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Abstract

Selective serotonin reuptake inhibitors (SSRIs) are the most widely used treatment by women
experiencing depression during pregnancy. However, the effects of maternal SSRI use on early
offspring development remain poorly understood. Recent studies suggest that SSRIs can modify
the gut microbiota and interact directly with particular gut bacteria, raising the question of
whether the gut microbiome impacts host responses to SSRIs. In this study, we investigate
effects of prenatal SSRI exposure on fetal neurodevelopment and further evaluate potential
modulatory influences of the maternal gut microbiome. We demonstrate that maternal treatment
with the SSRI fluoxetine induces widespread alterations in the fetal brain transcriptome during
midgestation, including increases in the expression of genes relevant to synaptic organization

and neuronal signaling and decreases in the expression of genes related to DNA replication and
mitosis. Notably, acute maternal fluoxetine treatment has no overt effects on the composition

of the maternal gut microbiota. However, maternal pretreatment with antibiotics to deplete the
gut microbiome substantially modifies transcriptional responses of the fetal brain to maternal
fluoxetine treatment. In particular, maternal fluoxetine treatment elevates localized expression of
the opioid binding protein/cell adhesion molecule like gene Opcml/ in the fetal somatosensory
neocortex, thalamus, lateral ganglionic eminence, and striatum, which is prevented by maternal
antibiotic treatment. Together, these findings reveal that maternal fluoxetine treatment alters gene
expression in the fetal brain through pathways that are impacted, at least in part, by the presence of
the maternal gut microbiota.
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1. Introduction

Major depression occurs in 8-12% of pregnant women, and the number of pregnant
women with symptoms of depression has continued to increasel=3. Among treatment
options, selective serotonin reuptake inhibitors (SSRIs) are the most widely used class

of antidepressants during pregnancy®. Despite the importance of treating symptoms of
depression during pregnancy, maternal use of SSRIs has been associated with adverse
obstetric outcomes, including preterm birth, low birth weight, smaller head circumference,
poor neonatal adaptation postdelivery and low Apgar scores®. Neurodevelopmental
abnormalities in the offspring have also been reported: infants of mothers treated with
SSRIs during pregnancy exhibited reduced global integration in the frontal brain, increased
gray matter in the amygdala and increased white matter connectivity in the insular cortex,
compared to matched controls!0:11, Consistent with this, some studies have linked maternal
SSRI exposure to increased risk for intellectual disability and autism spectrum disorder in
the offspring’2-14, though the associations remain controversial 1>-17, Findings from animal
models indicate that maternal SSRI treatment decreases social behavior, increases anxiety-
like behavior and alters neurophysiology in the adult offspring18-22, However, exactly how
maternal SSRI treatment during pregnancy influences early neurodevelopment to impart
lasting alterations in behavior remains poorly understood.

Despite the widespread use of SSRIs as a first-line treatment for depression, patient
responses to SSRIs are highly variable23:24, This highlights a need to identify physiological
factors that modify responses to SSRIs in order to understand the biological basis of
treatment efficacy. The maternal gut microbiome is one such variable that is increasingly
recognized for its important roles in the metabolic, immune, and nervous systems2>-31 and
for its capacity to modulate patient responses to various common medications32-3%, Indeed,
SSRI use is associated with alterations in the gut microbiome36-38 and select gut bacteria
can interact directly with SSR1s3940, which raises the question of whether the maternal
microbiome may modify host responses to SSRI treatment during pregnancy.

This study addresses these open questions by investigating the effects of maternal

SSRI treatment on fetal neurodevelopment and by further evaluating roles for the

maternal gut microbiome in modulating observed responses to SSRIs. The results reveal
widespread influences of maternal fluoxetine treatment on fetal brain gene expression during
midgestation, which are modified by the maternal gut microbiota, likely through indirect
host-microbial interactions with SSRIs.

2. Materials and methods

2.1. Mice

6-8 week-old specific pathogen-free (SPF) C57BL/6J mice from the Jackson laboratory
were group-housed in ventilated cages, with free access to standard rodent chow and water.
The holding room maintained a controlled temperature (22—25°C) and humidity, as well as a
12-hour light/dark cycle. Prior to breeding, bedding from all cages was mixed every 3 days
over 14 days to normalize the gut microbiota across mice. Mice were randomly divided into
four groups: SPF mice treated with saline (SPF + \eh), SPF mice treated with fluoxetine
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(SPF + FLX), SPF mice pre-treated with antibiotics and treated with saline (ABX + \eh)
and SPF mice pre-treated with antibiotics and treated with fluoxetine (ABX + FLX). All

experiments were performed in accordance with the NIH Guide for the Care and Use of

Laboratory Animals using protocols approved by the Institutional Animal Care and Use

Committee at UCLA.

2.2. Antibiotic pre-treatment and timed-matings

All male and female mice in the ABX + Veh and ABX + FLX groups were orally

gavaged with an antibiotic cocktail of vancomycin (50 mg/kg), neomycin (100 mg/kg),

and metronidazole (100 mg/kg) twice daily at 8:00 and 17:00, for 7 days, while being
maintained on drinking water supplemented with ampicillin (1 mg/ml). SPF controls were
gavaged with saline and maintained on standard drinking water. Males and females in each
group were then paired for timed-matings. Mice in the ABX + Veh and ABX + FLX groups
were maintained on drinking water supplemented with ampicillin (1 mg/ml), neomycin (1
mg/ml) and vancomycin (0.5 mg/ml). Females were checked daily for vaginal plugs. The
day of plug observation was considered embryonic day 0.5 (E0.5), after which dams were
separated and monitored for weight gain over 14 days.

2.3. Fluoxetine treatment and tissue collection

On day E7.5, dams that gained 2—-3g denoting successful pregnancy were gavaged daily at
8:00 over 8 days with 10 mg/kg fluoxetine hydrochloride’8 (FLX, Santa Cruz) or saline as
the vehicle control (MVeh). On E14.5, dams were sacrificed by cervical dislocation to preclude
any effects of hypoxic stress from CO, euthanasia on maternal and fetal physiology. Whole
embryos or embryonic brains were collected for downstream analyses.

2.4. Serotonin and tryptophan measurements

Maternal blood samples were collected by cardiac puncture and spun through serum
separation tubes (Becton Dickinson) for 10 minutes at 1000 RCF (g) at 4°C. E14.5

fetal brains were sonicated on ice for 10 s at 50 mV in enzyme-linked immunosorbent
assay (ELISA) standard buffer supplemented with 10% ascorbic acid (Eagle Biosciences).
Serotonin levels were detected by ELISA assay according to the manufacturer’s instructions
(Eagle Biosciences, SEU39-K01). Tryptophan levels were measured using the Bridge-IT
L-Tryptophan fluorescence assay (Mediomics, 1-1-1001) according to the manufacturer’s
protocol. Readings from tissue samples were normalized to total protein content as detected
by the 660 nm Protein Assay (Thermo Pierce, 22662). All samples were run in triplicate,
and controls and standards were run in duplicate. Optical density was read at 405 nm on

a Synergy H1 Hybrid Multimodal plate reader (BioTek). Mean absorbance per sample was
calculated based on a standard curve of serial dilutions and triplicates were confirmed to
exhibit a coefficient of variability of less than 10%.

2.5. Fluoxetine quantitation

Fluoxetine (1 uM, 10 pM, and 100 pM) was added to water to confirm detection and
retention time (RT) = 1.89 min. For standards, fluoxetine (10 uM, 1 uM, 100 nM, and
10 nM) was added to control serum samples before metabolite extraction. 50 ul standard
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and experimental serum samples were mixed with 50 pL H,O and 400 pL of 100%
methanol, the samples were vortexed for 10 sec, placed at —80°C for 20 minutes. Samples
were centrifuged and the cell free supernatant was mixed with 300 pl H,O and 400 pl
chloroform. The aqueous layer containing fluoxetine was transferred to glass vials (Thermo
Fisher Scientific, 13-622-351) and dried in a Genevac EZ-2 Elite evaporator. At the

UCLA Metabolomics core facility, dried samples were resuspended in 50% Acetonitrile
(ACN):water. Utilizing a Vanquish Flex (Thermo Scientific) UPLC, 1/10th of the sample
was loaded onto a Luna 3um NH2 100A (150 x 2.0 mm) column (Phenomenex) equilibrated
to 15% mobile phase A (5 mM NH4AcO pH 9.9) and 85% B (ACN). Metabolite was
eluted with a 4 min gradient of 15%-90% A at a flow rate of 200 pl/min, followed by
re-equilibration to 15% A. Metabolite was detected with a Q Exactive (Thermo Scientific)
mass spectrometer in full MS mode with positive ionization mode and at 70K resolution.
The data files were then converted to mzXML files with MSConvert and extracted with
Maven (v8.1.27.5) for fluoxetine ([M+H]+= 310.14133).

16S rRNA gene sequencing and analysis

Fecal samples were collected for the SPF + Veh and SPF + FLX groups on gestational

days E3.5, E6.5, E8.5, E11.5 and E14.5, and kept frozen at —80°C. Bacterial genomic

DNA was extracted from frozen fecal samples using the Qiagen DNeasy Powersoil Kit, and
purified using the QIAquick PCR Purification Kit. The sequencing library was generated
according to methods adapted from Caporaso et al.*1. The V4 regions of the 16S rRNA
gene were amplified by PCR using universal primers barcoded with unique oligonucleotides,
Illumina adaptors, and 30 ng of the extracted genomic DNA. The PCR reaction was set up
in triplicates, and the product was then purified again using the QlAquick PCR purification
kit (Qiagen). DNA concentration was quantified using a BioTek Synergy H1 Multimodal
microplate reader, and 250 ng of purified PCR product from each sample was pooled and
sequenced by Laragen, Inc. Sequencing was performed using the Illumina MiSeq platform
and 2 x 250 bp reagent kit for paired-end sequencing. Operational taxonomic units (OTUs)
were chosen by open reference OTU picking based on 99% sequence similarity to the most
recent SILVA 132 database*243. Taxonomy assignment and rarefaction were performed
using QIIME2-2020.2.0%4.

Fetal brain RNA sequencing and analysis

Embryonic brains were dissected on E14.5 and homogenized in Trizol Reagent (Invitrogen),
using three biological replicates per group as the minimum for inferential analysis*°.

RNA was extracted using the RNAeasy Mini kit with on-column genomic DNA-digest
(Qiagen). RNA quality of RIN > 8.0 was confirmed using the 4200 Tapestation system
(Agilent). RNA was prepared using the TruSeq RNA Library Prep kit, and 2 x 69 bp
paired-end sequencing was performed using the Illumina HiSeq 4000 platform by the
UCLA Neuroscience Genomics core facility. FastQC v0.11.8 and HiSAT2 2.1.0%6:47 were
used for quality filtering and mapping. Reads were alighed to UCSC Genome Browser
assembly 1D: mm10. Differential expression analysis was conducted using DESeq2 1.24.0%8.
Heatmaps were generated using the pheatmap package for R. GO term enrichment analysis
of differentially expressed genes with g < 0.05 was conducted using DAVID v6.89. Protein
interaction networks were generated using STRING v10.5 using a minimum required
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interaction score of highest confidence (0.900) and maximum number of interactions of no
more than 5 interactors, and line thickness is based on confidence of interaction. Functional
enrichments nodes were categorized by GO: biological process, molecular function, and
cellular component and/or KEGG pathways using a false discovery rate (FDR) less than
0.05.

2.8. Quantitative RT-PCR

2.9.

E14.5 brains were dissected and sonicated in Trizol for RNA isolation using the RNAeasy
Mini kit with on-column genomic DNA-digest (Qiagen). cDNA synthesis was performed
using the gScript cDNA synthesis kit (Quantabio). gRT-PCR was performed on a
QuantStudio 5 thermocycler (ThermoFisher Scientific) using SYBR green master mix with
Rox passive reference dye and validated primer sets obtained from Primerbank (Harvard).

Microcomputed tomography (UCT)

Whole embryos were serially dehydrated in ethanol and incubated in 4% (w/v)
phosphotungstic acid (EPTA) diluted in 70% EtOH for 4 days at 4°C. Embryos were
scanned at 80 kVp/140 pA with 500 ms exposure and a 5-frame average at a resolution of 20
um using a UCT scanner (HiCT) developed by the Chatziioannou Lab at the Crump Institute
for Molecular Imaging at UCLA. 2-dimensional images were reconstructed following
dynamic range adjustment using gaussian smoothing. Regions of interest (ROI) for embryo
and brain volume measurements were selected manually, and EPTA-stained tissue was
segmented based on contrast to give a final embryo and brain volume measurement (mm?3)
within the ROI. Whole embryo and brain volumes were reconstructed and measured using
Amide software (amide.exe 1.0.4).

2.10.1. Fluorescence in situ hybridization—E14.5 embryos were harvested,
immediately frozen in liquid nitrogen and then embedded in cryo-embedding medium OCT
(Tissue-Tek, VWR). Fetal brains were cut into 15 um sections, mounted onto SuperFrost
Plus slides and post-fixed in 4% paraformaldehyde for 15 min at 4°C. Sections were

then serially dehydrated in 50%, 70%, 100% and 100% ethanol for 5 min each at room
temperature and processed using the RNAscope Multiplex Fluorescent Kit V2 (Advanced
Cell Diagnostics Inc, 323100). Sections were incubated for 2 hrs at 40°C with 3-plex
positive control probe (320881), 3-plex negative control probe (320871) or customized
target probes for mouse gene Mm-Opcml (824171). Following probe hybridization, sections
were washed twice with wash buffer (ACD, 310091), and then sequentially hybridized with
amplifier 1, 2, and 3 at 40°C for 30 min, 30 min, and 15 min, respectively. HRP signal was
developed and visualized in Opal Dye 690 channel. Sections were then counterstained with
the nuclear marker DAPI and mounted using ProLong Gold Antifade Mountant.

2.10.2. Fluorescence in situ hybridization imaging—Slides were imaged using a
20X objective on a Zeiss LSM780 confocal microscope, equipped with a Diode 405 (1%)
and HeNe 633 nm at 17%. Images were acquired with 0.7 and 1X zoom, average line 2,
pixel dwell of 3.15 ps at a 1024 x 1024 pixel resolution. Scans were exported using the Zen
2.1 (Blue Edition) software.
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2.10.3 Fluorescence in situ hybridization image analysis—Images of
somatosensory neocortex, thalamus, lateral ganglionic eminence, striatum and hippocampus
were deidentified and analyzed using ImageJ (version: 2.0.0-rc-69/1.52p) by a researcher
blinded to experimental group. Channels were split into different windows, and the scale
was set to 1.2 pixels/ um. Raw integrated density of Opcml in each image was measured

to assess total fluorescence. Then, the DAPI channel of each image was thresholded to
30/255, and the area was measured to ascertain total brain area. Opcml integrated density
was divided by the DAPI area for that image, to calculate total raw integrated density per
um2. For somatosensory neocortex, thalamus and striatum, the whole image was quantified,
and for lateral ganglionic eminence and hippocampus, an ROl was drawn to isolate the
region from adjacent tissue.

2.11.1 Fluorescence immunohistochemistry—E14.5 embryos were quickly
collected and fixed in 4% paraformaldehyde for 24 hours at 4°C, after which they are
transferred to a 30% sucrose solution for cryoprotection. After a week in sucrose, embryos
were frozen in OCT (Tissue-Tek, VWR) and stored at —80°C. Embryos were sectioned
sagittally at 10 um, mounted on Superfrost Ultra Plus glass slides (ThermoFisher Scientific)
and stored at —20°C. Slides were incubated in DAKO antigen retrieval solution (Agilent) at
90°C for 2 min, washed with 1X PBS, and then incubated for 1 hour at room temperature
with 10% normal donkey serum. Slides were then incubated with primary antibodies for

30 hours at 4°C: anti-5-HT (rat monoclonal, Abcam, ab6336, 1:100), anti-SERT (rabbit
polyclonal, Abcam, ab9726, 1:500), or anti-Tph2 (goat polyclonal, US Biological 208476,
1:500). Slides were incubated with the respective secondary antibody for 1 hour at room
temperature: donkey anti-rat Alexa Fluor 488, 1:1000; donkey anti-goat, Alexa Fluor 568,
1:1000; donkey anti-rabbit, Alexa Fluor 647, 1:1000 (ThermoFisher Scientific). Slides were
mounted with Prolong Gold antifade reagent with DAPI (ThermoFisher Scientific), air-dried
for 1 hour, and maintained at 4°C.

2.11.2 Fluorescence immunohistochemistry imaging—Slides were imaged using
a 20X objective on a Zeiss LSM780 confocal microscope, equipped with an Argon laser
(488 nm) at 14%, a Diode 561 nm at 10% and HeNe 633 nm at 15%. Images were acquired
across eight z-sections, scanning a total of 5.31 um at a 1024 x 1024 pixel resolution. Scans
were tiled in the Zen Black Edition software and stitched using the Zen 2.1 (Blue Edition)
software.

2.11.3. Fluorescence immunohistochemistry image analysis—To compare 5-
HT+, SERT+ and Tph2+ expression in each group, sagittal E13.5 and E15.5 brain sections
from the Allen Developing Mouse Brain Atlas (2008) were used as a reference to locate the
dorsal raphe nucleus (DRN) and axons. DRN neurons were counted using the ImageJ Puncta
Analyzer plugin 20, A DRN standard region of interest (ROI) was used to measure cells that
colocalized with 5-HT+ and SERT+ fluorescence, or 5-HT+ and Tph2+ fluorescence in the
DRN. Separately, three standard ROIs were used to measure the number of 5-HT+, SERT+
and Tph2+ puncta and integrated density in DRN axon projections. Quantifications were
normalized to the area of the ROIs and background noise was subtracted.
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2.12. Statistical analysis

Statistical analyses were performed in Prism 8 software. Given that maternal fluoxetine
treatment and microbiome status are the primary experimental variables across experiments,
biological sample sizes reflect the number of independent dams. Experiments evaluating
fetal outcomes include at least 2 randomly selected embryos per dam, where data from
offspring from a single dam were averaged to represent the dam as the biological “n”. Group
comparisons were assessed using one-way ANOVA with Tukey’s Multiple Comparisons
post-hoc test.

3. Results

3.1. Acute maternal fluoxetine treatment has no significant effects on maternal weight,
litter size, fetal volume or fetal brain volume.

To first examine effects of acute maternal fluoxetine treatment on gross metrics of
maternal and fetal health, conventionally-colonized pregnant dams were orally gavaged
with fluoxetine (10 mg/kg; SPF + FLX) or saline as a vehicle control (SPF + \eh) once
daily from E7.5 to 14.5 (Fig. 1A). Mass spectrometry-based assessment of maternal serum
indicated that acute oral fluoxetine treatment of pregnant dams yielded serum fluoxetine
concentrations of 1.597 + 0.1618 uM (mean % s.e.m.) on E14.5 (Supplementary Fig.

1A, B). There were no statistically significant differences in maternal weight before or
after fluoxetine treatment (Supplementary Fig. 2A—C). Interestingly, pregnant dams that
were treated with fluoxetine exhibited modest, though statistically significant, increases

in cecal weight on E14.5 (Supplementary Fig. 2D), which may align with expected
responses to the proposed antibacterial effects of fluoxetine®L. Contrary to a previous report
that treated pregnant dams of a different mouse strain (129/SvEvTac) with fluoxetine in
drinking water (approximately 10 mg/kg/day) for 14 days°2, we observed no statistically
significant alterations in average litter size after acute maternal fluoxetine treatment during
midgestation (Supplementary Fig. 2E). Microcomputed tomography (UCT)-based imaging
indicated no statistically significant effects of maternal fluoxetine treatment on embryo or
brain volume (Supplementary Fig. 2F-H). Altogether, these data reveal no overt effects of
acute maternal fluoxetine treatment during midgestation on gross metrics of maternal and
fetal health.

3.2. Acute maternal fluoxetine treatment alters the fetal brain transcriptome

In the absence of overt effects of maternal fluoxetine treatment on fetal brain size, we

next asked whether maternal fluoxetine treatment alters gene expression in the fetal brain.
Fetal brains were harvested on E14.5 from dams treated with fluoxetine or vehicle,

and processed for RNA sequencing and differential gene expression analysis. E14.5 was
selected as a time point reflecting several active early neurodevelopmental events, including
neurogenesis, neuronal migration, axon outgrowth, and synapse formation®3. Transcriptomic
analysis revealed that maternal fluoxetine treatment significantly altered the expression of
864 genes in the fetal brain, with 451 upregulated and 413 downregulated in fetal brains
from offspring of fluoxetine-treated dams relative to those from saline-treated controls

(Fig. 1B, Supplementary Table 1). In particular, maternal fluoxetine treatment increased the
expression of genes that clustered into pathways related to synapse organization, cognition,
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locomotory behavior, and neurotransmission in the fetal brain (Fig. 1C, Supplementary
Fig. 3A) and decreased the expression of genes most relevant to cell cycle, mitosis, DNA
repair and DNA replication pathways in the fetal brain (Fig. 1D, Supplementary Fig. 3B).
Among the differentially expressed genes, maternal fluoxetine treatment induced widespread
reductions in the expression of several histone-related genes in the fetal brain (Hist1h4k,
Hist1h3a, Hist1h4b, Hist1h3c, Hist1h4j, Hist1h3by, Hist1hZac, Hist1h3e, and Hist1h2bk),
which encode nuclear proteins that play a central role in transcription regulation, DNA
repair, DNA replication, and chromosomal stability (Fig. 1E, F). In contrast, maternal
fluoxetine treatment increased the expression of select genes that encode for zinc finger
proteins (Zfp455 and Zfp804b) and calcium ion binding proteins (SyrnZ and Necabl) (Fig.
1E, F). In addition, maternal fluoxetine treatment increased the gene expression of Opcml,
which is part of a family of cell adhesion molecules that regulate neurite outgrowth,
dendritic arborization and synapse formation! (Fig. 1E, F). These data reveal that acute
maternal fluoxetine treatment elicits global alterations in the fetal brain transcriptome that
have the potential to impact early neurodevelopment.

3.3. Acute maternal fluoxetine treatment has no significant effect on the fetal
serotonergic system

5-HT is an important signaling molecule in the fetal brain that is derived from both

central and peripheral sources®*—26, The development of the serotonergic system in the

fetal brain begins with the neurogenesis of 5-HT neurons from E9.5-12, followed by a
series of neuro-maturational events that continue through the third postnatal week of life>’.
SSRIs inhibit the 5-HT transporter SERT to modulate the bioavailability of 5-HT and

shape key components of the serotonergic system22:°8:59, n light of reports that fluoxetine,
and other SSRIs, can cross the placenta, we asked if the effects of maternal fluoxetine
treatment on fetal brain gene expression could be due to direct effects of fluoxetine on the
fetal serotonergic system. To gain insight, we first assessed effects of maternal fluoxetine
treatment on levels of 5-HT and its precursor tryptophan in maternal serum and fetal brain
at E14.5. As an expected response to the inhibition of SERT-dependent uptake of 5-HT

by blood platelets®, maternal fluoxetine treatment significantly decreased maternal serum
levels of 5-HT relative to vehicle-treated controls, with no effects on levels of maternal
tryptophan (Supplementary Fig. 4A, B). Notably, maternal fluoxetine treatment had no
statistically significant effects on levels of 5-HT or tryptophan in the fetal brain, suggesting
no direct effects of maternal fluoxetine on the bioavailability of 5-HT in the fetal brain
(Supplementary Fig. 4C, D). To further evaluate the possibility for maternal fluoxetine
treatment to alter fetal development of the central serotonergic system, serotonergic neurons
of the fetal dorsal raphe nucleus (DRN) were stained and imaged for 5-HT, SERT, and Tph2,
the rate-limiting enzyme for neuronal 5-HT synthesis. Compared to vehicle-treated controls,
there were no statistically significant effects of maternal fluoxetine treatment on the density
of 5-HT-, SERT, or Tph2-positive neurons in the DRN (Supplementary Fig. 5A-G), or on
the integrated density and number of 5-HT-, SERT-, or Tph2-positive axonal projections
from DRN to the prefrontal cortex (Supplementary Fig. 5SH-N). Together, these results
indicate that maternal fluoxetine treatment has no significant effect on levels of 5-HT or
development of serotonergic DRN neurons in the fetal brain. These findings further suggest
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that the observed transcriptional responses to maternal fluoxetine treatment in the fetal brain
are likely not due to direct effects of fluoxetine on the fetal serotonergic system.

3.4 Acute maternal fluoxetine treatment has no overt effects on the maternal gut

microbiota

SSRI use is associated with alterations in the composition of the human gut
microbiome36-38, and select bacterial members of the gut microbiota can interact directly
with fluoxetine3940:61 To examine effects of acute maternal fluoxetine treatment on the
composition of the maternal gut microbiota, we performed 16S rRNA gene sequencing on
maternal fecal samples collected before treatment, on E3.5 and E6.5, and during fluoxetine
or vehicle treatment on E8.5, E11.5, and E14.5. There was no significant effect of maternal
fluoxetine treatment on the alpha diversity of the gut microbiota (Supplementary Fig. 6A).
Of note, we observed a modest but not statistically significant reduction in fecal microbial
Shannon diversity after 1 and 7 days of maternal fluoxetine treatment (Supplementary Fig.
6A, E8.5 and E14.5), which may align with the modest fluoxetine-associated increases

in maternal cecal weight on E14.5 (Supplementary Fig, 2D). There was also no overt

effect of maternal fluoxetine treatment on global beta diversity of the gut microbiota, as
assessed by principal coordinate analysis of weighted Unifrac distances (Supplementary
Fig. 6B). Despite no significant changes in the relative levels of abundant bacterial taxa
(Supplementary Fig. 6C, D), select rare microbial taxa were significantly altered in the fecal
microbiota of fluoxetine-treated dams compared to vehicle-treated controls (Supplementary
Fig. 6E—H). In particular, maternal fluoxetine treatment correlated with significant increases
in the relative abundance of Lachnospiraceae bacterium COEL, a short-chain fatty acid-
producing bacterium (Supplementary Fig. 6E). The relative abundances of Blautiaand
Lachnoclostridium were significantly increased on select days after maternal fluoxetine
treatment (Supplementary Fig. 6F, G). Lachnospiraceae UCG-006 was increased in the
fecal microbiota of dams from the fluoxetine-treated group, compared to the vehicle-treated
group, at baseline, before initiating treatments (Supplementary Fig. 6H). Whether these
modest alterations in select low-abundance bacterial taxa will be reproducible across
independent iterations of maternal fluoxetine treatment is uncertain. Overall, these results
reveal that acute maternal fluoxetine treatment has no overt effect on the composition of the
maternal gut microbiota.

3.5. Depletion of the maternal gut microbiome modifies fetal brain transcriptomic
responses to acute maternal fluoxetine treatment

While the results from this study indicate that acute maternal fluoxetine treatment does

not substantially alter the composition of the maternal gut microbiota (Supplementary Fig.
6), whether the presence of a complex gut microbiota impacts fetal responses to maternal
fluoxetine treatment is unclear. To address this question, female mice were pre-treated

with broad spectrum antibiotics to deplete the microbiota from pre-conception through
midgestation, or treated with vehicle as a negative control. Pregnant dams were subjected

to oral fluoxetine or saline treatment as in experiments described above, and E14.5 fetal
brains were subjected to RNA sequencing and analysis (Fig. 2A). Compared to vehicle
controls (Fig. 1), maternal pre-treatment with antibiotics to deplete the gut microbiome
induced widespread alterations in fetal brain transcriptomic responses to maternal fluoxetine
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treatment (Fig. 2B). Notably, the gene expression profiles from fetal brains belonging

to antibiotic- and fluoxetine-treated dams (ABX + FLX) clustered closely with those

from conventional vehicle-treated controls (SPF + Veh), and apart from antibiotic-treated
controls (ABX + \eh), suggesting that the transcriptional changes occur, at least in part,

in response to interactions between maternal antibiotic and fluoxetine treatment rather than
additive effects of the two independent variables (Fig. 2B). Consistent with this, maternal
fluoxetine treatment significantly altered 864 genes in the fetal brain (Fig. 1, 2C), and

the differential expression of 264 (~30%) of the 864 genes was prevented by maternal
antibiotic pre-treatment (Fig. 2C, D). Of these 264 genes, the 161 that were upregulated in
response to maternal fluoxetine treatment and prevented by maternal antibiotic pre-treatment
mapped to pathways related to the regulation of membrane potential, synapse organization,
and cognition (Fig. 2E, Supplementary Fig. 7A, C), whereas the 101 genes that were
downregulated in response to maternal fluoxetine treatment and prevented by maternal
antibiotic pre-treatment aligned with pathways related to cell cycle, nuclear division, and
DNA repair and replication pathways (Fig. 2F, Supplementary Fig. 7B, D). In addition to
these, maternal antibiotic pre-treatment yielded an additional 840 differentially expressed
genes in the fetal brains of offspring from fluoxetine-treated dams (Fig. 2C). Notably,
maternal fluoxetine exposure also elicited many gene expression alterations in the fetal brain
that were non-overlapping: of the 864 genes that were differentially expressed in response
to fluoxetine treatment, 600 were not affected by maternal antibiotic treatment (Fig. 2C,
Supplementary Fig. 8). Taken together, these data strongly suggest that the presence of the
maternal gut microbiota conditions host physiologies that impact fetal responses to maternal
fluoxetine exposure during pregnancy.

3.6. Acute maternal fluoxetine treatment elevates Opcml expression, which is prevented
by maternal antibiotic treatment

Maternal pre-treatment with antibiotics modified fetal brain transcriptomic responses to
maternal fluoxetine treatment, preventing the differential expression of ~30% of fluoxetine-
induced alterations in gene expression and further inducing statistically significant changes
in an additional 840 genes (Fig. 2, Supplementary Fig. 7). A subset of the genes that were
upregulated by maternal fluoxetine treatment and prevented by antibiotic pre-treatment were
relevant to pathways for cell adhesion and synapse organization, key processes for neurite
outgrowth and circuit wiring (Fig. 2E, G, H, Supplementary Fig. 7A, C, Supplementary

Fig. 9). In particular, maternal fluoxetine treatment increased gene expression of the neural
adhesion molecule, Opcml, in E14.5 fetal brains, as compared to vehicle-treated controls,
which was prevented by maternal antibiotic pre-treatment (Supplementary Fig. 9B). These
alterations were confirmed by quantitative RT-PCR of a larger set of fetal brain samples
across each experimental group (Supplementary Fig. 9C). Opcml encodes the opioid binding
cell adhesion molecule, a member of the IgLON subfamily, which is important for dendritic
spine maturation, synaptogenesis and axonal outgrowth82-65,

Neurite outgrowth and synapse formation are critical processes for prenatal neural circuit
development?. To further examine effects of maternal fluoxetine treatment and antibiotic
pre-treatment on localized expression of Opcml, we performed RNAScope-based in situ
hybridization in E14.5 fetal brain sections using transcript-specific probes. Consistent with
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previous reports®266 Opcm/ transcript was distributed prominently within the developing
somatosensory neocortex, thalamus, lateral ganglionic eminence, and striatum, and sparsely
in the hippocampus (Fig. 3A-E). Consistent with findings from RNA sequencing (Fig. 2G,
Supplementary Fig. 9B) and quantitative RT-PCR (Supplementary Fig. 9C), quantification
of Opcmlintegrated density indicated that maternal fluoxetine treatment increased Opcm/
transcript in the fetal somatosensory neocortex, thalamus, lateral ganglionic eminence

and striatum compared to vehicle-treated controls (Fig. 3A-D, F-I), with no significant
differences in the hippocampus (Fig. 3E, J). The localized increases in Opcml transcript
were prevented by maternal antibiotic pre-treatment (Fig. 3A-D, F-I), indicating that
depletion of the maternal microbiome abrogates this particular fetal response to maternal
fluoxetine treatment.

3.7. Antibiotic pre-treatment of fluoxetine-treated dams has no significant effects
on gross metrics of maternal and fetal health, maternal serum fluoxetine levels, or
components of the fetal serotonergic system

The gut microbiome has the capacity to modify host responses to SSRIs directly or
indirectly through myriad mechanisms. Particular gut microbes are reported to respond

to, metabolize, or biotransform fluoxetine39:61.67 To assess the possibility of such direct
effects of the maternal gut microbiome on the bioavailability of fluoxetine in the host,
fluoxetine concentrations were measured by mass spectrometry in fluoxetine-treated dams
that were pre-treated with antibiotics. There was no statistically significant effect of
maternal antibiotic pre-treatment on E14.5 serum fluoxetine levels in fluoxetine-treated
dams (Supplementary Fig. 1A, B). This suggests that the effects of maternal gut microbiome
on modifying fetal responses to maternal fluoxetine treatment are likely not due to direct
interactions between gut bacteria and antibiotics or fluoxetine. It further suggests that any
indirect effects of the maternal gut microbiome on modulating host physiological processes
that impact fluoxetine bioavailability, such as host xenobiotic metabolism or transport
32,34,3568 are also not responsible.

We next considered if the maternal gut microbiome may impact the fetal serotonergic
system to modify responses to maternal fluoxetine treatment. Maternal antibiotic pre-
treatment had no significant effects on concentrations of 5-HT or tryptophan in the fetal
brain (Supplementary Fig. 4C, D), or on numbers of 5-HT-, Tph2-, or SERT-positive
neurons in the fetal DRN (Supplementary Fig. 5). This suggests that the maternal gut
microbiome does not modify fetal transcriptomic responses to fluoxetine via alterations to
the fetal serotonergic system. There were also no significant effects of maternal antibiotic
pre-treatment on maternal weight, litter size or fetal volume (Supplementary Fig, 2),
suggesting that the ability of the maternal gut microbiota to modify fetal responses to
maternal fluoxetine treatment are not due to overt microbial influences on gross metrics
of maternal or fetal health. Taken together, these data support the notion that the maternal
gut microbiome modifies fetal responses to maternal fluoxetine treatment through indirect
effects on host physiologies that impact fetal neurodevelopment.
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Discussion

Perinatal SSRI exposures induce various adverse neurophysiological outcomes in animal
models'8-22 and are associated with increased risk for neurodevelopmental conditions in
humans’:69-71, Results from this study demonstrate that effects of maternal SSRI use on
offspring development can begin prenatally, as maternal treatment with the common SSRI
fluoxetine during pregnancy induces global changes in the fetal brain transcriptome by
midgestation. Notably, the influences of maternal fluoxetine treatment on gene expression
in the fetal brain occur independently of alterations in the fetal serotonergic system.
Although prior studies report that fluoxetine can readily cross the placenta to enter the
fetus in humans, mice and rats’2-"4, findings from our experimental paradigm of acute
oral fluoxetine treatment of dams suggest that effects on the fetal brain are likely not

due to direct entry of fluoxetine to inhibit fetal SERT. In addition, previous studies in
rodents reported that prenatal fluoxetine treatment induces maternal weight loss, reduced
live birth rate, decreased litter size, and increased neonatal mortality®2:7>, which we also
did not observe. The discrepancies could be due to differences in length of fluoxetine
treatment (previous studies treated for 14 days from early to midgestation or mid to late
gestation vs. in our experiments we treated for 7 days from early to midgestation), route of
administration (previous studies, drinking water vs. in our experiments, via oral gavage), or
dosage (previous studies, 10-12 mg/kg vs. in our experiments, 10 mg/kg reflecting clinically
relevant doses of fluoxetine, as scaled to mice). Overall, the lack of overt disruptions

to maternal and fetal health in the experimental paradigm used in this study offer the
opportunity to examine effects of maternal fluoxetine treatment on fetal neurodevelopment
in the absence of potentially confounding developmental alterations.

We observe that acute maternal fluoxetine treatment induces widespread changes in the

fetal brain transcriptome during midgestation, characterized by differential expression of
genes relevant to synapse organization, cognition, locomotory behavior, regulation of mitotic
cell cycle and DNA repair pathways. Interestingly, a previous study of maternally stressed
Slc6a4-/- mice, which are deficient in SERT, the molecular target for fluoxetine, reported
that E13.5 fetal brains exhibited increased expression of genes involved in neuron projection
and forebrain development pathways’®. A comparison of the gene expression changes
reported in the S/c6a4—/—study relative to those observed herein suggest some common
phenotypes, in genes related to synapse organization, synaptic vesicle, cell cycle, and

DNA replication, but also many differing phenotypes. For example, we observe substantial
alterations in genes related to developmental cell growth, regulation of microtubule
organization, ribosome organization and RNA splicing in fetal brains of offspring from
dams treated with fluoxetine, which were not reported in offspring of S/c6a4—/ - dams.
Many factors may contribute to the discrepancies, including developmental influences of
constitutive SERT deficiency as opposed to the acute SSRI intervention used in this study.
Another potential consideration is the possibility that fluoxetine has physiological effects
that occur independently of SERT inhibition. Indeed, fluoxetine is reported to exhibit
“off-target” interactions with serotonin 5-HT2B receptor, dopamine D2 receptor, TREK-1
potassium channel, and purine P2X4 receptor’’81 and to influence many physiological
systems outside of the nervous system82:83,
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The gut microbiome modulates the peripheral serotonergic system, promoting 5-HT
biosynthesis from enterochromaffin cells in the gastrointestinal tract 8487, as well as the
central serotonergic system, altering the expression of subsets of 5-HT receptors and levels
of 5-HT in select brain regions 88:89, Recent studies suggest that the gut microbiome

can also interact with SSRIs, through direct or indirect mechanisms39:99-92, We find that
pre-treating dams with antibiotics to deplete the maternal gut microbiome substantially
modifies fetal brain transcriptomic responses to maternal fluoxetine treatment. In particular,
~30% of the gene expression changes induced by maternal fluoxetine treatment are
prevented by maternal antibiotic pre-treatment, and an additional 840 genes are differentially
expressed when fluoxetine-treated dams are pre-treated with antibiotics. Notably, the
transcriptomic profiles induced by the combined maternal treatments are distinct from
those seen in response to maternal fluoxetine alone or antibiotics alone. This suggests that
there are interactions between the two variables, maternal SSRI exposure and maternal gut
microbiome, that together alter gene expression in the fetal brain.

Notably, these influences of the maternal gut microbiome appear to be conferred via its
homeostatic effects on host physiology, rather than select taxonomic or functional shifts in
response to fluoxetine treatment. Indeed, we observe no striking effects of acute maternal
fluoxetine treatment on the composition of the gut microbiota, with Lachnospiraceae COE1
being the only taxon that was persistently and significantly increased in response to maternal
fluoxetine treatment. While this could align with previous reports that UC Lachnospiraceae
is increased with fluoxetine treatment and decreased in depressed patients33:39.91.93 another
study suggests that fluoxetine-induced changes in the maternal gut microbiome occur
primarily after treatment from gestation through the lactation period®. In the absence of
fluoxetine-induced shifts in the composition of the gut microbiota, our data reveal that

the presence of the complex maternal gut microbiome, rather than select shifts in the
microbiota, influences host responses to maternal fluoxetine treatment. In considering
potential pathways involved, we observed no effects of maternal antibiotic treatment on

the serum bioavailability of fluoxetine and also no effects of maternal antibiotic treatment
on the fetal serotonergic system. These results render unlikely the possibility that the
maternal microbiome interacts directly with fluoxetine to alter its downstream actions on the
serotonergic system. The finding that maternal antibiotic treatment does not alter fluoxetine
bioavailability also renders unlikely the possibility that the maternal microbiome alters
pathways for host xenobiotic metabolism of fluoxetine. While exact mechanisms remain
unclear, one hypothesis is that the maternal microbiome conditions host physiological states
that modify responses to fluoxetine, such as immune homeostasis®* or stress response?°:9.
Future studies are warranted to identify the mechanisms by which the maternal gut
microbiome modifies fetal neurodevelopmental responses to maternal SSRI use.

We observe that maternal fluoxetine treatment induces widespread changes in the fetal
brain transcriptome that are modified by maternal antibiotic treatment. We highlight,
validate and localize Opcml/in particular, based on its key role in regulating synapse
formation and neurite outgrowth during fetal neurodevelopment®/—99. Notably, recent
large-scale genome-wide association studies identify key polymorphisms in Opcml (i.e.,
rs3016384, rs1941213, and rs132568126) that are associated with schizophrenial®0-102, |n
addition, Opcml deficiency in mice results in immature spine formation and deficits in
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sensorimotor gating and cognitive behaviors®. These findings suggest that alterations in
Opcml during development may contribute to the adverse effects of perinatal fluoxetine
treatment on offspring brain development and behavior. Moreover, Opcml is expressed in
both neurons and astrocytes®2:78.103.104 nroviding the further opportunity to examine cell-
type specific effects of maternal fluoxetine treatment and the maternal gut microbiome on
gene expression and cellular function. Overall, understanding effects of the gut microbiome
in modifying host responses to SSRI treatment could reveal fundamental insights into

the biological bases of SSRI efficacy and the variability therein. Furthermore, examining
interactions between the maternal gut microbiome and SSRI use during pregnancy is critical
for identifying risks and informing best practices for clinical depression, toward ensuring the
health of both mother and offspring.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Maternal fluoxetine treatment altersfetal brain gene expression.
A, Experimental timeline of SPF + Veh and SPF + FLX groups. B, Heatmap of 864

differentially expressed genes (p <0.05) in E14.5 fetal brains from SPF+FLX compared to
SPF+Veh dams (Wald test, n = 3, 3, respectively). C, Top 10 biological process (BP) gene
ontology (GO) terms that are upregulated in E14.5 fetal brains from SPF+FLX compared
to SPF+Veh dams (Fisher’s Exact test, n = 3, 3, respectively). Gene ratio: number of
genes present in dataset vs present in GO term. D, GO term enrichment analysis of top

10 biological process (BP) that are downregulated in E14.5 fetal brains of SPF+FLX
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compared to SPF+Veh dams (Fisher’s Exact test, n = 3, 3, respectively). E, Heatmap of

25 most upregulated and 25 most downregulated differentially expressed genes (p<0.05)

in E14.5 fetal brains from SPF+Veh compared to SPF+ FLX dams (Wald test, n = 3,

3, respectively). F, Volcano plot of differentially expressed genes in E14.5 fetal brain of
embryos from SPF+FLX compared to SPF+Veh dams. Blue: Differentially expressed genes
that are p<0.05. Red: Differentially expressed genes that have log2fold change greater than
0.5 and p<0.05.
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Figure 2. Depletion of the maternal microbiome modifies the effects of maternal fluoxetine
treatment on gene expression in the fetal brain.

A, Antibiotic depletion treatment and vehicle or fluoxetine exposure during pregnancy. B,
Heatmap of differentially expressed genes (p<0.05) in E14.5 fetal brain from SPF+Veh,
SPF+FLX, ABX+Veh, and ABX+FLX dams (p<0.05). C, Venn diagram of differentially
expressed genes in E14.5 fetal brains from SPF+FLX compared to SPF+Veh dams and
ABX+FLX compared to SPF+FLX dams (p<0.05). Black: total genes, Green: Upregulated
genes, Red: Downregulated genes. D, Schematic representation of comparative expression
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levels of genes in the center of the venn diagram. E, Gene ontology analysis of upregulated
genes in SPF+FLX compared to both SPF+Veh and ABX+FLX (161 genes). F, Gene
ontology analysis of downregulated genes in E14.5 fetal brains from SPF+FLX compared
to ABX+FLX and SPF+Veh (101 genes). G, Volcano plot of differentially expressed genes
in E14.5 fetal brains from SPF+FLX compared to SPF+Veh dams. Differentially expressed
genes that are p<0.05 (blue) and differentially expressed genes that have log2fold change
greater than 0.5 (red). H, Volcano plot of differentially expressed genes in E14.5 fetal brains
from ABX+FLX compared to SPF+FLX (right) dams. Differentially expressed genes that
are p<0.05 (blue) and differentially expressed genes that have log2fold change greater than
0.5 (red). ANVM: ampicillin, neomycin, vancomycin, and metronidazole. ANV: ampicillin,
neomycin, and vancomycin.
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Figure 3. Maternal fluoxetine treatment alters Opcml gene expression in the embryonic brain.
Representative images of Opcml transcript (yellow) in the somatosensory neocortex (A),

thalamus (B), lateral ganglionic eminence (C), striatum (D), and hippocampus (E) in

E14.5 embryonic brains from SPF + Veh, SPF + FLX, ABX + Veh, and ABX + FLX

dams. Quantification of Opcml integrated density normalized to area in the somatosensory
neocortex (F), thalamus (G), lateral ganglionic eminence (H), striatum (1), and hippocampus
(J) of E14.5 embryonic brains from SPF + \eh, SPF + FLX, ABX + Veh, and ABX + FLX
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dams (One-way ANOVA with Tukey’s, n = 6, 6, 6, 6 dams). Scale bar: 400um and 500um.
n.s.: not significant, * p < 0.05, ** p < 0.01, *** p < 0.001
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