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Abstract

Perturbations to the in utero environment can dramatically change the trajectory of offspring 

neurodevelopment. Insults commonly encountered in modern human life such as infection, toxins, 

high-fat diet, prescription medications, and others are increasingly linked to behavioral alterations 

in prenatally-exposed offspring. While appreciation is expanding for the potential consequence 

that these triggers can have on embryo development, there is a paucity of information concerning 

how the crucial maternal-fetal interface (MFI) responds to these various insults and how it 

may relate to changes in offspring neurodevelopment. Here, we found that the MFI responds 

both to an inflammatory state and altered serotonergic tone in pregnant mice. Maternal immune 

activation (MIA) triggered an acute inflammatory response in the MFI dominated by interferon 

signaling that came at the expense of ordinary development-related transcriptional programs. The 

major MFI compartments, the decidua and the placenta, each responded in distinct manners to 

MIA. MFIs exposed to MIA were also found to have disrupted sex-specific gene expression and 

heightened serotonin levels. We found that offspring exposed to MIA had sex-biased behavioral 

changes and that microglia were not transcriptionally impacted. Moreover, the combination 

of maternal inflammation in the presence of pharmacologic inhibition of serotonin reuptake 

further transformed MFI physiology and offspring neurobiology, impacting immune and serotonin 

signaling pathways alike. In all, these findings highlight the complexities of evaluating diverse 

environmental impacts on placental physiology and neurodevelopment.
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1. Introduction

Not long ago, in the early 1900s, the fetus was viewed as a “perfect parasite” that was 

“afforded protection against nutritional damage that might be inflicted on the mother” 

(Almond and Currie, 2011). This line of thinking emphasized a lack of concern for 

environmental insults on fetal development. In the present day, it is generally well-accepted 

that perturbations to a pregnant mother’s healthy physiology, such as with smoking or 

alcohol consumption, can negatively impact offspring development. Such environmental 

alterations may occur in states of malnutrition, obesity, infection, autoimmune conditions, 

mental health struggles, psychiatric conditions, and more (Almond and Currie, 2011; 

Bordeleau et al., 2021; Cortés-Albornoz et al., 2021; Estes and McAllister, 2016; Fitzgerald 

et al., 2021; Knuesel et al., 2014; Susser and Lin, 1992). Insults that induce an altered 

immune state during pregnancy (e.g. infection, autoimmune condition, pollutants) have been 

linked to altered offspring neurodevelopmental trajectories (Estes and McAllister, 2016; 

Knuesel et al., 2014; Zengeler and Lukens, 2021). Stress and depression during pregnancy 

have also been shown to increase the risk of similar conditions or other psychiatric 

conditions in children (Kinsella and Monk, 2009; Talge et al., 2007). The common thread 

between these varied cases is an environmental trigger that causes a shift in maternal 

physiology which may propagate ill-affecting signaling cascades to the developing embryo.

Accumulating epidemiologic studies have linked maternal immune activation (MIA) to 

an increased penetrance of neurodevelopmental disorders, psychiatric conditions, and 

other neurologic disorders in offspring (Brown and Derkits, 2010; Estes and McAllister, 

2016; Han et al., 2021; Knuesel et al., 2014; Patterson, 2009). Diverse immune triggers 

including viral or bacterial infection, autoimmune conditions, and exposure to environmental 

pollutants have all been associated with elevated rates of mental conditions including 

autism, schizophrenia, depression, and more (Bilbo et al., 2018; Brown and Derkits, 2010; 

Ellul et al., 2022; Estes and McAllister, 2016; Knuesel et al., 2014; Patterson, 2009). 

Further subtleties in this model exist, as not all cases of MIA may outright trigger 

neurologic alternations in offspring but could instead act as a primer for future insults 

which collectively spur symptom onset (Giovanoli et al., 2013; Knuesel et al., 2014). 

Immune activation may heighten levels of inflammatory mediators that can impact the 

placental environment and the developing embryo (Deverman and Patterson, 2009; Estes 

and McAllister, 2016; Knuesel et al., 2014; Patterson, 2009). For example, heightened 

maternal serum levels of cytokines such as IL-6 and IL-17a can lead to offspring behavioral 

alterations in MIA animal models (Choi et al., 2016; Lammert et al., 2018; Smith et al., 

2007; Wu et al., 2017).

Another pertinent environmental trigger that merits further exploration is the impact of 

the use of antidepressant drugs (ADDs) during pregnancy. As the incidence of depression 

Zengeler et al. Page 2

Brain Behav Immun. Author manuscript; available in PMC 2023 June 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in the population has risen in past decades, so has the use of ADDs (Millard et al., 

2017). ADDs constitute one of the most commonly prescribed group of drugs as they 

are currently prescribed to approximately 10% of the worldwide population (Millard et al., 

2017). While adverse maternal mental health has been consistently linked to an increased 

rate of neurodevelopmental and psychiatric disorders in offspring (Fitzgerald et al., 2021; 

Millard et al., 2017), it is unclear how pharmacological treatment for these conditions in the 

mother may impact the developing embryo.

About 80% of pregnant women prescribed an ADD are given a selective serotonin 

reuptake inhibitor (SSRI), as this class of ADDs are known to be relatively safe to 

take during pregnancy (Millard et al., 2017). SSRIs work by blocking serotonin reuptake 

by serotonin transporters, thereby increasing extracellular serotonin concentrations and 

prolonging serotonin signaling (Homberg et al., 2010; Marchocki et al., 2013). Though 

SSRIs are often used during pregnancy, there is some evidence to suggest that SSRIs 

can be teratogenic and that intake during pregnancy may increase the risk of premature 

delivery, low birth weight, neonatal cardiovascular abnormalities, and offspring metabolic 

and neurologic disorders (Fitzgerald et al., 2021; Homberg et al., 2010; Marchocki et al., 

2013). Given that the placenta is the sole source of serotonin for the developing embryo 

early in pregnancy, paired with the importance of serotonin for brain development, prenatal 

disruption of maternal serotonin levels could presumably alter offspring neurodevelopment 

(Ansorge et al., 2008, 2004; Araujo et al., 2020; Bonnin et al., 2011; Bonnin and Levitt, 

2011; Homberg et al., 2010; Malm et al., 2016; Oberlander et al., 2009; Sujan et al., 2019).

A critical component of studying the impact of the maternal environment on the developing 

embryo is the maternal-fetal interface (MFI). The maternally-derived decidua and embryo-

derived placenta constitute a temporary barrier organ that represents the first site of 

interaction between the mother and the embryo (Maltepe and Fisher, 2015). This interface 

allows for maternal support of the developing embryo with nutrients, gases, and hormones 

and also protection from harmful stimuli (Maltepe and Fisher, 2015). Therefore, the MFI 

must balance tolerogenic immune responses to a non-self-embryo, but also protect the 

developing embryo from deleterious consequences of infection or other triggers of maternal 

inflammation (Ander et al., 2019; Maltepe and Fisher, 2015; Sun et al., 2021).

Understanding how the MFI responds to a shift in a healthy baseline milieu in the maternal 

environment may be key in elucidating any impacts on fetal development. Studies into 

how perturbations to this important interface influence neurodevelopment are lacking. We 

therefore sought to investigate the murine MFI response to either MIA or SSRI exposure 

during pregnancy, as well as how these stressors impact offspring neurodevelopment. Given 

the evidence that combined stressors during pregnancy in a “two-hit” model have a greater 

impact on offspring development (Bilbo et al., 2018; Knuesel et al., 2014), we also aimed to 

examine whether a combinatorial effect of SSRI exposure and MIA exists.

To explore how environmental stressors impact in utero physiology and neurodevelopment, 

we exposed pregnant mice to a mimicked viral infection and/or treated them with SSRIs. 

We found that the MFI undergoes a rapid and robust immune response following MIA that 

was largely interferon-driven. Each MFI compartment (decidua and placenta) responded in 
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distinct fashions to MIA. Moreover, we uncovered baseline transcriptional sex differences 

in the MFI that were subacutely eliminated following MIA. Offspring of these MIA 

pregnancies displayed altered sex-specific behaviors that were not accompanied by an 

appreciable transcriptional shift in microglia, the resident immune cells of the brain. Like 

exposure to MIA alone, we found that SSRI treatment on its own during pregnancy altered 

the MFI immune signaling landscape. Intriguingly, dual exposure to both MIA and SSRIs 

elicited combinatorial effects. Specifically, the MFI immune response to MIA was reshaped 

in the presence of SSRIs and the embryonic brain transcriptional response to either MIA or 

SSRIs alone was exacerbated when the treatments were combined. This study demonstrates 

that the maternal-fetal interface is sensitive to environmental insults such as MIA and SSRI 

exposure and that these triggers can impact offspring neurobiology in a complex fashion.

2. Methods

2.1 Mice

All mouse experiments were performed in accordance with the relevant guidelines and 

regulations of the University of Virginia and approved by the University of Virginia 

Animal Care and Use Committee. 8-week-old C57BL/6J wild-type mice were obtained 

from Taconic Biosciences and housed in University of Virginia facilities for at least 1 week 

before use. Mice were housed in specific pathogen-free conditions under standard 12-hour 

light/dark cycle conditions in rooms equipped with control for temperature (21 ± 1.5°C) and 

humidity (50 ± 10%).

2.2 SSRI treatment and maternal immune activation

Virgin female wild type mice were placed on fluoxetine water (160 mg/L) or standard water 

as a control at least 2 weeks prior to mating. Duos of females were set up with male mice 

for mating and checked every morning for vaginal plugs. The presence of a vaginal plug 

was marked as embryonic day (E)0.5 and males were subsequently removed from the cage. 

Maternal immune activation was initiated by intraperitoneal (i.p.) injection of 20 mg/kg 

polyinosinic-polycytidylic acid (polyI:C) at E11 and E12 or saline was injected as a control 

(Lammert and Lukens, 2019). Fluoxetine and control groups were kept their respective water 

treatments throughout the entirety of pregancies.

2.3 Tissue collection

Mice were euthanized by i.p. Euthasol injection (440 mg/kg; Anada, 200-071). Maternal 

blood was immediately collected by cardiac puncture, incubated at room temperature for 

10 minutes, and then spun down for 15 min at 1500 rpm. The top layer of serum was 

collected for downstream analyses. For sample isolation at embryonic timepoints, whole 

maternal-fetal interface tissue was dissected away from the embryo, flash frozen, and stored 

at −80°C. Unless otherwise noted, E12 or E14 maternal-fetal interface tissue was kept 

all together, including the decidua, placenta, and surrounding supportive uterine muscle 

tissue. For qPCR experiments comparing the decidua to the placenta, the surrounding 

supportive uterine muscle tissue was removed and the decidua was dissected away from 

the placenta. For all experiments fetal bodies were removed from the placenta, the top of 

embryo heads were isolated, and brains were scooped out. Embryonic brains were either 
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placed in Buffer A (DMEM/F12 with 10% FBS, 0.1% GlutaMAX, and 0.1% antibiotic 

antimycotic) on ice for downstream magnetic-activated cell sorting (MACS) or were flash 

frozen and stored at −80°C. The remaining embryonic body was flash frozen and stored at 

−80°C for downstream sex genotyping. For postnatal brain collection (postnatal day (P)5 or 

P90) euthanized mice were perfused with 5 U/ml heparin in 1x PBS, brains were harvested, 

and meninges carefully removed. Brains were placed in Buffer A on ice for downstream 

MACS preparation.

2.4 Sex genotyping

Flash frozen fetal body tissue was incubated in 200 μl DirectPCR Lysis Reagent (Viagen 

Biotech, 102-T) with 4 μl Proteinase K (Thermo Fisher 3115879001) overnight at 55°C. 

Samples were heat shocked at 85°C for 45 minutes and then chilled at 4°C for 5 min and 

spun down at 16,000 rpm for 10 min. DNA supernatants were collected and stored at −20°C 

until use for PCR. PCR reactions were set up using MyTaq Red Mix (Meridian Bioscience 

BIO-25043) and Sx primer pair (sequences below) with extracted DNA, and then run on an 

agarose gel.

Rev: 5’ CTT ATG TTT ATA GGC ATG CAC CAT GTA 3’

Fwd: 5’ GAT GAT TTG AGT GGA AAT GTG AGG TA 3’

2.5 RNA extraction

Frozen tissues (whole MFIs, placentas, deciduae, or whole brains) were thawed on ice 

and then mechanically homogenized in Tissue Protein Extraction Reagent (T-PER; Thermo 

Fisher, 78510) containing phosphatase inhibitor cocktail PhosSTOP (Roche, 04906845001) 

and protease inhibitor cocktail cOmplete (Roche, 11873580001). Whole maternal-fetal 

interface tissue, placentas, and deciduae were homogenized in 500 ul and whole E12 or E14 

brains in 250 μl of this TPER cocktail. Slurries (50 μl of placenta/decidua slurry or the entire 

embryonic brain slurry) were then added to 500 μl TRIzol (Life Technologies, 15596018) 

and stored at −80°C until further use. For RNA extraction, TRIzol-supended samples were 

thawed on ice, vortexed, and 100 μl of chloroform (Fisher Scientific, BP1145-1) was added. 

Samples were incubated at room temperature for 5 minutes and then spun down at 14,000 

rpm at 4°C for 15 minutes. The clear aqueous top layer was collected and an equal volume 

of isopropanol (Sigma, I9516) was added then vortexed vigorously. Samples were then 

incubated at room temperature for 10 minutes and spun down at 12,000 rpm at 4°C for 5 

minutes. The resulting RNA pellet was then washed with 1 ml of 70% ethanol in RNAse-/

DNAse-free water and spun down at 14,000 rpm at 4°C for 5 min. This wash step was then 

repeated and finally the RNA pellet was air dried at room temperature and resuspended in 30 

μl of DNAse-/RNAse-free water. RNA quality and quantity were evaluated using NanoDrop 

2000 Spectrophotometer (Thermo Scientific).

2.6 Magnetic-activated cell sorting

Fresh brains held in Buffer A (DMEM/F12 with 10% FBS, 0.1% GlutaMAX, and 0.1% 

antibiotic antimycotic) on ice were transferred to Buffer B (HBSS + Ca + Mg with 4 

U/ml papain, and 50 U/ml DNase I) at room temperature. For embryonic timepoints (E12 
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and E14) brains were added to 1.5 ml Buffer B. For postnatal timepoints (P5 and P90) 

brains were added to 5 ml Buffer B. Samples were triturated using a 5 ml serologic pipette 

and incubated for 15 min at 37°C. Samples were then triturated using a 1 ml pipette 

and incubated again for 15 min at 37°C. This step was repeated twice (giving a total of 

3 trituration steps and 45 minutes of incubation at 37°C) to yield a smooth single cell 

suspension. Samples were triturated once more with a 1 ml pipette and then filtered through 

a 70 μm cell strainer into a clean tube. 20 ml Buffer A was then added and cells were spun 

down at 300 g at 4°C for 10 min (fast acceleration, slow brake). Supernatants were aspirated 

and the remaining cell pellets were resuspended in 180 ul 1x MACS buffer (Miltenyi Biotec, 

130-0910376) in PBS. 90 μl of CD11b magnetic microbeads (Miltenyi Biotec, 130-093-634) 

were added and samples were incubated for 15 min at 4°C. Samples were then washed 

with 1 ml MACS buffer and spun down at 300 g at 4°C for 10 min (fast acceleration, 

fast brake). Supernatants were aspirated and the remaining cell pellets were resuspended 

in 500 μl MACS buffer. LS columns (Miltenyi Biotec, 130-042-401) and a QuadroMACS 

magnet (Miltenyi Biotec, 130-091-051) were used to isolate CD11b+ cells according to the 

manufacturer’s instructions. Column-bound microglia (CD11b+ cells) were then spun down 

at 300 g at 4°C for 10 min. Cell pellets were either added to 200 μl TRIzol reagent for RNA 

extraction or resuspended in 1x PBS for flow cytometry.

2.7 Flow cytometry

Flow cytometry was employed to validate MACS purification efficacy. CD11b-positive and 

-negative fractions in 1x PBS were transferred to a 96-well round bottom plate and spun 

down at 1500 rpm for 5 minutes at 4°C. Cells were then stained with fixable viability dye 

(eBioscience, 65-0866-14) at 1:1000 for 30 minutes at 4°C. Cells were washed with FACS 

buffer (1x PBS, 1 mM EDTA, and 1% BSA) and spun down at 1500 rpm at 4°C. Cells 

were then stained 1:200 with CD11b (APC), CD45 (PE-Cy7), and TCR β chain (Brilliant 

Violet 510) flow antibodies (all from eBioscience) in FACS buffer for 15 minutes at 4°C. 

Cells were washed once with FACS buffer, spun down at 1500 rpm at 4°C, then resuspended 

in 100 μl of FACS buffer. Microglia were identified as CD45int and CD11bhi after gating 

for single cells. Data were acquired using a Gallios flow cytometer (10 colors, 3 lasers, 

B5-R1-V2 Configuration with Kaluza Acquisition; Beckman Coulter) and analyzed using 

FlowJo software (Becton, Dickinson, & Company).

2.8 RNA-sequencing procedure and data analysis

Isolated maternal-fetal interface RNA and sorted microglia resuspended in TRIzol were 

sent to GENEWIZ Next Generation Sequencing for sample preparation and bulk RNA-

sequencing. The raw sequencing reads (FASTQ files) were aligned to the UCSC mm39 

mouse genome build using the splice-aware read aligner HISAT2. Samtools was used 

for quality control filtering. Reads were sorted into feature counts with HTSeq. DESeq2 

(v1.30.0) was used to normalize the raw counts based on read depth, perform principal 

component analysis, and conduct differential expression analysis. The p-values were 

corrected with the Benjamini-Hochberg procedure to limit false positives arising from 

multiple testing. Significantly downregulated and upregulated genes were assayed using 

GProfiler (https://biit.cs.ut.ee/gprofiler/gost) to generate KEGG, GO, and Reactome terms. 

Network maps were generated using Cytoscape (3.9.1). Analyses were performed and plots 
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were generated in RStudio using the following packages: lattice, DESeq2, pheatmap, GSA, 

ggplot2, ggrepel, dplyr, tidyverse, ggprofiler2, pals, EnhancedVolcano, stringr, data.table, 

and VennDiagram.

2.9 cDNA synthesis and qPCR

Isolated RNA was converted to cDNA using a Sensifast cDNA Synthesis kit 

(Bioline, BIO-65054). Gene expression levels were determined using Taqman Gene 

Expression Assay primer/probe mix (Thermo Fisher), Sensifast Probe No-ROX kit 

(Bioline, BIO-86005), and a CFX384 Real-Time PCR System (BioRad, 1855484). 

All kits were used according to manufacturer’s instructions. The following primers 

(Thermo Fisher Scientific) were used: Ifit1 (Mm00515153_m1), Mx1 (Mm00487796_m1), 

Ccl3 (Mm00441259_g1), Tlr3 (Mm01207404_m1), Il1b (Mm00434228_m1), Il6 
(Mm00446190_m1), Il17a (Mm00439619_m1), Il6ra (Mm01211445_m1), Il17ra 
(Mm00434214_m1), Cx3cr1 (Mm02620111_s1), Sykb (Mm01333035_m1), Chd1 
(Mm00514308_m1), Eif2s1 (Mm00782766_s1), Rps2 (Mm01971861_g1), Rack1 
(Hs00272002_m1), Slc6a4 (Mm00439391_m1), Slc22a3 (Mm00488294_m1), Ido1 
(Mm00492590_m1), Tph1 (Mm01202614_m1), Maoa (Mm00558004_m1), Maob 
(Mm00555412_m1), Cdh1 (Mm01247357_m1), Cd56 (Mm01149710_m1), Uty 
(Mm00447710_m1), Xist (Mm01232884_m1), and Gapdh (Mm99999915_g1). Relative 

expression levels were calculated based upon Gapdh expression.

2.10 Serotonin ELISA

Serotonin concentrations in maternal sera or MFI homogenates were determined using 

a serotonin ELISA kit (Enzo Life Sciences, ADI-900-175). Frozen MFI tissues were 

thawed on ice and then mechanically homogenized in 500 ul TPER cocktail (Tissue 

Protein Extraction Reagent T-PER (Thermo Fisher, 78510) containing phosphatase inhibitor 

cocktail PhosSTOP (Roche, 04906845001) and protease inhibitor cocktail cOmplete (Roche, 

11873580001)). Slurries were then spun down at 16,000 rpm for 10 minutes and the soluble 

supernatants were collected. Serotonin ELISA was conducted on undiluted maternal sera or 

1:10 diluted MFI tissue extracts according to the manufacturer’s instructions. The plate was 

read on an Epoch microplate spectrophotometer (Agilent) at 405 nm.

2.11 Multiplex cytokine assay

Cytokine concentrations in maternal sera and homogenates from MFI, placenta, and decidua 

were determined using a Bio-Plex multiplex cytokine assay. Frozen tissues (bulk MFI or 

dissected placenta/decidua tissues) were thawed on ice and then mechanically homogenized 

in Tissue Protein Extraction Reagent T-PER (Thermo Fisher, 78510) containing phosphatase 

inhibitor cocktail PhosSTOP (Roche, 04906845001) and protease inhibitor cocktail 

cOmplete (Roche, 11873580001). Whole MFIs and placentas were homogenized in 500 

ul and deciduae in 250 μl of this TPER cocktail. Slurries were then spun down at 16,000 rpm 

for 10 minutes and the soluble supernatants were collected. A multiplex cytokine assay was 

conducted on undiluted samples. All reagents were used according to the manufacturer’s 

instructions: Bio-Plex Pro Reagent Kit III (Bio-Rad, 171304090M), Bio-Plex Pro Coupled 

Magnetic Beads (from Mouse Cytokine 23-plex Assay, Bio-Rad, M60009RDPD), Group I 
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Cytokine standards (Bio-Rad, 171I50001). The plate was read on a Bio-Plex 200 System 

with HTS (Bio-Plex, 171000205).

2.12 Behavior

All behavior experiments were performed between 8 am and 5 pm in a blinded fashion. 

Mice were transported from their home vivarium room to the behavior core and allowed 30 

minutes to habituate before beginning each test. All behavior experiments were conducted as 

previously described (Lammert et al., 2018).

2.12.1 Ultrasonic vocalization recording—Communication following maternal 

separation was conducted on P10 male and female mice. Pups were separated from their 

mother with their littermates and allowed to habituate in the testing room for 10 min. Mice 

were then placed one-by-one in a clean 1 L plastic cup with a microphone suspended 

overhead. Ultrasonic vocalizations (USVs) were recorded using UltraSoundGate GM16/

CMPA microphone (Avisoft Bioacoustics) and analyzed with SASLab Pro software (Avisoft 

Bioacoustics). USVs were measured between 25 and 125 kHz and background recordings 

shorter than 0.02 ms were excluded.

2.12.2 Marble burying assay—Repetitive/stereotyped behaviors were assessed on 

adult male and female mice (8-10 weeks of age) using the marble burying assay. Mice 

were acclimated to wood chip bedding in their home cages overnight prior to testing. 

Experimental mice were placed into a clean cage (12 x 7 x 5 in) filled with 3 in tightly 

packed wood chip bedding with 20 glass marbles arrayed in rows of 4 and columns of 5 

equally spaced throughout the cage. Mice were allowed to explore the cage for 15 min and 

then an index score of marbles buried was calculated. A score of 0-1 was given for each 

marble (0 = < 50% buried, 0.5 = ~ 50% buried, 1 = > 50% buried) to yield a maximum score 

of 20 for this assay.

2.12.3 Social preference test—Sociability was assessed on adult male and female 

mice (8-10 weeks of age) using the social preference test. Two chamber habituation sessions 

were conducted in which mice were allowed to explore the entire 3-chamber arena with 

empty wire cages added for 5-min each session. Mice were then housed in solo overnight 

before testing. The social preference test began with placing the mice in the center of the 

3-chamber arena with the portals blocked off in which mice were allowed to explore only 

the center chamber for 5 min. Then, the barriers were removed and the mice had free access 

to the entire arena, with the top chamber containing an empty wire cage holding a novel 

mouse (age and sex-matched) and the bottom chamber containing another empty wire cage 

holding a novel object (aqua syringe suction balls). Mice were allowed to explore for 10 min 

and activity was tracked using EthoVision XT (Noldus).

2.13 Statistics

Sample sizes were chosen on the basis of standard power calculations (with α = 0.05 and 

power of 0.8). Statistical tests for RNA-seq analyses were conducted using R (4.0.4 GUI 

1.74 Catalina build (7936)) in RStudio (1.4.1106). For all other analyses, Prism software 

(GraphPad, 9.4.0) was used to calculate mean and s.e.m. values and to conduct unpaired 
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Student’s t test, one-way ANOVA, and two-way ANOVA. P values less than 0.05 were 

considered significant.

3. Results

3.1 MIA triggers a robust immune response acutely at the maternal-fetal interface

There is now an abundance of evidence that inflammation during pregnancy is a 

significant risk factor for offspring neurodevelopmental disorders yet the response of the 

maternal-fetal interface to systemic inflammation is less well understood. We sought to 

better understand how inflammation during pregnancy impacts offspring neurodevelopment 

through characterizing the MFI transcriptional response to MIA in an unbiased manner. To 

this end, we employed a model of MIA in which pregnant dams were injected with the 

viral mimetic polyinosinic-polycytidylic acid (polyI:C) on embryonic day (E)11 and E12 

(Supplemental Table 1; Lammert et al., 2018; Lammert and Lukens, 2019). This immune 

response is relatively mild, as polyI:C exposure did not significantly affect dam weight gain 

throughout pregnancy (Figure S1A), litter size, or offspring sex distribution (Figure S1B).

To illuminate the impact of MIA on the maternal-fetal interface in an unbiased manner, we 

employed bulk RNA-sequencing (RNA-seq) on MFI tissue (comprising both the decidua and 

placenta) from MIA and control pregnancies. We chose to evaluate the MFI at E12, 3 hours-

post-injection (hpi), in which maternal serum IL-6 levels are highest in this MIA model, 

as well as E14, 48 hpi, in which IL-17a levels peak (Choi et al., 2016; Figure 1A). MFI 

samples were collected from time- and embryo-matched saline and polyI:C pregnancies. 

RNA extracted from MFI samples collected at E12 and E14 was pooled equally by sex 

within each litter, yielding four samples collected from independent saline and polyI:C 

pregnancies. Principal component analysis (PCA) of all E12 and E14 samples revealed 

significant clustering of samples by both timepoint and treatment (Figure S2A), indicating a 

substantial effect of both developmental stage and MIA on the placental transcriptome.

We first wanted to define the acute response to MIA by comparing polyI:C to saline MFI 

samples at E12 (3 hpi) collapsed across sex. PCA at this timepoint revealed that saline and 

polyI:C MFI samples clustered in distinct groups along PC1, accounting for 86% of the 

variance, indicating that MIA causes a predominant shift in the MFI transcriptome (Figure 

1B). The transcriptional response at the MFI was robust and quick at the initiation of 

MIA. We found 1,877 upregulated genes and 1,674 downregulated genes when comparing 

polyI:C to saline MFIs at E12 (Figure 1C). When looking at the top 20 polyI:C upregulated 

genes, we noticed a strong pro-inflammatory signature dominated by type I interferon (IFN) 

response genes including Mx1, Cxcl10, and Ifit1, among others (Figure 1C,D). Indeed, we 

found dramatically increased expression of many interferon-stimulated genes that included 

IFIT and OAS pattern recognition receptors, STAT transcription factors, and more (Figure 

1E).

We next sought to glean an overall view of the immune response orchestrated at the MFI in 

response to polyI:C exposure. A cytoscape network analysis of polyI:C upregulated genes 

revealed an enrichment of immune terms related to cytokine signaling, lymphocyte and 

neutrophil migration, autophagy, and leukocyte activation (Figure 1F). Gene set enrichment 

Zengeler et al. Page 9

Brain Behav Immun. Author manuscript; available in PMC 2023 June 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



analysis (GSEA) of polyI:C upregulated genes using KEGG pathways uncovered specific 

signaling cascades engaged which included PI3K-AKT, NOD-like receptors, Toll-like 

receptors (TLRs), RIG-1, and NF-κB signaling, among others (Figure 1G). We also noted 

pathways related to T cell activation (Figure 1G) and were intrigued to see indication of 

a Th17 response, given that maternal Th17-mediated IL17a production is required for the 

onset of polyI:C offspring behavioral phenotypes (Choi et al., 2016; Kim et al., 2017; 

Reed et al., 2020). Indeed, we found a broad upregulation of many genes related to Th17 

differentiation acutely following polyI:C exposure in the MFI (Figure 1H). We also noted 

a shift toward anti-angiogenic signaling in which polyI:C induced the downregulation of 

many pro-angiogenic factors (i.e. Fgf2, Pdgfa, Pdgfc) concomitant with upregulation of 

anti-angiogenic factors (i.e. Angpt1, Angpt2, Cxcl9, Cxcl10, Cxcl11, Thbs1, Thbs4; Figure 

S3).

While the largest fold changes in gene expression were found in upregulated genes, we 

were still curious to explore the pathways disengaged in MIA-exposed MFIs. GSEA of 

polyI:C downregulated genes using the gene ontology (GO) database revealed an interesting 

dampening of pathways related to offspring development (Figure 1I). Such downregulated 

pathways were related to vascular, heart, and nervous system development in particular, 

which we were intrigued to find in MFI tissue that did not include the embryo itself. Given 

the central role of the MFI in providing embryo nutrition, it is possible that the inflammatory 

response detracts from this typical support. In all, the acute transcriptional response to MIA 

at the MFI engaged a robust immune response largely driven by type I IFN signaling at the 

expense of ordinary offspring developmental support.

Sex differences in the neurodevelopment of MIA offspring have been reported using 

multiple different models of infection (Carlezon et al., 2019; Gogos et al., 2020; Kalish 

et al., 2021; Keever et al., 2020; Smith et al., 2020). Thus, we were interested to see 

whether there were sex differences in the immune response at the placenta that could 

begin to explain some of the differences in offspring neurodevelopment. We therefore 

conducted differential gene expression analysis on E12 MFIs split by sex. We found 1,513 

differentially expressed genes (DEGs) in males and 2,272 DEGs in females (Figure S2B), 

with the largest fold changes occurring in upregulated genes in both sexes. We found many 

of these upregulated genes to be similar between the sexes (Figure S2B,C) with the top 

15 upregulated DEGs largely overlapping in male and female MFIs (Figure S2D). Taken 

together, this transcriptional analysis of the acute MFI response to MIA revealed an engaged 

immune response that is largely conserved between the sexes.

3.2 The pro-inflammatory response to polyI:C is distinct at the placenta and the decidua

To glean insight into whether this immune response is generated in dam-derived cells 

(decidua) or embryo-derived cells (placenta), we dissected apart decidua and placenta 

tissue. Successful dissociation of the decidua from the placenta was confirmed by relative 

expression of the placenta-enriched marker Cdh1 (E-cadherin; Figure 2A). We additionally 

confirmed that deciduae from either male or female embryos were composed primarily of 

female (i.e. maternal) cells via expression of the X chromosome gene Xist (Figure 2B). 

Placentas from female embryos also expressed Xist but completely lacked expression of 
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the Y chromosome gene Uty (Figure 2B-C). Accordingly, placentas from male embryos 

completely lacked Xist expression but highly expressed Uty (Figure 2B-C).

We next profiled the expression of pro-inflammatory genes by qPCR to understand the 

response to polyI:C in each MFI compartment. We previously found Ifit1, Mx1, and Il6 to 

have increased expression in bulk maternal-fetal interface tissue (Figure 1). Strikingly, the 

placenta, but not the decidua, significantly upregulated expression of Ifit1, Mx1, and Il6, 

in addition to Ccl3 and Il6ra 3 hpi (Figure 2D). Meanwhile, a well-characterized marker 

of decidual NK (dNK) cells, Cd56, was exclusively upregulated in the decidua but not the 

placenta 3 hpi (Figure 2D).

These findings heightened our curiosity as to whether protein levels of pro-inflammatory 

cytokines were differentially enriched in either MFI compartment. We conducted a multiplex 

cytokine assay on dissected decidua and placenta tissue homogenates from pregnancies 

3 hours post-saline or -polyI:C treatment. In comparing cytokine concentrations within 

each tissue, we found significantly elevated levels of IL-6, IL-17a, and G-CSF within the 

placenta but not the decidua (Figure 2E). No cytokines were found in significantly altered 

levels within the decidua (Figure 2E). Further, when comparing polyI:C deciduae to polyI:C 

placentas we found significantly elevated levels of IL-1β, IL-4, IL-17a, G-CSF, GM-CSF, 

and TNF-α (Figure 2E). Other MIA studies have similarly reported increased levels of 

IL-6 and IL-17a following polyI:C treatment (Choi et al., 2016; Lammert et al., 2018; 

Smith et al., 2007) and we were intrigued to find this response exclusively in the placental 

compartment. Altogether, we find that both dam- and embryo-derived cells respond to 

polyI:C yet in distinct fashions.

3.3 The MFI immune response to MIA is largely absent by E14

We were next curious to see how long this inflammatory response at the MFI persisted 

after polyI:C exposure. To this end, we compared the transcriptome of polyI:C and saline 

MFI samples at E14 (48 hpi). PCA clustering revealed that saline and polyI:C samples still 

clustered in relatively distinct groups at this time point, though not to the same extent as at 

3 hpi (Figure 1B, 3A). While there was a significant number of DEGs in response to MIA 

at 3 hpi, we found many fewer DEGs at 48 hpi (Figure 3B), indicating a potential resolution 

of the inflammatory response. Interestingly, we noticed that the male control MFIs clustered 

more closely with the polyI:C MFIs by PCA compared to the females (Figure 3A).

To further explore this pattern, we conducted differential expression analysis with the 

samples split by sex. Indeed, only 106 genes were significantly differentially expressed 

in the male MFI exposed to polyI:C compared to controls (Figure 3B). We meanwhile 

uncovered 541 DEGs in female MFIs, 58 of which were upregulated and 483 of which 

were downregulated (Figure 3B). In both sexes, there was a striking lack of the immune 

response genes that were so strongly upregulated at 3 hpi (Figure 1C, 3B). We verified this 

effect by qPCR looking at a selection of relevant DEGs and indeed saw the same strong 

upregulation of immune-related genes at E12 which were no longer differentially expressed 

by E14 (Figure 3C). In fact, many of the top downregulated genes in females were related 

to the immune system, including Stab1, Mrc1, Cx3cr1, Ccl3, C1qb, and C1qc (Figure 3D). 

Altogether, the active MFI response to MIA occurring at E12 is largely over by E14 on the 
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transcriptional level; moreover, the female MFI may even be further downregulating some 

immune-related genes.

3.4 Baseline sex differences in the MFI transcriptome are dampened subacutely by MIA

We noted in our PCA plots that samples clustered distinctly based on sex when comparing 

our saline controls at E12 (Figure 1B) and at E14 (Figure 3A), indicating significant baseline 

sex differences in the MFI transcriptome. We were fascinated to see that MIA appears to 

dampen these sex differences, as polyI:C male and polyI:C female MFI samples separate 

to a smaller degree on the PCA plots both at E12 (Figure 1B) and at E14 (Figure 3A). 

This finding spurred our curiosity to define any baseline transcriptional sex differences and 

whether MIA influences the expression of these genes.

We conducted differential gene expression analysis comparing male to female MFIs split 

by treatment and timepoint (Figure 4A). In saline control MFIs, we uncovered 701 genes at 

E12 and 868 genes at E14 that were differentially regulated by sex (Figure 4A,B). We were 

fascinated to see that nearly all of these sex-dependent genes were no longer differentially 

expressed by sex when comparing polyI:C male to polyI:C female MFIs both at E12 and 

E14 (Figure 4A,B). Specifically, there were only 15 genes at E12 and 75 genes at E14 that 

were differentially expressed when comparing between the sexes in polyI:C MFIs (Figure 

4A,B), and many of these DEGs were sex chromosome genes (Figure 4A). In other words, 

the response to polyI:C is largely overlapping in male and female MFIs, consistent with our 

DEG findings (Figure S2).

To begin to understand these MFI transcriptional sex differences, we first wanted to better 

define the biological processes chiefly employed at each developmental stage assessed, as 

this may inform any perturbations that occur as a result of sex and/or MIA. Thus, we 

conducted PCA and differential expression analysis comparing subsequent developmental 

timepoints (E14 v. E12) in saline control samples. PCA revealed that time had the 

greatest influence on the transcriptional landscape (Figure S4A); PC1 accounted for 69% 

of the variance in which samples cluster along this principal component predominately by 

timepoint. Sex accounted for the second-most variance in transcriptome (14%), as samples 

clustered next by female and male along PC2 (Figure S4A).

We identified 3,727 genes enriched at E12 and 3,858 enriched at E14 in the homeostatic 

MFI (Figure S4B). The top DEGs enriched at E12 included hemoglobin subunits Hbb.bh1 
and Hba.x, the cell cycle regulator Phlda2, and oxidoreductases Dio3 and Hsd3b6 (Figure 

S4B). GSEA of all E12 DEGs revealed that networks related to the cell cycle, mitochondrial 

translation, and rRNA processing dominated the transcriptional landscape at this time 

compared to E14 (Figure S4C). At E14, we identified prevailing enrichment for the 

prolactin genes Prl3a1, Prl8a6, and Prl8a8, pregnancy-specific glycoproteins Psg16 and 

Psg26, which are known to be involved in immunoregulation and thromboregulation, as well 

as the cathepsin-encoding gene Cts6. Indeed, GSEA of all E14-enriched genes uncovered 

pathways related to lipid metabolism (likely related to lactation) and plasma/platelet-related 

processes, in addition to insulin growth factor (IGF)- and solute carrier (SLC)-mediated 

transport (Figure S4C). We also identified significant enrichment for Ace2, the angiotensin-

converting enzyme that can also serve as a primary entry point into cells subverted by 
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SARS-CoV-2 when ACE2 is present in a membrane-bound form (Yan et al., 2020; Figure 

S4B). This is consistent with studies showing that SARS-CoV-2 can infect placental 

syncytiotrophoblasts and initiate an inflammatory response at the placenta (Argueta et al., 

2021; Bordt et al., 2021).

Males and females conceivably require different support in terms of nutrients, growth 

factors, and protection (Gabory et al., 2013; Meakin et al., 2021; Rosenfeld, 2015). In 

addition, male embryos are immunologically viewed as significantly more foreign to the 

mother’s immune system due to the presence of Y chromosome genes, perhaps necessitating 

an even more tolerogenic state (Gabory et al., 2013; Rosenfeld, 2015). Moreover, differences 

in sex chromosome gene dosage (XX vs XY) could influence MFI function both at baseline 

and in response to a change in the maternal milieu, such as those triggered by environmental 

insults like MIA. We therefore first sought to more completely understand the gene modules 

that made up apparent sex-dependent DEGs. At E12, GSEA revealed an abundance of 

differentially regulated pathways in female MFIs, many of which were related to immune 

signaling pathways (Figure 4C). In particular, we noted enrichment of signaling modules 

involving Fc receptors, TLRs, chemokines, and activation of various immune cell subsets 

(Figure 4C). The male MFI at baseline were enriched for protein export and spliceosome 

pathway KEGG terms (Figure 4C).

We wondered whether these sex-dependent gene modules persisted at E14 and/or whether 

new sex-dependent gene modules appeared as pregnancy progressed. A comparison of genes 

differentially expressed in males at E12 and E14 revealed an overlap of 141 genes, with 210 

genes uniquely expressed at E12 and 105 genes uniquely expressed at E14 (Figure 4D). The 

largest fold changes in male-enriched genes occurred in Uty, Eif2s3y, and Ddx3y, which 

were present at both E12 and E14 (Figure 4E). GSEA using the Reactome dataset found that 

male MFIs were enriched for mRNA processing-related pathways at E12 while at E14 male 

MFIs were enriched for fibrin signaling and insulin-like growth factor transport (Figure 4D). 

Male MFIs were enriched for pathways related to translation and the calrexin cycle at both 

E12 and E14 (Figure 4D).

We then repeated this analysis on female MFIs and found 338 overlapping genes at E12 

and E14, with 179 genes unique to E12 and 117 genes unique to E14 (Figure 4D). The 

top 10 DEGs enriched in females were present at E12 and E14, including Stab1, Mrc1, 

and F13a1 (Figure 4E). Consistent with our KEGG terms (Figure 4C), E12 female MFIs 

were enriched for immune signaling (Figure 4D). Some of these immune pathways were 

also apparent at E14, including Dectin- and neutrophil-related signaling (Figure 4D) and 

genes such as Ccl3, Cx3cr1, and Fcrls (Figure 4E). Female MFIs were also enriched for 

non-immune-related pathways at both E12 and E14 which included GTPases and modules 

related to the nervous system (Figure 4D). At E14 alone, female MFIs were enriched for cell 

cycle-related signaling (Figure 4D).

All of these gene modules that are typically employed in males and females separately 

during development are no longer apparent in polyI:C pregnancies (Figure 4A,B). Strikingly, 

though the immune response to polyI:C is largely complete by E14, these dampened sex 

differences continue to persist at this timepoint, which indicates of a prolonged imprint of 
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polyI:C exposure (Figure 4A,B). While the female and male MFI immune response to MIA 

predominantly overlaps, it is possible that the lack of typical employment of sex-specific 

gene modules contributes to altered offspring development in a MIA environment.

3.5 MIA leads to sex-biased behavioral changes without an accompanying transcriptional 
shift in microglia

Given the quintessence of the maternal-fetal interface in supporting embryo development 

paired with the significantly shifted transcriptome triggered by MIA, we next sought to 

investigate the impact that maternal inflammation may have on offspring neurodevelopment. 

We wondered whether sex-biased differences in offspring behavior existed in our MIA 

model, given our findings that the MIA female MFI was found to downregulate many 

immune-related genes subacutely (Figure 3B,D) and that baseline transcriptional sex 

differences in the MFI are dampened by MIA (Figure 4).

Indeed, our MIA offspring displayed sex-biased behavioral alterations. More specifically, 

we found that male polyI:C offspring emitted fewer ultrasonic vocalizations (USVs) when 

briefly separated from their mother and littermates at postnatal day (P)10 (Figure 5A), 

indicating impaired communication ability compared to female polyI:C littermates and 

saline control offspring. Sex-biased behavioral alterations were also present in adulthood, 

as male polyI:C offspring buried more marbles (Figure 5B) and interacted equally with an 

object versus a novel mouse (Figure 5C) compared to female polyI:C offspring and saline 

controls; indicative of repetitive/stereotyped behaviors and sociability deficits, respectively. 

These sex-biased behavioral changes are consistent with published neurodevelopmental 

alterations using other MIA models (Carlezon et al., 2019; Gogos et al., 2020; Kalish et al., 

2021; Smith et al., 2020).

The innate immune cells of the brain, microglia, constitute the first line of defense 

against brain pathogens and are also critically involved in homeostatic neurodevelopmental 

processes including circuit refinement, angiogenesis, and cell maturation/differentiation 

(Cowan and Petri, 2018; Lukens and Eyo, 2022; Zengeler and Lukens, 2021). All 

of these processes could conceivably be impacted by sex and/or inflammation during 

neurodevelopment. We therefore wondered whether microglia would be particularly 

sensitive to any immunologic and/or sex-specific stimuli that could be propagated from 

the placenta to the developing embryonic brain during MIA.

To investigate in an unbiased manner whether microglial gene expression is impacted by 

MIA, we conducted bulk RNA-seq on purified offspring microglia at select timepoints 

post-MIA (Figure 5D). Given our intriguing findings from the MFI RNA-seq study, we 

chose to evaluate microglia at E12 (3 hpi) and E14 (48 hpi) in an effort to correlate any MFI 

findings to a potential impact on microglia. We additionally collected sorted microglia at P5, 

a timepoint in development in which microglial phagocytosis is distinctly relevant (Nelson 

et al., 2017; Schafer et al., 2012; Zengeler and Lukens, 2021), as well as at P90 when 

neurodevelopment is largely complete. Microglia were isolated by generating single-cell 

suspensions of brain tissue and then selecting for CD11b+ cells by magnetic-activated cell 

sorting (MACS). This strategy was effective in purifying CD11b+ cells at all evaluated 
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timepoints (E12, E14, P5, and P90; Figure S5A,B) and the purity and efficacy of this 

isolation technique was not impacted by either sex or treatment condition (Figure S5C).

Using the same strategy as with MFI samples, RNA extracted from microglia samples 

collected at E12 and E14 was pooled equally by sex within each litter from a total of four 

litters per group (Figure 5D). Given the larger brain size, samples isolated at P5 and P90 

were collected from a full brain of sorted microglia RNA from four mice per group (Figure 

5D). PCA of all microglia across these developmental points revealed that time had the 

greatest influence on the transcriptional landscape of microglia: groupings were spread out 

by timepoints across PC1 which accounted for 91% of the variance (Figure 5E, S6A). In 

looking at each time point individually, we found that microglia were largely unaffected 

by MIA whereby polyI:C and saline samples clustered together at E12, E14, P5, and P90 

(Figure 5E). We noted very few differentially expressed genes when comparing saline to 

polyI:C microglia at each of these timepoints, with none passing the significance threshold 

(Figure S7). Moreover, we did not find any major sex differences in microglia at baseline 

(Figure S8) or when exposed to polyI:C (Figure S9) on the transcriptional level at any of the 

assessed timepoints.

To verify the quality and robustness of our microglia RNA-seq dataset, we evaluated 

the baseline transcriptional landscape and developmental trajectory in control microglia 

collapsed across sex. We conducted differential expression analysis at subsequent 

developmental timepoints (E14 v. E12, P5 v. E14, and P90 v. P5) in saline control samples 

and identified a vast number of DEGs in each of these comparisons as we had found in 

the placenta (Figure S6B). We found microglia to be increasingly transcriptionally different 

at each comparison through our developmental time course (Figures S6, S10A-C) in which 

there was a coordinated loss of immature microglia genes and gain of mature markers 

(Figure S10D-G). Pathway analyses revealed that microglia progress through highly distinct 

neurodevelopmental phases: these cells first undergo robust replication, then progress to a 

role of sculpting the extracellular matrix and neuronal development, then become highly 

active in terms of metabolism, cell growth, and signaling cascades, and finally reach a 

mature maintenance state (Figure S10H). This transcriptional assessment of microglial 

maturation is consistent with published studies (Hanamsagar et al., 2017; Matcovitch-Natan 

et al., 2016).

To independently corroborate these findings, we re-analyzed the transcriptional profile of 

MIA microglia from a published single-cell RNA-sequencing (scRNA-seq) dataset using a 

similar polyI:C model (Kalish et al., 2021). Following clustering of all cells at E14 (48 hours 

post-polyI:C) and E18 (96 hours post-polyI:C), we selected for microglia based on enriched 

expression of Cx3cr1 and Tmem119 and low expression of other cell-type-specific markers 

(Figure S11). tSNE re-clustering of microglia yielded two sub-clusters at E14 (Figure 5F) 

and 5 sub-clusters at E18 (Figure 5G). MIA and control PBS microglia did not fall into any 

distinct cluster at either E14 (Figure 5F) or E18 (Figure 5G). In addition, we found very few 

significantly differentially expressed genes between MIA and PBS microglia. There were 

no significant DEGs at E14 and only 4 DEGs at E18: mt-Co2, Mrc1, Lyve1, and F13a1. 

Taken together, these findings suggest that this model of MIA does not significantly affect 

the transcriptome of microglia during development or persisting into adulthood. Whether 
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this MIA model alters microglia at the functional levels and/or primes microglia to respond 

differently to insults later in life will be important future areas of investigation.

3.6 SSRI exposure reshapes the MFI response to MIA

A recent study found that inflammation during pregnancy due to maternal high-fat diet 

gave rise to sex-dependent behavioral alterations that were accompanied by reduced 

placental serotonin levels (Ceasrine et al., 2021). We therefore wondered whether maternal 

inflammation in our polyI:C model also altered the serotonergic tone of the MFI. In addition, 

we were interested to see whether and how the MFI responds to a different type of 

environmental insult, and furthermore whether a combination of insults would differentially 

impact in utero physiology and offspring neurobiology. For this second insult, we used 

fluoxetine (a common SSRI, brand name Prozac), a medication used to treat depression in 

addition to other mental conditions, including obsessive compulsive disorder, panic attacks, 

some eating disorders, and premenstrual syndrome (Sohel et al., 2022). A query study found 

that fluoxetine is among one of the top 20 most commonly prescribed medications during 

pregnancy (Mitchell et al., 2011).

For our study, we began treating female mice with fluoxetine at least two weeks 

prior to mating (Figure 6A) to investigate the impact on MFI health and offspring 

neurodevelopment. Control and fluoxetine-treated pregnant dams were then exposed to MIA 

or a saline control injection as before and then maternal sera, MFIs, and embryonic brains 

were harvested 3 hpi to compare differential responses to polyI:C and fluoxetine as well as 

interrogate any combinational effects (Figure 6A). Fluoxetine exposure, like polyI:C, did not 

appreciably affect maternal weight gain during pregnancy (Figure S12A) nor the number 

of embryos when collected at E12 (Figure S12B). We did note a trend toward diminished 

dam weight gain and offspring numbers in double-hit fluoxetine polyI:C pregnancies (Figure 

S12A,B).

Serotonin in the developing embryo is supplied by the mother via placental production until 

the embryo is able to synthesize its own source of serotonin beginning around E15 (Bonnin 

et al., 2011). MIA exposure in the non-fluoxetine group caused MFI serotonin levels to 

increase two-fold (Figure 6B). We were fascinated to see the opposite effect of polyI:C on 

fluoxetine pregnancies, whereby MFI serotonin levels were nearly undetectable (Figure 6B).

Though serotonin is perhaps most well-known for its roles in the brain where it 

regulates cognition, mood, sleep, and appetite, serotonin also plays a significant part 

in peripheral immune responses (Herr et al., 2017). Nearly all immune cells express 

serotonin effector machinery and serotonin can influence cytokine secretion, leukocyte 

activation and migration, and more (Herr et al., 2017). We therefore questioned whether 

SSRI exposure, which is known to elevate peripheral serotonin levels, would reshape the 

MFI immune response to MIA. Indeed, qPCR of key inflammatory mediators identified 

in our RNA-seq dataset (Figure 1C-E) revealed that fluoxetine combined with polyI:C 

exposure significantly potentiated the expression levels of these pro-inflammatory genes 

at the placenta including Ifit1, Ccl3, and Tlr3 (Figure 6C). Meanwhile, some of these 

pro-inflammatory genes remained unchanged by fluoxetine exposure alone (Figure 6C). 

Interestingly though, fluoxetine-only exposure diminished MFI expression of the immune 
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signaling components Il17ra, Syk, and Cx3cr1, some of which were restored to control 

levels in the case of dual treatment with both polyI:C and fluoxetine (Figure 6D).

These results led us to question whether cytokine levels were changed systemically in the 

mother or in the MFI in our treatment groups. To this end, we conducted a multiplex 

cytokine assay on maternal sera collected at 3 hpi. We found significantly elevated levels 

of IL-4 and IL-6 following polyI:C treatment alone and elevated IL-6 levels with polyI:C 

+ fluoxetine, but no other significant differences were found in any of the other cytokines 

analyzed in this assay (Figure S13A, Supplemental Table 2). Instead, we found that the 

levels of IL-1α, IL-6, IL-17a, and G-CSF in the MFI were considerably impacted by our 

treatments (Figure 6E). Consistent with other studies (Choi et al., 2016), polyI:C exposure 

led to significantly higher levels of IL-6 in MFI tissue, yet these were not impacted by 

fluoxetine (Figure 6E). PolyI:C treatment also led to higher MFI levels of IL-17a and G-CSF 

and these were dampened to baseline levels in the presence of fluoxetine (Figure 6E). We 

also noted a decrease in IL-1α levels with polyI:C or fluoxetine exposure alone that were 

returned to baseline levels in two-hit fluoxetine + polyI:C MFIs (Figure 6E). In contrast 

to these effects on IL-1α, IL-6, IL-17a, and G-CSF, we did not observe an appreciable 

impact of polyI:C and/or fluoxetine treatment on MFI levels of IL-1β, IL-4, IL-10, GM-CSF, 

IFN-γ, or TNF-α at 3 hpi (Figure S13B, Supplemental Table 3). These collective findings 

illustrate that polyI:C and fluoxetine can impact the MFI cytokine milieu, and that the 

combination of these treatments can have multimodal effects.

We next questioned how fluoxetine treatment alone or in combination with polyI:C-induced 

MIA modulates MFI serotonin signaling. Tph1, coding for the major serotonin synthesis 

enzyme tryptophan hydroxylase 1, was significantly upregulated in fluoxetine polyI:C MFIs 

(Figure S13C), perhaps to compensate for the extremely low MFI serotonin levels in this 

double-hit group (Figure 6B). Next, we turned to the serotonin transporters 5-HTT (also 

known as SERT; Slc6a4) and OCT3 (Slc22a3). While there is little serotonin present in the 

two-hit placentas (Figure 6B), we were surprised to find diminished expression of Slc6a4 
and elevated expression of Slc22a3 in fluoxetine polyI:C placentas (Figure S13C). PolyI:C 

treatment alone elevated serotonin levels (Figure 6B) and simultaneously decreased Slc22a3 
expression (Figure S13C).

Serotonin is synthesized from tryptophan and IDO1 is an essential tryptophan degrading 

enzyme producing kynurenine to shunt tryptophan resources away from serotonin 

production (Campbell et al., 2014). We found no significant changes in MFI Ido1 expression 

in any of our treatment groups (Figure S13C). Monoamine oxidase (MAO) enzymes can 

catalyze the oxidative deamination of serotonin which inhibits serotonin active signaling at 

5-HT receptors. We did not find differential expression of either Maoa or Maob in MFI 

tissue 3 hpi in any of our treatment groups (Figure S13C), suggesting serotonin deactivation 

likely does not account for differential MFI serotonin levels at this timepoint (Figure S6B). 

Altogether, these data suggest that fluoxetine may reshape MFI serotonin signaling when 

combined with maternal inflammation.
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3.7 SSRI exposure potentiates the offspring brain response to MIA

Given the significance of the placenta as a source of serotonin to the developing embryo 

(Bonnin et al., 2011; Bonnin and Levitt, 2011), as well as the importance of serotonergic 

signaling during neurodevelopment (Bonnin and Levitt, 2011; Marchocki et al., 2013; 

Velasquez et al., 2013), we next wanted to investigate the impact of MIA and SSRI 

exposure on the developing embryonic brain. MIA has been previously reported to decrease 

the expression of protein synthesis-related genes due to activation of the integrated stress 

response (Kalish et al., 2021). We noticed a trending decrease in the expression of the 

translation initiation factor Eif2s1 in polyI:C brains 3 hpi (Figure 7A). Conversely, the 

expression of Eif2s1 as well as Chd1, a chromatin remodeler linked to the stress response, 

and Rack1, a core ribosomal subunit, were all strongly increased in polyI:C brains that were 

also exposed to fluoxetine (Figure 7A).

SSRIs, including fluoxetine, are known to cross the maternal-fetal interface barrier and 

blood-brain-barrier to enter the developing embryo (Homberg et al., 2010; Rampono et 

al., 2004). Moreover, maternal inflammatory mediators such as IL-6 and IL-17a can also 

influence offspring developmental neurobiology (Choi et al., 2016; Lammert et al., 2018; 

Smith et al., 2007). Given this, we sought to investigate the impact of MIA and SSRI 

treatment on serotonin-related gene expression. Serotonin-related genes Slc6a4, Slc22a3, 
Ido1, and Tph1 were all non-significantly diminished in expression with either fluoxetine 

or polyI:C exposure alone but dramatically increased when fluoxetine and polyI:C were 

combined (Figure 7B). These trends match that which we found for protein synthesis 

machinery and highlight the combinatorial impact of MIA and SSRI treatment on the 

developing brain.

The impact that we saw of MIA and SSRI treatment on MFI inflammatory signaling (Figure 
S6C-E) spurred us to see if a shift in cytokine signaling was occurring simultaneously 

in the embryonic brain. We focused on IL-6 and IL-17a signaling given the dependence 

of MIA-induced behavioral alterations on these molecules (Choi et al., 2016; Lammert et 

al., 2018; Smith et al., 2007). We found significantly elevated expression of Il6, Il6ra, and 

Il17ra in embryonic brains exposed to combined fluoxetine polyI:C treatment, but not those 

exposed to either fluoxetine or polyI:C treatment alone (Figure 7C). Altogether, these results 

illustrate that pro-inflammatory agents combined with SSRI treatment may impact offspring 

neurobiology by shifting the transcription of protein synthesis, serotonin, and cytokine 

machinery.

The severe impact of polyI:C treatment on fluoxetine pregnancies was further noted when 

pregnancies were allowed to carry to term. While most control, polyI:C, and fluoxetine 

pregnancies successfully produced live pups, we found that a large fraction of fluoxetine 

pregnancies were lost following the second hit polyI:C treatment (Figure S12C). Moreover, 

only a few fluoxetine polyI:C pups made it to weaning age (P21; Figure S12D) while most 

pups from the other treatment groups were viable. In totality, our study reported herein finds 

that different manipulations of the maternal environment led to distinct responses at the 

maternal-fetal interface and in offspring neurobiology (Figure 7D).
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4. Discussion

The placenta is a remarkable organ whose temporary existence is essential for eutherian 

mammal life. Maternal-fetal interface cells mediate indispensable nutrient and waste 

exchange between the mother and developing embryo (Maltepe and Fisher, 2015). Disturbed 

placental well-being can thus severely compromise embryo development. Knowledge of 

how the MFI supports offspring neurodevelopment during homeostasis and the impact of 

common environmental insults on in utero physiology and subsequent neurodevelopmental 

consequences are lacking. Expanding knowledge in these areas is important to achieve better 

understanding of both healthy neurodevelopment as well as the etiology of environmentally-

triggered neurodevelopmental disturbances.

In the study reported herein, we investigated the impact of maternal inflammation and 

disruption in serotonergic tone via SSRI exposure on in utero physiology and offspring 

neurodevelopment. Our bulk RNA-seq dataset revealed that the MFI undergoes a notable 

pro-inflammatory response to MIA within 3 hpi that has lasting impacts on the placental 

transcriptome out to at least 48 hpi. A recent study found that maternal SARS-CoV-2 

infection perturbed placental expression of IFN-stimulated genes and Fc receptors which 

was accompanied by impaired placental antibody transfer to the fetus (Bordt et al., 2021). 

Even brief disruption of the delicate maternal-fetal interface milieu has the potential to 

alter nutrient, waste, and gas exchange with the developing embryo which may have severe 

consequences.

We noted a strongly upregulated type I IFN signature in polyI:C MFIs. This is consistent 

with previous findings that type I IFNs are a large source of antiviral immunity in the 

placenta (Bordt et al., 2021; Hoo et al., 2020; Yockey and Iwasaki, 2018). We noted 

significantly elevated expression of Ifitm1 and Ifitm3 in MIA-exposed MFIs (Supplemental 

Gene Lists). IFITM can block viral entry into cells, yet it also can limit the fusion 

of placental cytotrophoblasts into syncytiotrophoblasts, a key step in placental barrier 

formation (Buchrieser et al., 2019). While limiting viral spread into the developing embryo 

is essential, the generation of highly pro-inflammatory IFNs may negatively impact both 

placental physiology and offspring neurodevelopment.

Our MIA model recapitulated at the maternal-fetal interface the well-known IL-6 and IL-17a 

signatures that are necessary for the onset of MIA behavioral changes (Choi et al., 2016; 

Lammert et al., 2018; Smith et al., 2007). While it is unclear whether cytokines can cross 

either the placental barrier and/or the blood-brain barrier (BBB), cytokine signaling at 

the placenta itself can contribute to ill-affecting neurodevelopmental consequences (Hsiao 

and Patterson, 2012, 2011). For instance, impairing IL-6Ra function (thereby obstructing 

IL-6 signaling) in placental trophoblasts was shown to protect against MIA-induced 

offspring cerebellar pathologies and behavioral changes (Wu et al., 2017). In all, the MFI 

inflammatory response characterized with this dataset may help to illuminate some of the 

developmental effects of MIA.

One may be surprised to learn that the homeostatic MFI is jam packed with maternal 

immune cells; leukocytes constitute nearly 40% of all cells (Ander et al., 2019; Faas and 
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De Vos, 2018). The majority of these immune cells are dNK cells with the remainder 

largely being decidual macrophages and T cells (Ander et al., 2019). This large immune 

population serves essential tolerogenic roles as well as homeostatic uterine and vascular 

remodeling functions (Ander et al., 2019; Faas and De Vos, 2018; Hoo et al., 2020). One 

could postulate that alterations in the immune landscape that occur in response to MIA, 

SSRIs, or other insults may ultimately disrupt the delicate tolerogenic state and potentially 

cause immune-driven harm to the embryo. We speculate that in MIA pregnancies, immune 

cells generally dedicated to homeostatic functions in the maternal-fetal interface are instead 

concerned with engaging an inflammatory response. Perhaps a loss of homeostatic immune 

cell function contributes to altered MIA offspring outcomes.

Our current study is limited in that it lacks cell specificity. Future studies will be necessary 

to shed light on the specific cell types in which the signaling pathways identified herein are 

altered. For now, we may only speculate on potential responders based on known cell-type 

expression. dNK cells produce a variety of growth factors, angiogenic factors, and cytokines 

at baseline including VEGFa, IL-8, IFN-γ, and CXCL10 at the maternal-fetal interface 

(Ander et al., 2019). We found dramatically elevated Cxcl10 expression in polyI:C-exposed 

MFIs. Interferons can induce Cxcl10 expression and CXCL10 can contribute to immune cell 

chemotaxis, T cell activation, and angiogenesis (Vazirinejad et al., 2014). Correspondingly, 

we found an increase in the dNK cell marker Cd56 specifically in the decidua following 

polyI:C treatment. Whether dNK cells are the source of CXCL10 and how CXCL10 

contributes to the MFI immune response and neurodevelopment are important future areas 

of investigation.

Circulating cells present in the vasculature are another potential reservoir responsible for 

driving some of the DEGs in our maternal-fetal interface RNA-seq study. It is possible 

that the amount of peripheral blood (originating from either the mother or the embryo) 

in our MFI samples is changed upon initiation of the maternal immune response. Indeed, 

studies are beginning to reveal that maternal infection can lead to abnormal placental villous 

architecture and vascular remodeling (Weckman et al., 2019). Many immune molecules 

like cytokines and chemokines, including some of those which we found to have elevated 

expression at the MIA maternal-fetal interface, are known to impact placental vascular 

development and function. Mechanistically, these inflammatory mediators can cross-talk 

with angiogenic factors, such as sFlt-1 and VEGF (Weckman et al., 2019), which may cause 

improper placental vascular development and contribute to adverse offspring outcomes. dNK 

cells are a critical population involved in vascular remodeling (Faas and De Vos, 2018). It is 

possible that polyI:C exposure affects this homeostatic dNK function. Moreover, we found 

altered expression of many factors known to impact angiogenesis acutely after polyI:C 

exposure. Though beyond the scope of the current study, it would be interesting to more 

mechanistically evaluate how these blood transport processes are impacted by polyI:C, as 

this could explain some of the alterations to fetal development reported in this MIA model.

The transcriptional landscape is altogether transformed in the MIA environment, having the 

potential to alter typical transfer of oxygen, nutrients, antibodies, and more to the embryo. 

It is conceivable that male and female embryos are differentially sensitive to theoretic 

disruptions in typical placental support. One of the findings we were most surprised by in 
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this study was that baseline MFI transcriptional sex differences are nearly eliminated by 

MIA. Even more striking to us was that this dampening of sex-specific signaling persisted 

beyond the cessation of the pro-inflammatory response to polyI:C. A few studies have begun 

to define sex differences in placental structure and function (Gabory et al., 2013; Meakin 

et al., 2021; Rosenfeld, 2015) but there is yet much insight to be gleaned in this realm. We 

found that female control MFIs were enriched for immune- and neurodevelopment-related 

modules in addition to pathways related to the cell cycle, semaphorin interactions, and 

platelet activation. Male embryos are thought to be more metabolically demanding, requiring 

greater levels of immune tolerance and of nutrient transport to support larger growth 

requirements (Braun et al., 2021; Meakin et al., 2021). Our dataset found that the male 

MFI was enriched for pathways related to protein export, the spliceosome, the fibrin clotting 

cascade, and translation. It is imaginable that a loss of sex-specific MFI support on its 

own disturbs embryo development beyond the known pro-inflammatory environment effects. 

Moreover, the sex of the embryo may render different responses to such conditions of stress, 

potentially precipitating some of the neurodevelopmental consequences commonly reported 

in MIA offspring.

We were initially surprised to find no major consequence of MIA on the transcriptome 

of offspring microglia. Other studies using different MIA models have indeed reported 

that MIA can impact microglia number, motility, and phagocytic capacity (Ben-Yehuda 

et al., 2020; Hui et al., 2020; Ozaki et al., 2020; Smolders et al., 2015). It is possible 

that our relatively mild polyI:C-driven model is below a certain threshold for impacting 

microglia on the transcriptional level; an argument supported by the lack of transcriptional 

differences seen in the Kalish et al. 2021 dataset collected from a similar model. Microglia 

exposed to our MIA paradigm may have no resting transcriptional differences yet still harbor 

differences in protein levels, post-translational modification, or other aspects that contribute 

to alterations in form and function. Alternatively, microglia exposed to this type of MIA 

could exist in a “primed” state in which differences in function or response is revealed in the 

presence of a stimulus or second hit. Indeed, such was found to be the case in one study in 

which scRNA-seq analysis of control versus MIA-exposed microglia yielded only 7 DEGs 

at baseline, yet 401 DEGs following adult immune challenge (Hayes et al., 2022). While 

MIA microglia may be similar to control microglia in terms of transcriptional state, density, 

morphology, and activation at baseline (Garay et al., 2013; Giovanoli et al., 2016, 2015; 

Hayes et al., 2022; Smolders et al., 2018, 2015), new work suggests that epigenetic priming 

of MIA microglia leads to dysfunctional responses when confronted with stimuli later in 

life (Hayes et al., 2022). The variability in the type and strength of the immune response 

generated with different MIA models, dam microbiome, developmental stage targeted, and 

other experimental considerations could all additionally account for different outcomes on 

microglia.

Stress, depression, and anxiety may also contribute to inflammation during pregnancy and 

have the potential to alter the maternal environment in other facets. Major depressive 

disorder has a devastating prevalence of 13% amongst pregnant women (Velasquez et 

al., 2013). SSRIs are the most commonly prescribed treatment for depression (Millard 

et al., 2017). 25% of women taking SSRIs continue use during pregnancy and another 

0.5% of women begin taking an SSRI at some point during pregnancy (Homberg et al., 
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2010). Maternal SSRI intake can potentially lead to systemic disruption of serotonergic 

signaling. Circulating and tissue-resident immune cells, placental syncytiotrophoblasts 

and cytotrophoblasts, and developing neural cells all utilize serotonergic transporters and 

signaling (Herr et al., 2017; Homberg et al., 2010; Kliman et al., 2018). SSRI action on 

any or all of these populations could therefore potentially impact neurodevelopment. Our 

findings reveal that SSRI exposure alone can modulate the expression of genes involved in 

immune and serotonin signaling at the maternal-fetal interface.

Immune cell function can be directly impacted by SSRI exposure in the mother and embryo, 

both of which could potentially affect neurodevelopment given that maternal and embryonic 

immune cells contribute to both placental support and neurodevelopment (Ander et al., 

2019; Faas and De Vos, 2018; Filiano et al., 2015; Tanabe and Yamashita, 2018; Zengeler 

and Lukens, 2021). Serotonin can modulate immune cell activation including cytokine 

release, migration, adhesion, antigen presentation, phagocytosis, and more, in both pro- and 

anti-inflammatory ways (Herr et al., 2017). The serotonin transporter SERT, whose function 

is blocked by SSRIs, can be found on monocytes, macrophages, T and B cells, and mast 

cells, while serotonin receptors can be found on nearly all types of immune cells (Herr et 

al., 2017). Thus, SSRIs may broadly affect the immune system and have been investigated as 

immunomodulatory drugs (Gobin et al., 2014; Szałach et al., 2019). SSRIs have been shown 

to act in immunosuppressive or immunostimulatory manners depending on the underlying 

immunologic state (Gobin et al., 2014; Szałach et al., 2019).

Given that SSRIs can directly modulate immune cell function, it logically follows that our 

study finds a differential impact of polyI:C alone compared to combined fluoxetine and 

polyI:C treatment. We found that prenatal fluoxetine exposure influenced the MFI immune 

response to polyI:C by exacerbating the levels of some immunomodulatory factors while 

dampening others. These complex effects of combined fluoxetine and polyI:C exposures 

could partially be explained by the fact that SSRIs can have both pro- and anti-inflammatory 

effects (Gobin et al., 2014; Szałach et al., 2019); thereby, SSRI exposure may heighten 

some inflammatory response pathways while dampening others. For instance, we found 

heightened expression of Ifit1, Ccl3, and Tlr3 in fluoxetine polyI:C MFIs when compared 

with polyI:C treatment alone. On the other hand, levels of IL-1α, IL-17a, and G-CSF 

were returned to control levels in fluoxetine polyI:C MFIs compared to polyI:C alone. 

Meanwhile other pathways may be unaffected by fluoxetine exposure. For instance, we 

found no change in the MFI expression levels or protein levels of IL-6 comparing double-hit 

fluoxetine polyI:C to single-hit polyI:C alone. Similar effects can be seen when comparing 

fluoxetine-only exposure to combined fluoxetine polyI:C treatment. For example, fluoxetine 

alone dramatically dampened MFI expression of the cytokine receptor Il17ra, the critical 

pro-inflammatory mediator Syk, and the chemokine receptor Cx3cr1. In the presence of 

fluoxetine, polyI:C treatment restored the expression of Il17ra and Syk to control levels.

We found that polyI:C elicited heightened MFI levels of serotonin relative to controls, 

while the combination of polyI:C and fluoxetine exposure instead lowered MFI serotonin to 

nearly undetectable levels. A recent study also found heightened placental serotonin levels 

in a prenatal stress model that was accompanied by maternal inflammation (Chen et al., 

2020). The embryo is not capable of synthesizing its own source of serotonin until after 
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E15 (Bonnin et al., 2011; Bonnin and Levitt, 2011) yet serotonin is used for a variety 

of developmental processes prior to E15 (Homberg et al., 2010). Serotonin transfer from 

the mother via the placenta therefore acts as the sole source of serotonin until sufficient 

embryo-sourced serotonin synthesis is achieved (Bonnin et al., 2011; Bonnin and Levitt, 

2011). Thus, disrupted serotonin tone in the maternal-fetal interface prior to E15, as we have 

detected at E12 following out environmental manuipulations, have the potential to severely 

limit embryo serotonin levels. How disrupted placental serotonin signaling impacts offspring 

neurodevelopment is certainly underexplored and warrants future investigation.

While polyI:C has not been shown to be able to cross the placenta or BBB, many SSRIs 

are able to cross both of these barriers and may therefore directly influence serotonin 

signaling in the developing embryo (Homberg et al., 2010; Rampono et al., 2004). Serotonin 

is involved in a wide array of neurodevelopmental events including cell proliferation, 

migration, death, neurite guidance, dendrite maturation, and synaptogenesis (Homberg et 

al., 2010). Conceivably, any of these events may therefore be disrupted if embryonic brain 

serotonin levels are elevated by SSRIs. While serotonin transporters are only expressed 

by serotonergic neurons in the adult brain, a wider variety of neurons in developing brain 

express serotonin transporters and could potentially be affected by SSRIs (Homberg et al., 

2010).

Longitudinal human studies tracking the outcomes of children from SSRI pregnancies are 

currently limited, but murine studies investigating the impact of prenatal SSRI exposure on 

offspring neural circuits and behavior have begun to uncover some notable consequences 

(Bonnin and Levitt, 2011; Homberg et al., 2010; Velasquez et al., 2013). While the 

impact of SSRIs on neural circuit formation and glial development are minimal, studies 

from Slc6a4−/− mice have revealed that disruption of serotonin transporter function during 

neurodevelopment disrupts neuroanatomy in the somatosensory cortex and corticolimbic 

system (Homberg et al., 2010; Lee, 2009). Altered function in these regions maps to the 

behavioral impacts of prenatal SSRI exposure in which treated offspring display delayed 

motor development, anxiety- and depressive-like behaviors, reduced impulsivity, improved 

spatial learning, and increased susceptibility to addictive-like behaviors (Bairy et al., 2007; 

Forcelli and Heinrichs, 2008; Lee, 2009; Lisboa et al., 2007).

Our dual-environmental-hit studies revealed a complex brain transcriptional response 

following combined fluoxetine and polyI:C treatment compared to either fluoxetine or 

polyI:C exposure alone. In one case, MFI serotonin levels are significantly elevated 

following polyI:C treatment yet are almost undetectable following polyI:C treatment in 

fluoxetine pregnancies when compared to baseline control levels. Another stark example of 

this combinational effect is observed when looking at the embryonic brain transcriptome: 

while protein synthesis, serotonin-related, and cytokine-related transcription showed a 

trending reduction with either fluoxetine or polyI:C exposure alone, the combined exposure 

of fluoxetine and polyI:C significantly elevated expression above control levels across these 

modules. These findings highlight the critical importance of taking the entire maternal 

environment into account when assessing the impact of triggers on placental physiology and 

neurodevelopment.
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Among eutherian mammals, the placenta has so far been found in at least 20 different 

variations, making it the most mutable organ (Maltepe and Fisher, 2015). Differences in 

cell type composition, maternal-fetal interface structure, and cellular function are known to 

exist between mice and humans (Ander et al., 2019; Hoo et al., 2020; Maltepe and Fisher, 

2015). It is therefore imperative that reported findings from murine studies such as ours be 

investigated secondarily in a human setting, as any environmental impacts on the human 

placenta and downstream neurodevelopmental consequences could differ.

Our study suggests that SSRI intake during pregnancy could potentially have lasting 

consequences on offspring neurobiology. Yet, SSRI use provides necessary reprieve from 

detrimental mental health states. Untreated maternal stress, depression, and anxiety can 

all on their own perturb offspring neurodevelopment, contributing to adverse behavioral 

and cognitive outcomes (Bleker et al., 2019). It will therefore be of utmost importance to 

consider both the relative benefits and potential consequences of SSRIs as a therapeutic 

option during pregnancy.

5. Conclusions

Our findings illustrate that commonly encountered environmental insults have the potential 

to cause notable alterations to maternal-fetal interface physiology which may then impact 

offspring neurodevelopment. In particular, we found that prenatal inflammation and SSRI 

exposure reshape the signaling milieu of the maternal-fetal interface and offspring brain 

(Figure 6D). The placenta remains a highly understudied organ despite its absolute necessity 

for human life. Uncovering details concerning placental physiology during homeostasis and 

in response to environmental stressors will undoubtedly illuminate novel developmental 

biology, and in particular, that which concerns deviation from baseline.
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Abbreviations:

ADD anti-depressant drug

BBB blood-brain barrier

DEG differentially expressed gene

dNK decidual natural killer cell

E embryonic day

GO gene ontology

GSEA gene set enrichment analysis

hpi hours post-injection

IFN interferon

IGF insulin growth factor

i.p. intraperitoneal

MACS magnetic-activated cell sorting

MAO monoamine oxidase

MFI maternal-fetal interface

MIA maternal immune activation

P postnatal day

PCA principal component analysis

polyI:C polyinosinic-polycytidylic acid

RNA-seq RNA-sequencing

SLC solute carrier

scRNA-seq single-cell RNA-sequencing

SSRI selective serotonin reuptake inhibitor

TLR Toll-like receptor

USV ultrasonic vocalization
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Highlights:

• Maternal immune activation (MIA) elicits an acute robust pro-inflammatory 

transcriptional response at the maternal-fetal interface (MFI)

• Baseline sex differences in the MFI transcriptome are dampened after 

resolution of the MIA inflammatory response

• The MFI response to MIA is reshaped when combined with selective 

serotonin reuptake inhibitor (SSRI) treatment

• Offspring neurobiology is impacted by MIA and SSRI exposure potentiates 

the embryonic brain response to MIA
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Figure 1. The maternal-fetal interface undergoes a robust immune response acutely after polyI:C 
exposure.
Pregnant dams were injected intraperitoneally (i.p.) with 20 mg/kg polyI:C on embryonic 

day (E)11 and E12 to elicit maternal immune activation (MIA) or with saline as a control. 

Bulk RNA-sequencing was conducted on maternal-fetal interface (MFI) tissue at E12 (3 

hrs post-injection, hpi) and E14 (48 hpi). (A) Experimental design. 3- and 48-hpi placental 

tissue and fetal bodies were collected. Fetal bodies were genotyped by Sx PCR to demarcate 

placental extracts by sex. Sex-stratified samples were pooled within litters for E12 and 

E14 timepoints, n = 4 litters/group. (B-G) RNA was isolated from MFI tissue then bulk 

RNA-sequencing was conducted on the 4 experimental groups with 4 samples per group. 

(B) Principal component analysis (PCA) showing clustering of groups from E12 placental 

samples. (C) Volcano plot showing the number of differentially expressed genes in E12 
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MFI tissue comparing polyI:C to saline (FDR<.1) and combined by sex. Dark purple 

dots indicate genes that passed the combined p-value < 1x10−5 and log2FC > 2 cutoff 

of significance, light purple dots indicate genes with p-value < 1x10−5, and dark grey 

dots indicate genes with log2FC > 2. (D) Heatmap representation of the top 20 genes 

upregulated in the polyI:C group, combined by sex (FDR<.1). (E) Interferon pathway gene 

expression (rlog normalized counts) compared between polyI:C and saline groups, combined 

by sex. (F) Cytoscape network map illustrating select shared gene ontology (GO) terms. 

(G) Gene set enrichment analysis (GSEA) using KEGG pathways from genes upregulated 

(FDR<.1) in the polyI:C group. Dot plot of select enriched KEGG terms. (H) Genes related 

to Th17 differentiation compared between polyI:C and saline groups, combined by sex and 

expression levels visualized by heatmap. (I) GSEA of significantly downregulated genes in 

the polyI:C group (FDR<.1). Select GO terms shown. Statistical significance calculated by 

unpaired Student’s t-test (E). ****P < 0.0001.
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Figure 2. The effects of polyI:C in the decidua compared to the placenta.
Pregnant dams were injected i.p. with saline as a control on E11 and E12. Maternal-

fetal interface tissue was collected at E12, 3 hpi, and the decidua was dissected away 

from the placenta. Relative gene expression was assessed in these tissues by qPCR. (A) 

Relative expression of the placenta-enriched marker, E-cadherin, in matched maternal-fetal 

interface samples, normalized to placenta expression. (B-C) Relative expression of sex 

chromosome genes Xist (X chromosome; B) and Uty (Y chromosome; C) in matched 

decidua and placenta samples collected from saline control pregnancies and split by sex. 

(B) Relative Xist expression, normalized to saline female placenta expression. (C) Relative 

Uty expression, normalized to male placenta expression. (D) Relative expression of pro-

inflammatory genes, normalized to saline deciduae or saline placentas. (E) Cytokines levels 

assessed by multiplex cytokine array conducted on decidua and placenta homogenates 

from saline and polyI:C pregnancies. Samples were collected from at two independent 

pregnancies per group. Each point represents an individual decidua or placenta (A-C). Pla. 

= placenta, Decid. = decidua. Statistical significance calculated by paired Student’s t-test 

(A-C) or one-way ANOVA with Tukey’s post-hoc comparison (D-E). Error bars indicate 

mean +/− s.e.m. ns = not significant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 3. The MFI immune response is largely complete by 48 hpi.
Pregnant dams were injected i.p. with 20 mg/kg polyI:C on E11 and E12 to elicit MIA 

or with saline as a control. Bulk RNA-sequencing was conducted on MFI tissue at E14 

(48 hpi). (A) PCA showing clustering of groups from E14 MFI samples. (B) Volcano plots 

showing the number of differentially expressed genes in E14 MFI tissue comparing polyI:C 

to saline (FDR<.1), separated by sex. Dark purple dots indicate genes that passed the 

combined p-value < 1x10−5 and log2FC > 2 cutoff of significance, light purple dots indicate 

genes with p-value < 1x10−5, and dark grey dots indicate genes with log2FC > 2. (C) qPCR 

comparing the expression of key MIA-related inflammatory mediator genes between polyI:C 

and saline MFI tissue at E12 (3 hpi) and E14 (48 hpi). (D) Heatmap representation of the 

top 20 genes downregulated in the polyI:C group (FDR<.1) compared between saline and 

polyI:C female MFIs. Statistical significance calculated by unpaired Student’s t-test (C). 

Error bars indicate mean +/− s.e.m. *P < 0.05, **P < 0.01, ****P < 0.0001.
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Figure 4. Baseline sex differences in the MFI transcriptome are dampened by MIA.
Pregnant dams were injected i.p. with 20 mg/kg polyI:C on E11 and E12 to elicit MIA or 

with saline as a control. Bulk RNA-sequencing was conducted on MFI tissue at E12 (3 hpi) 

and E14 (48 hpi). (A) Volcano plots showing the number of differentially expressed genes 

in E12 and E14 MFI tissue comparing males to females (FDR<.1), separated by treatment 

group. Dark purple dots indicate genes that passed the combined p-value < 1x10−5 and 

log2FC > 2 cutoff of significance, light purple dots indicate genes with p-value < 1x10−5, 

and dark grey dots indicate genes with log2FC > 2. (B) Numbers of differentially expressed 

genes (FDR <.1, p-value < 1x10−5 and log2FC > 2) enriched in either male or female 

samples within saline and polyI:C groups at E12 and E14. (C,D) Gene set enrichment 

analysis using (C) KEGG and (D) Reactome pathways from genes differentially expressed 

(FDR<.1) between males and females in the saline group. (C) Dot plot of select enriched 

KEGG terms in male and female E12 MFIs. (D) DEGs between saline males and females 

were compared at E12 and E14. Overlapping and non-overlapping DEGs are illustrated by 

Venn diagram and were subject to gene set enrichment analysis. (E) Heatmap representation 
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of the top 10 upregulated and downregulated genes in saline offspring at E12 and E14 

(FDR<.1).
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Figure 5. Maternal immune activation elicits sex-biased behavioral alterations in offspring but 
does not impact microglia on the transcriptional level.
Pregnant dams were injected i.p. with 20 mg/kg polyI:C on E11 and E12 to elicit MIA or 

with saline as a control. (A-C) Male and female offspring of MIA and control pregnancies 

were assessed for behavioral alterations including communication ability (A), stereotyped/

repetitive actions (B), and sociability changes (C). (A) Number of ultrasonic vocalizations 

elicited during 3-min of separation from mother and littermates at postnatal day (P)10. 

(B) Number of marbles buried during a 10-min marble burying assay conducted at 8-10 

weeks of age. (C) Percent time spent interacting with a novel mouse compared to a novel 

object during a 10-min three-chamber social preference test conducted at 8-10 weeks of age. 

(D) Microglia RNA-sequencing experimental design. 3- and 48-hpi embryos were collected 

and decapitated bodies were genotyped by Sx PCR to demarcate brain extracts by sex. 

Brains were also harvested from P5 and P90 offspring. Single cell suspensions of fresh 

brain tissue were subject to CD11b+ magnetic bead purification by magnetic-activated cell 

sorting (MACS) to isolate microglia. Sex-stratified samples were pooled within litters for 

E12 and E14 timepoints (n = 4 litters per group). Individual mice were used for P5 and 

P90 timepoints (n = 4 mice per group). RNA was isolated from purified microglia and 

then bulk RNA-seq was conducted on the 4 experimental groups with 4 samples per group 

at each timepoint. (E) PCA showing clustering of treatment groups from all timepoints. 

(F,G) Reanalysis of single cell RNA-sequencing data collected from MIA offspring and PBS 
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control brains (Kalish et al. 2020) at E14 (48 hours-post-polyI:C) and E18 (96 hours-post-

polyI:C). tSNE plots show microglia forming two clusters at E14 (F, left) and five clusters 

at E18 (G, left); however, MIA and PBS microglia do not fall into any distinct cluster at 

either timepoint or form any distinct clusters (F,G; right). Each point represents an individual 

mouse (A-C). Statistical significance calculated by one-way ANOVA with Tukey’s post-hoc 

comparison (A-B) or multiple Student’s t-tests (C). Error bars indicate mean +/− s.e.m. ns = 

not significant, *P < 0.05, ***P < 0.001, ****P < 0.0001.
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Figure 6. Fluoxetine exposure reshapes the MFI response to MIA.
Female mice were given fluoxetine in the drinking water (160 mg/L) for at least 2 weeks 

prior to addition of a male to the cage for mating. The presence of a vaginal plug was 

marked as E0.5. Pregnant dams were injected i.p. with 20 mg/kg polyI:C on E11 and E12 to 

elicit MIA or with saline as a control. MFIs were collected 3 hpi on E12. (A) Experimental 

design. (B) Serotonin levels assessed by ELISA conducted on MFI homogenates. (C,D) Key 

pro-inflammatory immune response (C) and immune signaling (D) gene expression assessed 

by qPCR conducted on MFI RNA. (E) Cytokine levels assessed by multiplex cytokine array 

on MFI homogenates. Samples were collected from at least two independent pregnancies 

per group. Each point represents an individual MFI (B,E), n = 8 MFIs per group (B-E). 

Statistical significance calculated by one-way ANOVA with Tukey’s post-hoc comparison 

(B-E). Error bars indicate mean +/− s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 

0.0001.
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Figure 7. Fluoxetine exposure potentiates the embryonic brain response to MIA.
Female mice were given fluoxetine in the drinking water (160 mg/L) for at least 2 weeks 

prior to addition of a male to the cage for mating. The presence of a vaginal plug was 

marked as E0.5. Pregnant dams were injected i.p. with 20 mg/kg polyI:C on E11 and E12 

to elicit MIA or with saline as a control. Fetal brains were collected 3 hpi on E12. (A-C) 

qPCR of bulk brain tissue assessing expression of genes related to protein synthesis (A), 

the serotonin signaling (B), and cytokine signaling (C). (D) Graphical abstract summarizing 

the findings from the present study. Samples were collected from at least two independent 

pregnancies per group. n = 6-8 mice per group (A-C). Statistical significance calculated by 

one-way ANOVA with Tukey’s post-hoc comparison (A-C). Error bars indicate mean +/− 

s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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