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ABSTRACT 

Maternal infection is a shared environmental risk factor for a spectrum of 

neuropsychiatric disorders and animal models of maternal immune activation (MIA) 

exhibit a range of neuropathologies and behaviors with relevance to these disorders. In 

particular, MIA offspring show chronic, age- and region-dependent changes in brain 

cytokines, a feature seen in postmortem studies of individuals with neuropsychiatric 

disorders. These MIA-induced alterations in brain cytokines may index biological 

processes underlying progression to diagnosable neuropsychiatric disorders. However, 

cytokines signal through specific cytokine receptors to alter cellular processes and it is 

the levels of those receptors that are critical for signaling. Yet, it remains unknown 

whether MIA alters the expression of cytokine receptors in the brains of offspring 

throughout postnatal development. Here, we measured the expression of 23 cytokine 

receptors in the frontal cortex of MIA and control offspring from birth to adulthood using 

qPCR. MIA offspring show dynamic oscillating alterations in cytokine receptors during 

sensitive periods of neural growth and synaptogenesis. Of the many cytokine receptors 

altered in the FC of MIA offspring, five were significantly changed at multiple ages at 

levels over 2-fold relative to controls—Il1r1, Ifngr1, Il10ra, Cx3cr1 and Gmcsfr—

suggesting persistent dysfunction within those pathways. In addition to facilitating 

immune responses, these cytokine receptors play critical roles in neuronal migration 

and maturation, synapse formation and elimination, and microglial function. Together 

with previously reported changes in cytokine levels in the brains of MIA offspring, our 

results show a decrease in cytokine signaling during the peak period of synaptogenesis 

and spine formation and an increase during periods of activity-dependent development 
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and early adulthood. Overall, the oscillating, age-dependent cytokine receptor 

alterations in the FC of MIA offspring identified here may have diagnostic and 

therapeutic value for neuropsychiatric disorders with a neuro-immune etiology.  
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Introduction 

Psychiatric disorders are the leading cause of disability worldwide and exact a 

significant social and economic toll (Gore et al., 2011). Although these disorders 

emerge at developmentally distinct time points from early childhood in the case of 

autism (ASD) to young adulthood for schizophrenia (SZ), their genetic and 

environmental risk factors are surprisingly similar (Marin, 2016). Many of these risk 

factors affect the maternal-fetal environment and the most compelling of these insults is 

maternal infection. Indeed, epidemiological evidence indicates that maternal infection 

predisposes the developing fetus to a range of neurodevelopmental and psychiatric 

disorders (Brown and Patterson, 2011; Estes and McAllister, 2015; Knuesel et al., 2014; 

Patterson, 2002). Because numerous bacterial (Clarke et al., 2009; Sorensen et al., 

2009), viral (Brown et al., 2004; Brown et al., 2001; Buka et al., 2008; Buka et al., 2001), 

and parasitic infections (Brown et al., 2005; Mortensen et al., 2007) are linked to 

increased risk of psychiatric illness, it appears to be the shared immune pathways 

activated in the mother in response to pathogen detection that confer risk to the fetus.  

Rodent models of the environmental risk factor of infection during pregnancy 

(maternal immune activation or MIA) recapitulate many of the most replicated 

neuroanatomical, neurochemical, and functional features of ASD and SZ (Estes and 

McAllister, 2016). These features include reduced cortical thickness and increased 

ventricular volume (Li et al., 2009a; Piontkewitz et al., 2009), aberrations in Purkinje 

cells (Aavani et al., 2015; Shi et al., 2009), alterations in serotoninergic (Bitanihirwe et 

al., 2010; Reisinger et al., 2016; Winter et al., 2008) and dopaminergic signaling (Meyer 

et al., 2008; Ozawa et al., 2006; Vuillermot et al., 2010), deficits in the function of 
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parvalbumin (PV) cells (Meyer et al., 2008; Shin Yim et al., 2017), and delay in the 

excitatory-to-inhibitory switch of GABA (Corradini et al., 2018) with the consequence of 

heightened excitatory neurotransmission and reduced long-range connectivity. These 

neurobiological alterations are accompanied by abnormal behaviors that resemble 

some of the core features of ASD and SZ such as abnormal communication and social 

interaction, repetitive behaviors, decreased sensorimotor gating, increased anxiety, 

deficits in working memory and cognitive flexibility and increased sensitivity to 

amphetamines (Estes and McAllister, 2016; Malkova et al., 2012; Meyer, 2014; Smith et 

al., 2007). While MIA likely acts as a primer for a range of neurodevelopmental 

disorders and is neither necessary nor sufficient at the population level to cause 

neuropsychiatric disorders (Estes and McAllister, 2016), the contribution of maternal 

infection to SZ alone may be as high as 30% of the population attributable risk (Brown 

and Patterson, 2011). Thus, disease mechanisms and biomarkers identified using MIA 

animal models, especially those focused on alterations in immune signaling in the brain, 

may have relevance for a substantial portion of affected individuals.  

Changes in levels of maternal serum and fetal brain cytokines play a causal role 

in the MIA mouse model (Estes and McAllister, 2016). Maternal serum and placental 

interleukin-6 (IL-6) and interleukin-17a (IL-17a) increase exponentially during the acute 

phase of infection and are necessary and sufficient to cause ASD and SZ-relevant 

behaviors and neuropathologies in MIA offspring (Choi et al., 2016; Hsiao and 

Patterson, 2011; Smith et al., 2007). Alterations in fetal brain cytokine expression also 

occur within hours of infection, specifically upregulating canonical immune pathways 

(Arrode-Bruses and Bruses, 2012; Choi et al., 2016; Garbett et al., 2012; Meyer et al., 
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2006a), including increases in several pro-inflammatory cytokines (Fatemi et al., 2002; 

Meyer et al., 2008; Meyer et al., 2006b). Increases in maternal IL-17a cause elevations 

in fetal neuronal IL-17 receptor expression (Choi et al., 2016) and an increase in 

excitatory versus inhibitory connections in brain regions underlying repetitive and social 

behaviors (Shin Yim et al., 2017). Blocking the inflammatory cascade through anti-IL-6 

or anti-IL-17 treatment in the maternal or fetal compartment prevents most MIA-induced 

behaviors and neuropathologies (Choi et al., 2016; Smith et al., 2007).  

While the initial changes in cytokine signaling mediating the effects of MIA on 

fetal brain development are becoming more clear, it is unknown how these acute fetal 

cytokine signatures relate to changes in cytokine signaling in the brains of postnatal 

offspring that may correlate with the onset of clinically diagnosed behaviors that emerge 

in early life for ASD and young adulthood for SZ. Importantly, post-mortem studies of 

individuals with ASD and SZ show increases in some of the small number of mostly pro-

inflammatory cytokines measured (Trepanier et al., 2016; Vargas et al., 2005). Using 

Luminex to measure protein levels of 23 cytokines from three brain regions and serum 

at 5 postnatal ages in the MIA mouse model, we similarly found that MIA leads to 

lifelong alterations in brain and serum cytokines in offspring (Garay et al., 2013). A wide 

range of cytokines were altered by MIA and each cytokine was altered in distinct age- 

and region-specific patterns that included decreases as well as increases, compared to 

controls. In frontal cortex (FC), cytokines were elevated at birth (postnatal day [P0]), 

decreased during the period of synapse formation and plasticity (P7-P30), followed by 

elevations again in early adulthood (P60). At birth, IL-1b, IL-10, IL-12 (p70), and GM-

CSF were statistically significantly elevated while IL-1α, IL-4, and IL-6 trended toward 
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higher levels. At P7, IL-2, IL-4, IL-5, IL-10, and IL-12 (p40) were decreased, while G-

CSF was elevated. At P14 and P30, many cytokines were significantly decreased (P14: 

IL-1α, IL-1b, IL-2, IL-5, IL-9, IL-10, IL-13, Eotaxin, GM-CSF, IFNg, and MCP-1; at P30: 

IL-1b, IL-3, IL-5, IL-6, IL-10, IL-12 (p40), IL-12 (p70), G-CSF, GM-CSF, MCP-1, and 

MIP-1b). Finally, in the adult, IL-1a, IL-6, IL-9, and IL-10 were elevated in the FC of MIA 

offspring compared to controls (Garay et al., 2013). Thus, MIA clearly leads to long-

lasting changes in brain cytokine levels in offspring throughout postnatal development in 

a U-shaped age and region-dependent manner.  

Since cytokines have known roles in the development, maturation, and plasticity 

of cortical connections (Deverman and Patterson, 2009), these observed decreases in 

cytokine levels during the period of synaptogenesis, dendritic spine formation, and 

activity-dependent plasticity may lead to chronic changes in cortical connectivity and 

altered behaviors in offspring. However, cytokines signal through specific cytokine 

receptors to alter cellular processes and it is levels of those receptors that are equally 

critical for signaling. Yet, it remains unknown whether MIA alters the expression of 

cytokine receptors in the brain of offspring throughout postnatal development. Here, we 

examined the expression levels of 21 cytokine receptors in the FC of MIA and control 

offspring using qPCR at the same five ages as our previous study (P0, P7, P14, P30 

and P60) (Garay et al., 2013). We find that cytokine receptor expression is chronically 

altered in an age-specific manner, similar to the effects of MIA on cytokine levels in 

general over postnatal development. However, in contrast to the U-shaped change in 

cytokine protein levels over postnatal development (Garay et al., 2013), MIA-induced 

changes in cytokine receptor expression are more dynamic, exhibiting an oscillating 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted December 8, 2018. ; https://doi.org/10.1101/490466doi: bioRxiv preprint 

https://doi.org/10.1101/490466


  Estes et al. 2018 

 8 

pattern throughout postnatal development to adulthood. In FC of MIA offspring, the 

expression of a wide range of cytokine receptors is altered, with levels decreased at 

birth, dramatically increased at P7, decreased at P14, and increased to a lesser extent 

at P30 and P60. These alterations do not segregate easily into pro- or anti-inflammatory 

categories. Instead, they suggest chronic alterations in cytokine-mediated 

developmental processes. In early developmental ages, expression levels in cytokine 

receptors tend to change following MIA among individuals in a more tightly coordinated 

fashion than at later ages. Thus, in early development if MIA offspring differ in the 

expression of one cytokine receptor they are likely to differ in the expression of many. 

This pattern may reflect MIA-induced cytokine network feedforward and feedback 

regulation that is more pronounced in early development. Together with the U-shaped 

changes in cytokine protein levels during postnatal development (Garay et al., 2013), 

changes in cytokine receptor levels suggest an overall increase in cytokine signaling at 

P7, a dramatic decrease at P14 during periods of synapse formation, and an increase 

during periods of plasticity (P30) and early adulthood (P60). 

METHODS 
 

Animal Care and Use 

All studies were conducted with approved protocols from the University of California, 

Davis Animal Care and Use Committee, in compliance with NIH guidelines for the care 

and use of experimental animals. For the MIA experiments C57BL/6 mice were bred in-

house after purchase from Charles River. Mice were weaned at 21 days and housed 

with same-sex littermates.  

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted December 8, 2018. ; https://doi.org/10.1101/490466doi: bioRxiv preprint 

https://doi.org/10.1101/490466


  Estes et al. 2018 

 9 

 
Maternal immune activation and tissue isolation 

Pregnant C57BL/6 mice at gestational day (GD) 12.5 were injected intraperitoneally with 

fresh poly(I:C) dsRNA (Sigma Aldrich, St. Louis, MO, cat# P9582) at 20 mg/kg, or vehicle 

control (sterile .9% saline). Animals were weighed to confirm sickness-associated 

weight loss.  Frontal cortex was dissected from 10 MIA and 10 saline male offspring at 

each age: P0, P7, P14, P30 and P60 and placed immediately in RNAlater (Qiagen). 

Offspring were from at least 4 different litters for each age.  

 
RNA isolation and quantitative RT-PCR 

RNA was isolated from mouse samples using RNeasy Mini Kit (Qiagen) and cDNA 

made using RT2 First Strand Kit (SA Biosciences). Custom 96-well RT2 Profiler PCR 

Arrays with 23 candidate genes and 2 controls were purchased from SA Biosciences. 

All samples were run in duplicate with a control sample on every plate. Samples were 

run on a Bio- Rad iCycler and analyzed using RT2 Profiler PCR Array Data Analysis 

version 3.5 (SA Biosciences). qPCR data were analyzed using the ddCt method with 

the housekeeping genes heat shock protein 90 (Hsp90) and glyceraldehyde 3-

phosphate dehydrogenase phosphoglycerate (Gapdh) as normalizers (Livak and 

Schmittgen, 2001). 

 

Statistical analysis 

Data was subjected to two levels of significance: fold change and Wilcoxon-Mann-

Whitney test with a Dunn-Šidàk correction for multiple comparisons. Candidate genes 
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were chosen that showed greater than 2-fold change in comparison to controls and p ≤ 

0.05. The fold changes were calculated based on age and sex-matched control 

offspring (i.e., non-MIA male-only offspring from animals injected with saline).  

We subjected the log2 fold change expression results to principal components 

analysis (PCA). PCA is a dimension reduction technique which ordinates 

observations along uncorrelated, synthetically derived axes that maximize the variance 

each axis explains (Johnson and Wichern, 2007). The eigenvalues of the principal 

components (PCs) quantify the proportion of total variance each PC captures. We 

performed PCA in order to evaluate (a) whether individuals within an age group tend to 

cluster into a small number of gene expression subgroups, similar to the pattern 

observed for MIA outcomes, and (b) whether variation in gene expression is similarly 

concentrated for the different age groups. For each age group, we compared PC plots 

of the first two PCs to behavioral data to see if clustering patterns were similar. We also 

compared PC-to-PC eigenvalue decline among the different age samples to 

evaluate whether gene expression was similarly concentrated in a few major axes of 

variation, regardless of postnatal age. PCA was conducted with R statistical software (R 

Core Team, 2017) using base package functions.  

 

RESULTS 
 

MIA alters cytokine receptor profiles in FC in an age-specific manner  

We first sought to characterize the expression of immune receptors using qPCR 

to complement our previous study examining the developmental profile of cytokine 
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expression in mouse MIA offspring. A panel of 21 immune receptors (Table 1) was 

selected based upon the cytokines altered in our previous study (Garay et al., 2013) 

and those altered in a subset of individuals with ASD and SZ (Trepanier et al., 2016; 

Vargas et al., 2005). Receptors are grouped into functionally related subsets in Figure 

1. Receptors for the classic pro-inflammatory cytokines responsible for early responses 

include Il1r1 (il-1 receptor type 1), Il6ra (il-6 receptor alpha), and Tnfr1 (tumor necrosis 

factor receptor 1). These receptors are grouped with the IL-1 family receptor Il1rapl1 

(interleukin receptor accessory protein like-1), Ifngr1 (interferon gamma receptor type 

1), Ifitm3 (interferon-induced transmembrane protein 3), and P2rx7 (p2x purinoceptor 7), 

which can also mediate inflammatory innate responses. Additionally, the classic anti-

inflammatory cytokine IL-10 keeps early inflammation in check and signals through 

Il10ra (il-10 receptor alpha). The next grouping of interleukin receptors mediate T-cell 

responses and include Gmcsfr (granulocyte macrophage colony-stimulating factor 

receptor), which is functionally related to Il3ra (interleukin 3 receptor alpha) and Il5ra 

(interleukin 5 receptor, alpha). The next grouping contains chemokine receptors that 

attract immune cells to sites of inflammation; and, finally, three receptors involved in 

microglial function and the complement cascade. Five ages—P0, P7, P14, P30 and 

P60—were studied in the mouse model to parallel our previous study. These ages 

represent critical time points in brain development: namely, P0 is the period before most 

synapses have formed, P7 is the start of synaptogenesis, P14 is the peak of 

synaptogenesis, P30 is the peak of activity-dependent plasticity and P60 is early 

adulthood. 
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MIA causes long-lasting changes in expression of cytokine receptors from birth to 

early adulthood. Similar to MIA-induced changes in cytokines, the expression of 

cytokine receptors in MIA offspring was distinct at each age and altered in specific 

directions such that significantly altered cytokine receptors were either all increased or 

decreased at a given age when compared to controls (Figure 1). At birth and at P14, 

cytokine receptor levels were reduced relative to controls whereas receptor levels were 

elevated at P7, P30, and P60, showing an oscillating pattern of changes during 

postnatal development. At birth (Fig. 1A), 20 receptors were detectable and of these, 4 

receptors were significantly decreased by at least 2-fold in the FC of MIA offspring 

compared to controls: Ccr3 (c-c motif chemokine receptor type 3, 0.50-fold), Il1r1 (0.48-

fold), Il10ra (0.46-fold), and Ifngr1 (0.34-fold). An additional 4 receptors were statistically 

significantly decreased compared to controls, although at levels less than 2-fold: Il6ra 

(0.64-fold), Ccr5 (c-c motif chemokine receptor type 5, 0.77-fold), Cx3cr1 (cx3c 

chemokine receptor 1, 0.69-fold), and Itgam (integrin alpha m, 0.53-fold). Finally, one 

receptor—Cd55 (complement decay-accelerating factor, 0.44-fold)—was decreased 

more than 2-fold but was not statistically different from control values.  

 In contrast to the decreased levels at birth, six cytokine receptors were 

significantly increased at P7 by at least 2-fold in the FC of MIA offspring compared to 

controls (Fig. 1B): Il1r1 (2.23-fold), Il10ra (2.5-fold), Ifngr1 (2.18-fold), Cx3cr1 (2.03-

fold), Tnfr1 (2.16-fold) and Gmcsfr (4.87-fold). All of these receptors are significantly 

decreased either at birth or P14 with the exception of Tnfr1. An additional 6 receptors 

were significantly increased compared to controls at levels less than 2-fold: Il1rapl1 
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(1.69-fold), Il6ra (1.52-fold), Il17ra (interleukin receptor 17, alpha, 1.44-fold), Ccr3 (1.60-

fold), Cd55 (1.59-fold), and Itgam (1.61-fold). 

Cytokine receptor expression changed direction again at P14 with 7 out of the 19 

detectable receptors significantly decreased more than 2-fold in the FC of MIA offspring 

compared to control (Fig. 1C). Two of the cytokine receptors decreased at P0 were also 

significantly decreased at P14: Il1r1 (0.39-fold), and Ifngr1 (0.48-fold) along with Il1rapl1 

(0.30-fold), Ccr5 (0.47-fold), Cx3cr1 (0.44-fold), Itgam (0.36-fold), and Gmcsfr (0.48-

fold).  An additional 3 receptors were significantly decreased compared to controls, 

although at levels less than 2-fold: Il10ra (0.58-fold), Tnfr1 (0.60-fold), and P2rx7 (0.56-

fold). 

At older ages, the direction of change in cytokine receptors reversed again. While 

no receptors were more than 2-fold changed in the FC of MIA offspring at the older 

ages of P30 and P60, many cytokine receptors were significantly increased at lower 

levels compared to controls at these ages. At P30, 12 out of 19 receptors were 

significantly elevated over controls: Il1r1 (1.68-fold), Il3ra (1.50-fold), Ccr3 (1.65-fold), 

Il10ra (1.65-fold) Ifngr1 (1.28-fold), Ifitm3 (1.33-fold), Tnfr1 (1.31-fold), P2rx7 (1.24-fold), 

Il17ra (1.36-fold), Gmcsfr (1.66-fold), Ccr5 (1.39-fold), and Cd55 (1.28-fold) (Fig. 1D). In 

adults (Fig. 1E), 8 of the 20 detectable cytokine receptors were elevated in the FC of 

MIA offspring compared to controls. Il3ra (1.59-fold) and Il5ra (1.69-fold) were 

significantly increased by at least 1.5-fold and several additional receptors were 

elevated to a lesser extent: Il1r1 (1.30-fold), Tnfr1 (1.36-fold), Ccr3 (1.31-fold), Ccr5 

(1.44-fold), Cx3cr1 (1.28-fold), and Itgam (1.33-fold). 
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Of the many cytokine receptors altered in the FC of MIA offspring, five were 

significantly changed at multiple ages at levels over 2-fold relative to controls—Il1r1, 

Ifngr1, Il10ra, Cx3cr1 and Gmcsfr—suggesting persistent dysfunction within those 

pathways (Fig. 1). At birth, three receptors met the criteria and were significantly lower 

than controls: Il1r1 (0.48-fold), Il10ra (0.46-fold), and Ifngr1 (0.34-fold). All three of these 

receptors were significantly increased by P7 (Il1r1 (2.23-fold), Il10ra (2.53-fold) and 

Ifngr1 (2.18-fold)) as well as two other receptors: Cx3cr1 (2.03-fold) and Gmcsfr (4.87-

fold). At P14, all but one of these receptors was significantly decreased (Cx3cr1 (0.44-

fold), Gmcsfr (0.48-fold), Il1r1 (0.39-fold), and Ifngr1 (0.48-fold)). Thus, of the five 

targets, three receptors (Il10ra, Cx3cr1, and Gmcsfr) were significantly altered at two 

ages while two receptors (Il1r1 and Ifngr1) were significantly altered at multiple ages in 

an oscillating pattern.  

The greatest magnitude of change in cytokine receptor expression occurred at 

P7 when the statistically significant fold changes ranged from 1.4 to 4.8 compared to 

ranges of 0.34-1.68 at the other ages. The earliest 3 ages were also the times when the 

largest number of different cytokines were altered above a 2-fold threshold. For cytokine 

receptors that were statistically different from controls, the following percentages of total 

detectable receptors were altered: P0: 45%, P7: 63%, P14: 53%, P30: 63%, and P60: 

40%. For cytokine receptors that were both significantly different at least 2-fold, the 

changes were: P0: 20%, P7: 31%, P14: 37%, P30: 0%, P60: 0%. Not all receptors were 

detected with these primers at every age. Four receptors were below the level of 

detection of this assay in an age-specific manner: specifically, Il2ra, Il5ra, Il9ra, and 

Cxcr2. Il2ra and Il5ra were undetectable at P0 and P7; Il9ra at P14 and P30; and Cxcr2 
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at every age except for P0. Together, these results indicate that, like cytokines (Garay 

et al., 2013), cytokine receptors are altered in the FC of MIA offspring in an age-specific, 

cyclical developmental pattern. Additionally, the subset of cytokine receptors altered 

and the direction of change are age-dependent, with the largest changes occurring in 

early development at P7 and P14, the period of peak synaptogenesis and spine 

formation.    

MIA offspring show different development patterns of variance in gene expression  

Behavioral and neuroanatomical outcomes in MIA offspring can be highly 

variable within and between litters as well as between studies (Estes and McAllister, 

2016). This heterogeneity is also reflected in cytokine receptor expression, with some 

individuals showing modest differences from controls and others displaying large 

changes across numerous genes. We therefore tested: (1) whether cytokine receptor 

expression patterns segregated MIA offspring into two populations (similar to what is 

observed in studies of MIA outcomes where some offspring are not affected), and (2) 

whether expression in a small subset of cytokine receptors accounted for most variance 

between individuals.  

To evaluate age-group variability and clustering, we performed PCA for the 

multivariate gene expression panel. Within an age group, there were occasional outlier 

individuals, but no apparent tendency for MIA offspring to cluster into gene expression 

subgroups on the two largest PCs (Supplemental Figure 1). Thus, while some MIA 

offspring can appear grossly normal in behavioral assays, this subset is not clearly 
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identifiable through examination of cytokine receptor expression changes, which appear 

more continuous.  

To evaluate whether expression in a subset of cytokine receptors tends to define 

the major axes of variation, or if instead variation on these axes is distributed more 

evenly over the gene assay, the minimum gene subset needed to account for 80% of 

variance explained by the first two PCs was determined. In every age group, the 80% 

threshold required at least 10 genes (Supplemental Table 1), indicating a fairly even 

distribution. To gain greater clarity on whether variation in gene expression tends to be 

concentrated in just a few PCs, we plotted eigenvalue decay for the age class PCAs. 

While PCs 1 and 2 account for the majority of gene expression variance in all age 

classes, the cumulative proportion is substantially higher in P0 and P7 (83% of 

variance) than in P14, P30 or P60 (60-68%) (Fig. 2; Supplemental Figure 1). This 

indicates relatively more correlated gene expression at early postnatal ages, which 

becomes more heterogeneous over post-natal development. These results are also 

consistent with other gene expression studies which find only modest MIA-induced 

changes in adult cortex despite the presence of disease-relevant neuropathologies and 

behaviors (Connor et al., 2012; Smith et al., 2007). The shared genes driving variance 

at birth and at P7 may be associated with susceptibility and/or resilience to MIA 

offspring outcomes. Taken together, these data suggest that MIA has the greatest 

impact on cytokine receptor expression early in development.   
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Discussion 

In this study, the effect of poly(I:C)-induced MIA on cytokine receptor expression 

in the FC of offspring from birth to adulthood was examined. In concordance with our 

previous study on cytokine protein levels (Garay et al., 2013), cytokine receptor 

expression is significantly altered in an age-specific manner in offspring, with all 

significant changes following the same direction at a particular age. Across ages the 

direction of change of cytokine receptors in MIA offspring shows an oscillating pattern—

down at birth, up at P7, down at P14, and up at later ages—as compared to control 

offspring. These changes do not segregate easily into pro- or anti-inflammatory 

categories and instead indicate chronic alterations in cytokine-mediated developmental 

processes, including aberrant microglial function (though not inflammatory), neuronal 

differentiation, synapse formation and elimination, and synaptic function, that could 

contribute to the ASD- and SZ-like neuropathology and behavioral alterations in MIA 

offspring.   

 Growing evidence implicates lifelong immune alterations in individuals with ASD 

and SZ. Changes in peripheral immune markers are associated with both disorders but 

study results have been mixed and peripheral immune markers have not shown the 

specificity, reliability, and positive predictive value to be of use in a clinical setting. 

Cytokines are also altered in postmortem brain tissue from ASD and SZ individuals 

(Estes and McAllister, 2015; Trepanier et al., 2016; Vargas et al., 2005), although these 

studies are limited by the typically small number of mostly pro-inflammatory cytokines 

measured. The increased expression of a few proinflammatory cytokines in brain tissue 

has led to the hypothesis that chronic neuroinflammation drives the clinical course of 
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ASD and SZ. However, chronic neuroinflammation cannot be assessed from the mere 

presence or absence of cytokines without the parallel presence of other signs of 

neuroinflammation such as breaches in the blood-brain-barrier (BBB), gliosis, and 

peripheral immune cell infiltration (Estes and McAllister, 2014). Importantly, these 

definitive criteria for neuroinflammation do not appear to be present in humans or in MIA 

rodent models (Borta and Schwarting, 2005; Collste et al., 2017; Cotel et al., 

2015)(Giovanoli et al., 2016; Giovanoli et al., 2015; Holmes et al., 2016). In particular, 

our previous discovery of the age-dependent changes in cytokines in the FC of MIA 

offspring throughout postnatal development does not support the neuroinflammation 

hypothesis. Further, we found no evidence of decreased BBB integrity, immune cell 

infiltration or gliosis in the brains of MIA offspring (Garay et al., 2013). Finally, the 

oscillating pattern of changes in cytokine receptor expression across postnatal 

development reported here also does not support a clear role for neuroinflammation in 

offspring caused by MIA. Together, these results from humans and animal models 

indicate that it is the dynamic dysregulation of immune molecule signaling in the brain, 

rather than neuroinflammation, that contributes to ASD and SZ-related neuropathology.  

The oscillating changes in cytokine receptors in the FC of offspring throughout 

development likely arise from complex feedforward and feedback loops that cytokine 

networks exert on cytokine and receptor expression as a means of maintaining 

homeostasis. For example, cytokines often regulate the expression of their receptors 

and others. Thus, an increase in the production of a cytokine may be met with a parallel 

decrease in cytokine receptor expression bringing the overall level of signaling back to 

physiological levels. In other contexts, increases or decreases in cytokine signaling 
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could result in a similar directional change in receptor expression leading to an 

amplification of the effect. When specific antibodies to cytokine receptors are developed 

in the future, assessing cytokine receptor protein levels will provide important insight 

into the overall change in cytokine signaling in the brains of offspring following MIA that 

is predicted based on mRNA expression levels. Moreover, understanding the molecular 

mechanisms that mediate the effects of MIA in causing this oscillating pattern of 

changes in cytokine receptors is a major goal for future studies.   

While changes in prenatal cytokines have been shown to be causal for some 

MIA-induced behaviors (Choi et al., 2016; Shin Yim et al., 2017; Smith et al., 2007), the 

presence and effects of long-lasting changes in cytokine signaling throughout postnatal 

development are largely unknown. In the context of infection, cytokines are classified as 

having mostly pro or anti-inflammatory activity, but under physiological conditions they 

play diverse roles in brain development and maintenance (Deverman and Patterson, 

2009). In early development, many cytokines act as patterning and neurotrophic factors 

and in postnatal development, cytokines promote synapse formation and elimination, 

modulate synaptic strength, and alter the release of numerous neurotransmitters and 

hormones from neurons and glia (Garay and McAllister, 2010)(Deverman and 

Patterson, 2009). The MIA-induced chronic alterations in cytokines and their receptors 

could represent homeostatic, adaptive or pathological processes with or without an 

immune etiology in an age-dependent manner. These physiological cytokine-mediated 

developmental and homeostatic processes must be altered by MIA-induced changes in 

cytokine signaling in the brains of offspring.  
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A surprisingly large number of cytokine receptors were altered at each age 

postnatally in the FC of offspring following MIA. Because so many cytokine receptors 

were altered in distinct patterns at each age, future work is essential for determining 

which, if any, of the altered cytokine receptors could be driving changes in the other 

receptors and which are critical for changes in cortical connectivity and/or function in 

offspring at each developmental age. PCA analysis revealed a developmental shift in 

relatively more correlated cytokine receptor expression at early postnatal ages (P0-P7), 

which becomes more heterogeneous over post-natal development. Future work is 

needed to determine if this represents a physiological property of cytokine networks or 

an MIA-induced shift in the coordinated activity of cytokine receptor expression. It will 

also be important to identify shared downstream signaling hubs, like JAK/STAT and 

major histocompatibility complex I (MHCI) molecules, that may translate changes in the 

many cytokine receptors on each cell into overall changes in neuronal or glial function.   

One approach to identifying the most important cytokine receptors altered by MIA 

is to focus on those that are significantly changed at multiple ages at levels over 2-fold 

relative to controls, suggesting persistent dysfunction within those pathways. Five 

cytokine receptors met these criteria: Il1r1, Ifngr1, Il10ra, Cx3cr1 and Gmcsfr. Each of 

these receptors are discussed in depth below. These chronically altered cytokine 

receptors may provide the most insight into the causal immune signaling pathways 

underlying neuropathology and the emergence of disease-related behaviors. 

Importantly, they may also have the greatest potential as diagnostic biomarkers or as 

targets for development of new therapeutics.  
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Receptors for two cytokine families—IL1 and IFNg—that are generally considered 

pro-inflammatory were altered throughout development in the FC of MIA offspring. 

Expression of Il1r1 was significantly decreased at birth, increased at the start of 

synaptogenesis, decreased during the peak of synaptogenesis and spine formation, and 

increased below 2-fold during the peak of activity-dependent plasticity and early 

adulthood. IL-1R1 is the canonical IL-1 receptor, binds the pro-inflammatory cytokines 

IL- 1α and β, and is expressed on both neurons and glia throughout the brain. Aside 

from its inflammatory properties, IL-1R1 signaling plays roles in neurogenesis, neuronal 

differentiation, plasticity, synapse formation, and neuroexcitotoxicity (Yirmiya and 

Goshen, 2011). Another member of the IL-1 family, Il1rapl1 was significantly increased 

at P7 (less than 2-fold) during the start of synaptogenesis and decreased more than 2-

fold at P14, during the peak of synaptogenesis and spine formation. IL1RAPL1 was 

identified in a screen for X-linked intellectual disability and is similar to the IL-1 

accessory proteins (Bhat et al., 2008). Intriguingly, IL1RAPL1 acts as a synaptic 

organizer and is a genetic risk factor for ASD and SZ (Bhat et al., 2008; Melhem et al., 

2011; Valnegri et al., 2011). Mutations in IL1RAPL1 associated with 

neurodevelopmental disorders lead to reduced synapse formation (Pavlowsky et al., 

2010; Valnegri et al., 2011). An MIA-induced reduction in Il1rapl1 expression during 

periods of synapse formation may replicate the effect of this genetic risk factor leading 

to altered connectivity.  

The pro-inflammatory cytokine receptor, Ifngr1, exhibited similar changes in 

expression following MIA throughout cortical development as Il1r1 although it was not 

altered by early adulthood. IFN-gR1  is the ligand-binding chain (alpha) of the 
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heterodimeric interferon gamma receptor, which mediates the signaling of IFN-g. IFN-g 

signaling during brain development promotes neurite outgrowth and neuronal survival 

(Song et al., 2005) and may also impact synapse formation. IFN-g induces surface 

major histocompatibility complex I (sMHCI) expression in neurons, which regulates 

synapse formation and function (Elmer et al., 2013; Glynn et al., 2011)(Neumann et al., 

1997; Victorio et al., 2012). Indeed, we have previously shown that MIA causes a deficit 

in the ability of cortical neurons to form synapses that is dependent on a MHCI and 

myocyte enhancer factor-2 (MEF2) signaling pathway (Elmer et al., 2013). Alterations in 

IFN-g signaling may contribute to this aberrant brain connectivity by regulating sMHCI. 

IFN-g signaling has also been implicated in excitoneurotoxicity. Specifically, association 

between IFN-gR1 and the AMPAR subunit GluR1 causes IFN-g-mediated 

phosphorylation of GluR1 and enhanced Ca2+ influx through calcium permeable 

AMPARs, which in turn leads to dendritic beading and cell death (Mizuno et al., 2008). 

Thus, changes in cortical connectivity and cell number may result from MIA-induced 

alterations in IFNGR1 expression. 

A prototypical anti-inflammatory receptor—Il10ra—was also altered in the FC of 

offspring in a similar pattern as Il1r1 and Ifngr1. Il10ra expression was decreased at 

birth and increased at the start of synaptogenesis over 2-fold, and also decreased 

during the peak of synaptogenesis and spine formation and increased during the peak 

of activity-dependent plasticity below 2-fold.  As a prototypical anti-inflammatory 

cytokine in the periphery, IL-10 prevents excessive, unresolved inflammation and limits 

secondary tissue damage. Thus, it is unsurprising to see alterations in IL-10 signaling in 

parallel with the prototypical inflammatory cytokines IL-1b and IFN-g. In the brain, IL-10 
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has been reported to regulate neurite outgrowth and synapse formation following 

oxygen-glucose deprivation-induced injury (Chen et al., 2016). IL-10 signaling through 

JAK/STAT upregulates Netrin-1, which is essential for axon regeneration in this model 

and suggests that IL-10-induced expression of Netrin-1 may occur under physiological 

conditions where Netrin-1 plays essential roles in neuronal development, and axonal 

growth and branching.  

Several receptors implicated in microglial function and microglia-neuron 

communication were also altered more than 2-fold in the FC of MIA offspring at multiple 

ages examined.  Cx3cr1 and Gmcsfr levels were most strongly increased at the 

beginning of synaptogenesis (P7) and decreased during the peak of synaptogenesis 

and spine formation (P14).  Along with two other receptors significantly decreased at 

P14 (Itgam and Ccr5), these receptors implicate microglial dysfunction in MIA-induced 

changes in cortical connectivity. Intriguingly, this age coincides with a critical 

developmental window when microglia sculpt forming circuits (Prinz and Priller, 2014).  

CX3CR1, also known as the fractalkine receptor or G- protein coupled receptor 

13 (GPR13), is required for microglia-mediated synaptic pruning in early development 

and spine formation and elimination in mature circuits (Paolicelli et al., 2011; Zhan et al., 

2014).  CX3CR1 binds the chemokine CX3CL1 (also called neurotactin or fractalkine), 

which is expressed in neurons and mediates the recruitment of CX3CR1-expressing 

microglia to neurons following injury (Paolicelli et al., 2011) and to synapses during 

activity-dependent synapse elimination (Schafer et al., 2013). Local neuron-microglia 

signaling through CX3CR1-CX3CL1 has been proposed to serve as an instructive 

signal for complement-mediated synaptic pruning (Schafer et al., 2013). Like CX3CR1, 
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CR3, also known as macrophage-1 antigen or integrin αM (ITGAM), is also expressed 

on microglia. CR3 is a complement receptor consisting of CD11b (integrin αM) and 

CD18 (integrin β2). CR3 is found on several types of immune cells and binds to C3b 

and C4b, which aid in complement-mediated opsonization of bacteria and debris. 

Microglial-expressed CR3 in the brain recognizes tagged synapses and initiates 

synaptic pruning at a subset of synapses (Schafer et al., 2012). Taken together, 

alterations in CR3 and CX3CR1 expression seen in the FC of MIA offspring suggest 

age-specific changes in microglial migration, complement-mediated synaptic pruning, 

and adaptive plasticity. 

Signaling through GMCSFR in the periphery promotes microglial proliferation 

(Lee et al., 1994) and is essential for maturation into antigen-presenting cells (Re et al., 

2002). Although little is known about the role for GM-CSF in postnatal brain 

development, it has been reported that GMCSFR is expressed on neurons (Schabitz et 

al., 2008) and can stimulate proliferation and inhibit apoptosis of neural progenitor cells 

(Kim et al., 2004; Kim et al., 2009). GMCSF is also essential for spine formation in 

hippocampal neurons and for hippocampal-dependent spatial and fear memory in 

young adult mice (Krieger et al., 2012). Finally, CCR5 binds the chemokines RANTES, 

MIP, and CCL3L1 and its role in the brain is not fully known. In the periphery, CCR5 is 

expressed on microglia and alters microglial activation and function (Maung et al., 

2014). Recently, like GMCSFR, CCR5 has also been shown to be expressed on 

astrocytes and neurons in the central nervous system, where CCR5 negatively 

regulates synaptic plasticity and hippocampal learning and memory (Zhou et al., 2016).  
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Although these changes in cytokine receptors suggest functional sequelae during 

FC development, it is important to note that changes in expression of each receptor are 

often distinct from changes in the protein levels of their corresponding cytokines, as 

detected in our previous study (Garay et al., 2013). Cytokine protein levels are generally 

elevated at birth, decreased from P7-P14-P30, and then elevated again in early 

adulthood (P60). Together with this U-shaped trajectory of cytokine protein levels during 

postnatal development (Garay et al., 2013), the oscillating changes in cytokine receptor 

levels reported here suggest dynamic changes in connectivity with age. At birth, 

cytokines are elevated while cytokine receptors are lower making it difficult to predict 

any effect on overall cytokine signaling. At P7, cytokine levels are lower, but their 

receptor expression is much higher, suggesting a compensatory effect and possibly an 

overall increase in cytokine signaling at P7. At P14, both cytokines and their receptors 

are decreased indicating that cytokine signaling is most likely dramatically decreased 

during this period of peak synaptogenesis and spine formation. At P30, changes in 

cytokines again oppose the direction of change in their receptors, making it difficult to 

infer what the overall change in cytokine signaling might be.  However, at P60, both 

cytokines and their receptors are elevated indicating a clear increase in cytokine 

signaling.  

Despite tremendous growth in our understanding of the genetic architecture and 

biological underpinnings of psychiatric disorders, there have been no new classes of 

drugs developed in over fifty years (Agid et al., 2007; Insel, 2012; Millan et al., 2016). 

Current pharmaceuticals developed for psychiatric disorders were reverse engineered 

from clinical observation of repurposed drugs with psychoactive properties; no drug has 
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yet been created based upon the neurobiological substrates of these disorders (Agid et 

al., 2007). There are many reasons for our failure to identify new molecular targets. 

Most preclusive, diagnosis relies upon descriptive psychopathology, leading to patient 

cohorts representing a wide range of etiology, neuropathology, clinical course, and 

response to treatment (Marin, 2016; Millan et al., 2016). Drug discovery would benefit 

greatly from the stratification of patients—ideally, based upon a biological marker—into 

etiologically homogeneous subgroups. A key advance for the field would be 

identification of biomarkers that identify at-risk individuals prior to full clinical 

manifestation. Biomarkers that aid in early identification and intervention could be 

transformative for individuals predisposed to these disorders even in the absence of a 

complete mechanistic understanding or cure (Abi-Dargham and Horga, 2016). Most 

beneficial to this discovery are animal models in which neuroanatomical, functional, and 

behavioral abnormalities emerge at developmentally specific time points paralleling the 

alterations in developmental trajectories found in these disorders (Estes and McAllister, 

2016). In these animal models, disease course and developmental trajectory can be 

interrogated, which may assist in the identification of therapeutic windows and 

biomarkers preceding full conversion from prodromal states.  

Studies examining the progression of the disease process through changes in 

expression of immune molecules over time during brain development in disease 

models, such as the present study, are critical for determining the timing of the onset of 

pathology, the biomarkers that distinguish different phases of disease progression, and 

novel therapeutic targets specific for distinct stages of the disease process.  This 

approach is clearly important for diseases initiated by maternal infection, such as ASD 
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and SZ, since the changes in immune signaling in the brain are so dramatically different 

across postnatal development.  For example, decreasing cytokine signaling through 

anti-inflammatory therapies could alleviate the effects of elevated cytokine signaling in 

early adulthood, but this approach would likely exacerbate pathology when cytokine 

signaling is decreased during earlier stages of synaptogenesis. Identifying novel ligands 

for molecular imaging studies that could signal the stage of the disease process 

(increased or decreased immune molecule signaling) in vivo, would increase the 

success of targeted treatments. Altered brain cytokines may meet these needs, but 

identification of brain biomarkers in vivo requires molecular imaging (Abi-Dargham and 

Horga, 2016). Most cytokines are soluble proteins with short half-lives, which makes 

them poor candidates for molecular imaging in vivo using positron emission tomography 

(PET). Cytokine receptors are more suitable as ligands for generating radiotracers.          

The receptors discovered in this study provide several novel targets for such biomarkers 

and imaging approaches.  Unlike peripheral immune measures, levels of brain cytokines 

may be a direct readout of ongoing pathophysiology relevant to ASD and SZ diagnosis 

(Fillman et al., 2013; Li et al., 2009b; Trepanier et al., 2016; Vargas et al., 2005; Wei et 

al., 2011). Similarly, small molecules targeting these specific altered immune signaling 

pathways in the brain are potentially exciting new therapeutics for a range of neuro-

immune based CNS disorders. Developing these biomarkers and therapeutics is critical 

to fill the current lack of any viable approach to image immune signaling in vivo, 

potentially transforming diagnostics and treatment of a wide range of neuropsychiatric 

disorders. 
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Figure Legends 

 
Fig. 1. MIA induces long-lasting changes in the expression of cytokine receptors in 

frontal cortex throughout development. The fold-change in cytokine receptor expression in 

the FC of MIA offspring is plotted in comparison to saline offspring. Increases are shown above 

1 and decreases, below. Statistically significant changes (p < 0.05) greater than 2-fold are 

represented in magenta, statistically significant changes less than 2-fold are represented in 

blue, and non-significant changes greater than 2-fold are represented in yellow. (A) At P0, 4 

receptors were significantly decreased by at least 2-fold compared to controls and 4 

more were significantly decreased less than 2-fold. CD55 was decreased more than 2-

fold but was not statistically different from control values. (B) In contrast to the 

decreased levels at birth, 6 receptors were significantly increased at P7 by at least 2-

fold and 6 more were significantly elevated at levels less than 2-fold. IL2RA and CXCR2 

were below the level of detection. Please note the difference in scale of the graph in this panel. 

(C) At P14, 7 receptors were more than 2-fold decreased compared to controls. 3 additional 

receptors were significantly decreased compared to controls at levels less than 2-fold. 

IL9R and CXCR2 were below the level of detection. (D) At P30, 12 receptors were significantly 

increased compared to controls although none were increased above 2-fold. IL9RA and CXCR2 

were below the level of detection. (E) At P60, 8 receptors were significantly elevated but less 

than 2-fold compared to controls. CXCR2 was below the level of detection. n = 10 brains from 

male offspring per treatment group from at least 4 independent litters. (F) The heatmap 

illustrates the changes in cytokine receptors over the 5 ages examined. Reds represent fold-

increases and blues represent fold-decreases as indicated in the legend. 

 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted December 8, 2018. ; https://doi.org/10.1101/490466doi: bioRxiv preprint 

https://doi.org/10.1101/490466


  Estes et al. 2018 

 29 

Fig. 2. MIA offspring show a shift in cytokine receptor expression patterns during 

synaptogenesis. Scree plot representing the percent of variance accounted for by the principal 

components (PCs) at each age. The concentration of cytokine receptor expression variation 

clusters into two groups: P0-P7 and P14-P60. At P0 and P7, variation is concentrated in the first 

two PCs. At later ages, the variance is more evenly dispersed across the PCs.  

 

Supplemental Figure 1. Scatterplot of specimen PC scores on the first and second PCs, 

obtained from PCA analyses of MIA offspring at each age. (A-E) The distribution of specimens 

reflects how animals differ from one another along the primary axes of gene expression 

variation. PCA analyses do not reveal a grouping structure within age samples.   
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Genes
PC1 PC2 PC1 PC2 PC1 PC2 PC1 PC2 PC1 PC2

Il2ra 0.095086 -0.36738 NA NA 0.12285 0.01745 -0.25348 -0.3498 -0.3037 -0.2122
Il9r 0.204195 -0.42048 0.51827 -0.56683 NA NA NA NA -0.53 0.51226
Il5ra NA NA 0.15757 0.02502 0.12172 0.10613 0.247933 -0.2112 0.03793 -0.1456
Ccr2 0.151629 -0.36598 0.32722 -0.22639 0.2164 0.1218 0.546092 0.27705 -0.2483 0.4046
Il1rapl1 -0.14918 0.0049 -0.08814 -0.09301 0.14341 -0.16085 0.394392 0.03942 -0.1717 -0.0828
Il3ra -0.01805 -0.29791 0.24413 -0.3406 0.12377 -0.06541 0.038966 -0.0266 -0.3621 0.10217
Il17ra -0.06397 0.24043 -0.09341 -0.13914 0.15198 0.45186 0.073906 -0.1017 0.10928 -0.1469
Ccr5 -0.09063 -0.0573 -0.14484 0.10708 0.34178 0.11041 0.061966 0.04347 -0.1926 -0.3428
Ifitim3 -0.0809 -0.37159 -0.15195 -0.13475 0.25277 0.17027 -0.01161 0.19489 -0.1318 -0.2606
Cx3cr1 -0.03402 -0.25734 -0.19728 -0.27987 0.34026 -0.16842 0.089925 -0.3387 -0.2379 -0.1701
Il6ra -0.03169 -0.03195 -0.13648 -0.11934 -0.0132 0.63664 0.133747 -0.4388 -0.116 0.06978
P2rx7 -0.34846 -0.03268 -0.27628 -0.13608 0.24162 -0.04258 0.058191 0.09268 0.10821 0.02245
Csf2ra -0.25318 0.10705 -0.35875 -0.38809 0.24884 -0.24601 0.380948 0.15245 -0.1761 0.00732
Ccr3 -0.28157 -0.28752 -0.07221 -0.05935 0.35935 0.20887 0.206005 -0.1588 -0.1644 -0.1603
Itgam -0.21141 -0.07646 -0.08574 -0.09138 0.28126 -0.04162 0.194988 -0.416 -0.1337 -0.1722
Il10ra -0.20997 -0.07389 -0.29515 -0.11187 0.25128 -0.1927 0.223199 -0.2807 -0.2506 -0.3112
Il1r1 -0.2132 -0.05442 -0.0797 -0.19003 0.2468 0.05726 0.278309 -0.1042 -0.0593 -0.1517
Cxcr2 -0.22882 0.11919 NA NA 0.02005 0.14893 NA NA NA NA
Tnfrsf1a -0.2676 0.14332 -0.20971 -0.30769 0.18688 -0.03765 0.129336 0.18537 -0.2294 -0.1043
Cd55 -0.55911 -0.20145 -0.10127 -0.0405 -0.004 0.25605 0.082291 0.0783 -0.0181 -0.1047
Ifngr1 -0.21108 0.08426 -0.2338 -0.18618 0.28219 -0.16462 -0.03261 -0.1851 -0.2447 -0.2278

Principal component loadings for P1 and PC2
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