal cortex (McAlonan & Brown, 2003). whereas 

the extradimensional shift is mediated by prelimbic and infralimbic PFC (Birrell & Brown, 

2000). It is possible that the hyperlocomotive phenotype displayed by OVA offspring in the 

open field may have contributed to their impaired ability to learn these two tasks, although it 

is unlikely to have played a significant role as the open field test as OVA offspring learned 

the simple discrimination, complex discrimination, and intradimensional shift tasks just as 

well as vehicle offspring, which suggests that their motor behavior itself did not interfere 

with their overall ability to learn. Moreover, akin to the current study, other MIA models 

have found impairments in prefrontally-mediated behaviors in offspring (Canetta et al., 

2016; Vuillermot et al., 2012). Interestingly, rats that are deprived of juvenile social play 

display impaired flexibility in unpredictable environments (Vanderschuren & Trezza, 2014), 

as well as disruptions in other measures of cognition (Vanderschuren et al., 2016). Perhaps 

the reduced social play exhibited by juvenile OVA offspring relates to this later life reduction 

in cognitive flexibility.

Cognitive flexibility deficits are characteristic of various neurodevelopmental disorders 

linked to prenatal immune activation, including autism, ADHD, and schizophrenia (Canetta 

et al., 2016; Deverman & Patterson, 2009; Estes & McAllister, 2015; Knuesel et al., 2014; 

Meyer, 2019). Given that we found decreased microglial colonization in the prefrontal 

cortex and given the data that microglial depletion decreases cognitive flexibility (Nelson & 

Lenz, 2017; Vanryzin et al., 2016), more investigation into how developmental microglia 

depletion may sculpt adult cognition in this model of allergic inflammation is merited.

4.5 Does sex matter?

The various sex biases in neurodevelopmental disorders necessitate the study of sex 

differences in rodent models of MIA. Many MIA studies have found male offspring to be 

more vulnerable to detrimental effects (Bolton et al., 2012, 2014; Makinson et al., 2017; 

Santos-Galindo et al., 2011; Taylor et al., 2012; Wynne et al., 2011). Additionally, male 

fetuses have compromised placental function (McCarthy, 2019; Nugent et al., 2018; Nugent 

& Bale, 2015), and glial and inflammatory genes dysregulated in ASD are more highly 

expressed in the fetal male brain (Werling et al., 2016), potentially rendering them more 

vulnerable to alterations in immune function. Here, we found the presence and absence of 

multiple sex differences that merit discussion.

With regard to baseline sex differences, we replicated previous data from our lab showing 

that males have more mast cells in the neonatal hippocampus compared to females (Joshi et 

al., 2019), suggesting males may be more primed to react to allergen-related immune 

perturbations. It is possible this sex difference could be driven by heightened hippocampal 
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cell proliferation at this time point (Khalaf-Nazzal & Francis, 2013), particularly in males 

(Bowers et al., 2010).

In terms of microglia, males had more total and ameboid microglia compared to females in 

the GD15 basal ganglia, a region that has previously not been analyzed in the context of sex 

differences. However, this effect was transient, as no sex differences were found in the basal 

ganglia at PN0 or 4. We have found that females have fewer dendritic spines in the basal 

ganglia at P5 and P30 (unpublished data). Perhaps the increased microglial number in fetal 

males patterns this postnatal sex difference. We also reproduced previous findings whereby 

females tended to have more phagocytic microglia in the neonatal hippocampus relative to 

males, and this occurs in the absence of sex differences in total microglial colonization 

(Nelson et al., 2017). Additionally, females tended to have increased microglial staining at 

PN4 in the mPFC, indicating higher ramification. Outside of these findings, there were no 

other sex differences in microglia at baseline for any timepoint or region. This outcome 

seemingly contrasts with data from a previous study, which found that females had more 

microglia in the amygdala at PN0 and that males had more microglia in the amygdala and 

the hippocampus at PN4 (Schwarz et al., 2012). Reasons for these discrepancies likely lie 

within our different tissue processing methods. Here, we sectioned our tissue into 45 μm 

thick sections, whereas Schwarz et al. utilized 14 μm sections. Ramified microglial 

processes can frequently extend past 14 μm in the z-dimension, thus thinner sections could 

cut off these processes, as well as truncate cell bodies to potentially interfere with accurate 

quantification and classification. Moreover, we have previously found no sex differences in 

total microglia number in the neonatal hippocampus or amygdala (Nelson et al., 2017; 

Nelson et al., 2021), supporting our current null findings within that region. Regardless, we 

can conclude that males and females show sex-dependent differences in mast cell number as 

well as region-dependent and some sex-dependent differences in microglial colonization.

We found a few sex-dependent effects of maternal allergic inflammation that also merit 

discussion. At GD15, allergic inflammation increased the number of ameboid microglia in 

the hippocampus of OVA males but not OVA females. However, only OVA females showed 

a change in overall ameboid tone, exhibiting a decrease in ameboid tone rather than an 

increase. These patterns occurred in the absence of any alterations to total microglial 

colonization in the hippocampus, suggesting that there are sex-specific microglial activation 

responses following a fetal immune challenge, rather than sex-specific alterations to 

recruitment or proliferation. We also found a trend for reduced phagocytic tone in the 

hippocampus of OVA females at PN0. These data together suggest that allergic 

inflammation reduces microglial activation state in the hippocampus of females during the 

perinatal period. Additionally, allergic inflammation decreased microglial colonization and 

the density of microglial staining in the amygdala of OVA males at PN4. In comparison, 

OVA females did not show any significant changes in microglial colonization in the 

amygdala at PN4, and a trend for increased microglial staining approached significance. It is 

likely these perturbations in microglia measures coincide with sex-specific changes in 

microglia physiological function, as poly(I:C) injection on GD14.5 alters the transcriptomic 

activity of microglia in offspring, representing a shift towards a more mature developmental 

stage, as well as an upregulation of inflammatory genes, at least in males (Matcovitch-Natan 

et al., 2016). Given that microglia phagocytose neural progenitor cells (Nelson et al., 2017) 
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and support cell genesis (Nelson et al., 2021) in the neonatal hippocampus in a sex-

dependent manner and given that microglia also support cell genesis in the amygdala 

(Nelson et al., 2021), the sex-dependent changes in microglial measures documented here 

likely have consequences for long-term brain development and function that could lead to 

sex-specific behavioral sequalae.

Some previous studies have found that males exhibit more social play compared to females 

(Meaney, 1981; Pellis & Pellis, 1990; Taylor et al., 2012; VanRyzin et al., 2019), though not 

all studies report a sex difference (Argue & McCarthy, 2015). Here, we did not find any 

baseline sex differences in social play. We tested play in treatment- and sex- mixed groups in 

a novel cage environment over the course of ten days. We argue that this method is just as - 

if not more - ecologically valid compared to measures of social play in dyads, as rats play in 

mix-sexed litters under normal circumstances. However, partner composition has been 

shown to influence play frequency. Both sexes respond to playful contacts more frequently 

when contacted by males rather than females (Pellis & Pellis, 1990), and play has been 

shown to be “contagious” whereby less playful animals increase their play behavior when 

paired with more playful partners (Argue & McCarthy, 2015). Similarly, in a different MIA 

study, Taylor et al. found that when animals were paired with a familiar sex, age, and 

treatment-matched conspecific, males displayed more social play than females. However, 

when animals were paired with an unfamiliar, treatment-unmatched conspecific, males and 

females demonstrated the same amount of play behaviors (Taylor et al., 2012). Thus, it is 

possible that interactions between partner sex and treatment groups masked sex differences 

in play. Novel environments have also been shown to decrease social play in males 

(Vanderschuren, 1995), though it is unknown whether females are similarly affected. Thus, it 

is possible that the novel environment reduced male play to female levels.

While we did not find baseline sex differences in play, we did find a significant interaction 

whereby allergic inflammation tended to decrease rough and tumble play behavior in 

females but not males. These data seemingly contrast with previous studies, which suggest 

males may be more susceptible to LPS-induced MIA (Hava et al., 2006; Kirsten, Taricano, 

Maiorka, et al., 2010; Kirsten et al., 2012; Taylor et al., 2012). Perhaps males displayed 

deficits in one specific sub-behavior of rough and tumble play (pouncing, wresting, boxing, 

or pinning), but compensated for this with increases in other behaviors. Females also appear 

primarily responsible for OVA-induced increases in open field activity, which has not been 

documented previously. Future studies should investigate whether female behavior is 

particularly affected in models of maternal allergic inflammation versus models of maternal 

infection. Furthermore, while we did not find major behavioral sex differences in the current 

study, it does appear that males and females may be differentially sensitive to changes in 

neuroimmune cell number as a result of gestational allergic inflammation, warranting further 

rigorous investigation into these behavioral phenotypes and any mediating influence of sex 

as a variable.

3. CONCLUSION:

Here, we demonstrated that a single maternal allergic challenge on GD15 significantly alters 

the perinatal neuroimmune milieu in multiple brain regions and confers life-long effects on 

Breach et al. Page 18

Brain Behav Immun. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



offspring social, emotional, and cognitive behaviors. The activity of brain-resident immune 

cells during the perinatal period has been causally implicated in the organization of later life 

behavior (Lenz et al., 2013, 2019; Nelson & Lenz, 2017; VanRyzin et al., 2016, 2019; Zhan 

et al., 2014), and we have previously shown that our maternal allergic inflammation 

paradigm affects the masculinization process in the preoptic area and confers sex-dependent 

changes in adult sexual behavior (Lenz et al., 2019). Furthermore, it is possible that our 

histological and behavioral findings are causally related, though this remains a subject for 

future investigation. Our results function as a basis for understanding the consequences of 

maternal allergic inflammation and provide directions for future study on the mechanisms 

underlying neurodevelopmental disorders linked to maternal immune activation in humans.
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Figure 1. 
Experimental timeline. Female rats were sensitized to chicken egg ovalbumin, bred, and 

challenged on GD15. Offspring brains were collected, and brain mast cells and microglia 

were examined at three time points: two hours post-challenge, PN0, and PN4. Offspring 

social, emotional, and cognitive behaviors were also quantified. BG = basal ganglia, BNST 

= Bed Nucleus of the Stria Terminalis HYPO = hypothalamus, HPC = hippocampus, AMY 

= amygdala, mPFC = medial prefrontal cortex.
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Figure 2. 
Representative images of mast cell and microglia staining in a female vehicle offspring on 

PN0. (A) Toluidine Blue-stained Mast cells in the perivascular area near the hippocampus. 

(B) DAB-stained Microglia in the lateral septum. Representative ameboid (B.1) and 

phagocytic (B.2) microglia are pictured.
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Figure 3. 
Maternal allergic inflammation increases the number of mast cells in the perinatal 

hippocampus. (A) OVA and vehicle offspring have similar numbers of mast cells throughout 

the brain two hours post-challenge on GD15. N’s = 7/group. (B – D) Males had more total, 

granulated, and degranulated mast cells in and near the hippocampus compared to females. 

(B and C) Allergic challenge increased total and granulated mast cell numbers. N = 3/group/

sex. HPC = hippocampus, MC = mast cells.

Breach et al. Page 31

Brain Behav Immun. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Maternal allergic inflammation acutely produces sex- and region- specific changes in fetal 

brain microglia. (A-C) In the basal ganglia, males had more total and phagocytic microglia 

than females, and maternal allergic inflammation increased ameboid microglia without 

changing ameboid tone. N’s = 8/group/sex. (D-F) Allergic inflammation increased 

microglial colonization of the hypothalamus, without changing the number of ameboid 

microglia or ameboid tone. N’s = 8/group/sex. (G-I) Allergic inflammation increased the 

number of ameboid microglia in the male hippocampus only, yet decreased ameboid tone in 

the female hippocampus. N’s = 8 MV, 6 FV, 8 MOVA, 8 FOVA. BG = basal ganglia, HYPO 

= hypothalamus, HPC = hippocampus.
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Figure 5. 
Gestational allergic inflammation alters offspring microglia in a region-dependent manner 

on PN0. (A-C) OVA offspring had lower counts of total and phagocytic microglia, but no 

change in phagocytic tone in the mPFC. N’s = 8 MV, 9 FV, 8 MOVA, 13 FOVA. (D-F) OVA 

offspring had increased phagocytic microglia and thus an increase in phagocytic tone in the 

basal ganglia. N’s = 7 MVs, 10 FVs, 8 MOVAs, 14 FOVAs. (G-I) OVA offspring had fewer 

total and phagocytic microglia in the septum, and this contributed to a decrease in 

phagocytic tone that approached significance. Notably, an interaction approached 

significance whereby OVA males, but not OVA females had fewer phagocytic microglia. N’s 

= 7 MV, 10 FV, 7 MOVA, 14 FOVA. (J-L) As with the mPFC, OVA offspring had fewer total 

and phagocytic microglia in the amygdala, but there was no change in phagocytic tone. N’s 

= 9 MV, 11 FV, 15 MOVA, 20 FOVA. (M-O) OVA offspring displayed fewer total and 

phagocytic microglia in the hippocampus. A significant interaction found that Allergic 
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inflammation also tended to decrease the phagocytic tone in the hippocampus of females, 

but not males. N’s = 9 MV, 8 FV, 11 MOVA, 16 FOVA. mPFC = medial prefrontal cortex, 

BG = basal ganglia, AMY = amygdala, HPC = hippocampus.
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Figure 6. 
Gestational allergic inflammation alters offspring microglia in a region-dependent manner 

on PN4. (A-B) OVA offspring did not show changes in the number of microglia in the 

mPFC, but microglial staining was increased. Males tended to have increased staining 

relative to females. N’s = 5 MVs, 5 FVs, 4 MOVAs, 10 FOVAs for A, and N’s = 4 MVs, 10 

FVs, 5 MOVAs, and 4 FOVAs for B. (C-D) OVA offspring had fewer microglia in the basal 

ganglia relative to vehicle offspring, and there was a trend for a decrease in microglial 

staining. N’s = 5/group/sex. (E-F) OVA offspring tended to have fewer microglia in the 

amygdala, and this was due to a significant decrease in microglia in the males. Conversely, 

allergic inflammation decreased microglial staining in the amygdala of male offspring and 

increased staining in females. N’s = 5/group/sex. (G-H) Allergic inflammation did not affect 

microglial number or staining in the P4 hippocampus. N’s = 2 MV, 4 FV, 3 MOVA, 3 FOVA. 
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mPFC = medial prefrontal cortex, BG = basal ganglia, AMY = amygdala, HPC = 

hippocampus.
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Figure 7. 
Gestational allergic inflammation alters juvenile and adult social behavior. (A) OVA 

offspring demonstrated fewer total play behaviors compared to vehicle. (B) Social chase was 

reduced in OVA offspring. (C) An interaction was found whereby allergic challenge tended 

to reduce rough and tumble play in females but not males. N’s = 6 MVs, 5 FVs, 10 MOVAs, 

9 FOVAs. (D, E, F) display mean counts of each behavior. (G, H, I) display total amount of 

time (s) spent engaged in each behavior. Allergic challenge did not alter passive or active 

social investigation, but OVA offspring were less socially avoidant compared to vehicle 

offspring (F, I). N’s = 11 MVs, 13 FVs, 9 MOVAs, 12 FOVAs.
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Figure 8. 
Gestational allergic inflammation increases locomotion in late adolescence/early adulthood. 

(A) Females spent more time in the center of the open field. OVA offspring spent more time 

in the center. N’s = 10 MVs, 13 FVs, 8 MOVAs, 12 FOVAs. (B) Females crossed more grids 

in the open field compared to males. OVA offspring crossed more grids compared to vehicle 

offspring. N’s = 8 MVs, 9 FVs, 6 MOVAS, 9 FOVAs. (C and D) Females spent more time in 

the open arms and had higher numbers of open arm entries. N’s = 11 MVs, 13 FVs, 9 

MOVAs, 12 FOVAs.
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Figure 9. 
Gestational allergic inflammation reduces adult cognitive flexibility in offspring. (A - C) 

OVA and vehicle offspring performed similarly on the simple discrimination, compound 

discrimination, and intradimensional shift tasks. (D). OVA offspring displayed worse 

performance in the reversal task, and this may have been driven by females. (E) OVA 

offspring displayed worse performance on the extradimensional shift task. N’s = 9 MVs, 6 

FVs, 7 MOVAs, 5 FOVAs.
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