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Abstract

Serotonin (5-hydroxytryptamine; 5-HT) is transported into the human placenta through the serotonin transporter (SERT/SLC6A4) on the surface of
the syncytiotrophoblast. During this transit, a significant amount of 5-HT becomes concentrated in the cytotrophoblast nucleus. We used
immunochemistry, inhibitors of SERT and transglutaminase 2, and RNA sequencing to elucidate the mechanism and consequences of this
nuclear localization. Exogenous 5-HT recapitulated the uptake of 5-HT into the trophoblasts and its preferential concentration in
cytotrophoblast nuclei we observed in the intact placenta. Cystamine eliminated the staining of the nuclei in placental explants by exogenous
5-HT, suggesting that serotonylation mediated this phenomenon. This was confirmed by Western blots and immunoprecipitation that
identified histone 3, and specifically the 5th glutamine residue in histone 3, as a site of serotonylation. Inhibiting SERT with escitalopram or
transglutaminase 2 with cystamine blocked cytotrophoblast differentiation in vitro and led to marked changes in RNA expression. Of the 38
524 mRNAs identified in these trophoblasts, cystamine changed the expression of 1986 and escitalopram significantly altered 374. Both
treatments altered the expression of 155 mRNAs either positively or negatively. The downregulated genes were involved with cell
proliferation, morphogenesis, motility, and growth, whereas genes that were upregulated controlled cell survival and protection pathways.
These findings suggest that maternal 5-HT promotes placental, embryonic/fetal, and organismal development through histone serotonylation
and consequent alterations in gene expression. They raise the possibility that alterations in 5-HT flux in the placenta affect placental and fetal
growth, as well as organismal somatic, neurologic developmental, and pathological trajectories.
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The human placenta originates from the trophoblast layer of
the day 5 embryonic blastocyst. Over the next few days, these
cells differentiate into an inner layer of mononuclear stem cells
—the cytotrophoblasts—and an outer multinucleated syncy-
tiotrophoblast layer (1). Serotonin (5-hydroxytryptamine;
5-HT) plays a central role in these early processes, as well as
in later steps in embryonic and fetal development (2-8).
Often only considered to be a neurotransmitter, 5-HT likely
has this pivotal function because it regulates numerous physio-
logical processes, including proliferation and differentiation
(9-13). We previously demonstrated that 5-HT is transported
from the maternal intervillous space of the human placenta
via the serotonin transporter (SERT/SLC6A4), through the
syncytiotrophoblasts, into the cytotrophoblasts, and is ultim-

ately discharged to the villous core where it is taken up by fetal
capillaries (14). We noted during these studies that the cytotro-
phoblast nuclei were highly stained for 5-HT. An explanation
for this phenomenon was subsequently suggested by the novel
studies of Farrelly et al (15), who demonstrated the covalent
modification of histone glutamines by 5-HT through transglu-
taminase 2 in a process known as serotonylation (16). Protein
serotonylation, especially of histones, has been shown to medi-
ate an array of cellular processes, including vesicular transport
(16, 17), cell proliferation (9, 10), and differentiation (11-13).
We therefore speculated that serotonylation of nuclear pro-
teins could explain their persistent staining. This study sought
to confirm this hypothesis through a study of primary cultures
of human cytotrophoblasts.

Received: 13 April 2025. Editorial Decision: 25 July 2025. Corrected and Typeset: 3 September 2025
© The Author(s) 2025. Published by Oxford University Press on behalf of the Endocrine Society.

G20z 1990300 0z uo Jesn Aysianun aleA Aq 2z6vz8/v2 L4eba/e/99 1 /8l01He/opus/wod dnoolwspede//:sdpy woly papeojumo(q

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs licence (https://creativecommons.
org/licenses/by-nc-nd/4.0/), which permits non-commercial reproduction and distribution of the work, in any medium, provided the original work is not altered
or transformed in any way, and that the work is properly cited. For commercial re-use, please contact reprints@oup.com for reprints and translation rights for
reprints. All other permissions can be obtained through our RightsLink service via the Permissions link on the article page on our site—for further information
please contact journals.permissions@oup.com. See the journal About page for additional terms.


https://orcid.org/0009-0000-3866-4011
https://orcid.org/0000-0003-0651-8241
https://orcid.org/0000-0002-7622-4110
https://orcid.org/0000-0002-2151-7071
mailto:nolwennsue.morris@yale.edu
mailto:harvey.kliman@yale.edu
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1210/endocr/bqaf124

Materials and Methods

Specimens

Term placentas were collected anonymously from nonlabor-
ing patients undergoing elective repeat cesarean sections
who delivered healthy babies. The patients who supplied the
placentas for the RNA sequencing studies delivered at 39 +
1,39 + 2, and 39 + 3 weeks’ gestation, and all other placentas
were delivered between 39 and 40 weeks’ gestation. All the
women who provided term placental samples signed an in-
formed consent (Yale institutional review board protocol
12696 through the Reproductive Sciences Biobank).
Although individual demographics for these patients were
not made available to the researchers, the general population
demographics at Yale New Haven Hospital are as follows:
non-Hispanic (82%), Hispanic (15%), unknown (3%),
White (68%), Black (13%), Other (12%), Asian (6%),
American Indian (0.7%), Pacific Islander (0.2%). For histo-
logic and immunohistochemical evaluations, portions of
each placenta were fixed in 10% neutral buffered formalin
(NBF) for at least 1 day, embedded in paraffin, after which
S-pm sections were placed on coated glass slides designed
for immunohistochemistry (IHC) processing.

Explant Culture

Samples for explant cultures were obtained as previously de-
scribed (14). Briefly, fine placental slices of central paren-
chyma were repeatedly cut with a sterile surgical blade until
pieces approximately 5x3x3 mm were produced. These
were placed in 6-well plates (CELLSTAR #657160 6-well
cell culture plate, Greiner Bio-One North America, Monroe,
NC) and incubated in F12 medium with 5-HT with or without
inhibitor for 1 or 6 hours in humidified 5% CO,-95% air at
37 °C; serotonin hydrochloride (H9523; CAS 153-98-0) and
cystamine (Cys, C121509; CAS 56-17-7) were from
Sigma-Aldrich, St. Louis, MO. 5-HT was used at 3 pM based
on platelet activation studies (18); cystamine was used at 1
and 10 mM, as previously established (19). The explants
were then washed with pH 7.4 PBS, fixed with NBF for 10 mi-
nutes, washed with PBS, and stored in 0.1% sodium azide in
PBS at 4 °C until processed for IHC. The explants were then
assessed for immunoreactivity in the outer (ie, most periph-
eral) 1 to 10 villus cross sections of each explant, as previously
described (14). Three or more experiments were performed
for each experimental condition.

Antibodies

The following rabbit polyclonal antibodies were used: anti-
serotonin (Sigma-Aldrich, S5545, RRID:AB_477522, used at
0.016 pg IgG/mL for IHC and immunocytochemistry (ICC)
and 1.6 pg IgG/mL for Western blotting); anti-monoamine oxi-
dase A (MAOA; Santa Cruz Biotechnology, Dallas, TX,
sc-20156, RRID:AB_2137260, used at 0.063 pg IgG/mL); anti-
tryptophan hydroxylase 1 (TPH1; Sigma-Aldrich, HPA022483,
RRID:AB_1858378, used at 0.5 pg IgG/mL); anti-SERT
(LifeSpan BioSciences, Shirley, MA, LS-C179236, RRID: AB_
3696655, used at 0.5 pg IgG/mL); anti-H3 (ThermoFisher,
Waltham, MA, 855R2, RRID:AB_2792722, used at 0.2 pg
IgG/mL), anti-H3QSser (Sigma-Aldrich, ABE1791, RRID:
AB_3696656, used at 1 pg IgG/mL), anti-ferritin (Rockland
Immunochemicals, Limerick, PA, 200-401-090, RRID:AB_
2612112, used at 1 pg IgG/mL); anti-human placental lactogen
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(hPL; Agilent Technologies, Santa Clara, CA, A0137, RRID:
AB_2631228, used at a 1:40 000 dilution, ~0.05 ng IgG/mL),
anti-gamma-tubulin (y-tub; Sigma-Aldrich, T5326, used at
1;2000, RRID:AB_532292, used at 1:2000); and, as a negative
control, normal rabbit serum (Sigma-Aldrich, R9133, RRID:
AB_3696658, used at 1 pg IgG/mL).

Immunohistochemistry

Five-micron serial sections were immunohistochemically
stained using EnVision+ HRP Rabbit DAB+ (Agilent
Technologies, K4011), as previously described (14, 20).

Trophoblast Purification

Cytotrophoblasts were prepared from fresh human term placen-
tas by trypsin digestion and Percoll gradient fractionation, with
the addition of an anti-CD9 and CD45 magnetic bead purifica-
tion step, as previously described (21, 22). During the initial
steps of the digestions and up to the magnetic purification
step, 10% fetal bovine serum (FBS, Gemini Bio-Products,
Broderick, CA, 100-106) diluted in DMEM/F12 (Gibco,
ThermoFisher Scientific, 11330-032) with 4 mM L-glutamine,
1% penicillin/streptomycin was utilized. After the magnetic
purification step, no FBS was added to the culture media, unless
specifically noted. Cytotrophoblasts were then diluted to 1 x
10° cells per mL in DMEM/F12 with 4 mM L-glutamine, 1%
penicillin/streptomycin, and either: (1) pelleted immediately by
centrifugation for a zero-time point or (2) cultured in 2- or
4-chamber Nunc Lab-Tek II Chamber Slide System slides
(ThermoFisher Scientific) (0.4 x10° cells per chamber) or
6-well plates (CELLSTAR #657160 6-well cell culture plates)
(3x10° cells per well) for 24 to 96 hours in humidified 5%
C0O,-95% air at 37 °C with or without serotonin hydrochloride
(3 or 100 pM), with or without cystamine (1 or 10 mM), or with
or without escitalopram oxalate (“Lexapro”; Sigma-Aldrich
PHR1733; CAS 219861-08-2; 200 uM), a competitive inhibitor
(K;=2.5 nM) of SERT. Escitalopram was used at a range of
concentrations based on previously published studies (14, 23,
24). Purified cytotrophoblasts from 10 preparations were used
for additional studies as described next.

Immunocytochemistry (ICC)

Purified cytotrophoblasts were incubated for 24, 48, 72, or 96
hours, washed with PBS, fixed with NBF for 10 minutes,
washed with PBS, stored at 4 °Cin 0.1% sodium azide PBS un-
til processed for ICC. After washing the azide buffer away
with fresh PBS, the slides were brought to room temperature
and stained with antibodies in the same fashion as described
for IHC. The chambers were counterstained with hematoxy-
lin. For quantification of immunoreactivity, each well was in-
spected microscopically using a raster pattern to ensure that
the entire specimen was examined. The percent of cells stained
in four samples was averaged and the mean of averages and
standard error of the mean (SEM) calculated. Positive control
sections from a deidentified normal human appendix were an-
alyzed concurrently with each batch of slides to ensure uni-
form immunoreactivity between replicate experiments.
Following ICC, 3 representative low-power fields from each
chamber for each of 3 experiments under all the test condi-
tions at all indicated time points were photographed using a
Nikon Eclipse 80i light microscope (Nikon Instruments,
Melville, NY) using the 4x objective and a 2.5X projector
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lens with attached Nikon D3x digital camera (Nikon, Minato
City, Tokyo, Japan) controlled by Camera Control Pro 2
(Nikon) running on a Mac Pro (Apple, Cupertino, CA). The
resultant Nikon Extended Format images were processed in
Adobe Photoshop (Adobe, San Jose, CA) running on an
iMac (Apple). Images were normalized to fill all 256 gray lev-
els with the Levels command in each individual RGB channel
and then white-balanced across all the RGB channels. The re-
sultant images were then analyzed with Image] (Wayne
Rasband, Research Services Branch, National Institute of
Mental Health, Bethesda, MD). Total cell area was assessed
using LAB settings with cutoffs of 1:0-230; A:0-255;
B:0-255. The cell area stained by diaminobenzidine by ICC
was assessed using HSB settings with cutoffs of H:0-90;
S:10-255; B:0-235. Experiments were performed in triplicate
and the results were presented as mean percent area + SEM.
Fusion index was calculated as the ratio of the number of nu-
clei in syncytia to the total nuclei number of nuclei. The data
were analyzed and plotted using Prism (GraphPad Software,
Boston, MA) with statistical analysis (1-way ANOVA test,
n>3, P <.05).

Serotonin Transport

Influx of serotonin into dispersed trophoblast cells was meas-
ured as described previously (24). In brief, 100 pL of cytotro-
phoblasts diluted to 0.5 million cells/fmL were cultured for 15
hours in 96-well plates as described previously—but in the ab-
sence of added FBS—then washed once with 100 pL of PBS/
CM (PBS containing 0.1 mM CaCl, and 1 mM MgCl,) and
incubated in PBS/CM for the indicated times at 20 °C with
or without modulators. The time course studies were per-
formed as described, but at 24, 72, and 96 hours. Uptake as-
says were initiated by the addition of [*H]serotonin (20 nM
final concentration) and run for 10 minutes. The assays were
terminated by 3 rapid washes with ice cold PBS. The cells
were then solubilized in 30 uL. of 0.1 M NaOH for 30 mi-
nutes, after which 120 uL. of Opti-Fluor (PerkinElmer,
Shelton, CT) was added. Accumulated [*H]serotonin was de-
termined by liquid scintillation spectrometry in a PerkinElmer
MicroBeta plate counter. The escitalopram inhibition was
measured by incubating the cells with 20 nM [*H]5-HT and
escitalopram at a range of concentrations (0-100 nM) for
10 minutes, as described previously. Nonlinear regression
fits of [*H]5-HT influx data were performed with Origin
2021 version 9.8.0.200 (Origin Lab, Northampton, MA).
[*H]5-HT influx was expressed as a percentage of that meas-
ured in the absence of escitalopram.

Nuclear Purification

Purified cytotrophoblasts were incubated with 5-HT, cyst-
amine, and escitalopram as described previously, washed
with ice cold PBS 3 times by centrifugation at 13 000g for
10 minutes to remove cell debris. The cells were then homo-
genized in 10 mM HEPES pH=7.9, 10 mM KClI, 1.5 mM
MgCl,, 0.34 M sucrose, 10% glycerol, phenylmethylsulphon-
yl fluoride, and 0.1% of Triton X 100, as previously described
(15). The homogenate was further incubated on ice with agi-
tation for 30 minutes, then centrifuged at 1300g for 5 minutes
at4 °C. The pellet (nuclei) was set aside, while the supernatant
was centrifuged at 20000 g at 4 °C for 5 minutes, resus-
pended with the homogenization buffer, and centrifuged a

final time at 1300g for 5 minutes at 4 °C to obtain the cyto-
plasmic fraction.

Immunoprecipitation

Following the protocol provided by ThermoFisher and using
the solution from the kit (ThermoFisher, Classic Magnetic
IP/Co-IP Kit, #88804), 500 pg of proteins from the nuclear
and cytoplasmic fractions were separately added to 3 pg of
antibodies, then incubated overnight at 4 °C. The next day,
20 pL of Pierce Protein A/G Magnetic Beads were washed 5
times, first with Lysis buffer, then deionized water, as in-
structed by the manufacturer. Once washed, the beads were
incubated with the nuclear and cytoplasmic antibody com-
plexes for 1 hour at room temperature. The protein-antibody
complexes were placed onto a magnetic stand to separate the
beads from the solution. The solution was kept for analysis
(“unbound” or UB samples). After 2 washes with lysis buffer,
and then 4 to 5 with deionized water, the beads were incu-
bated with 100 pL of elution solution for 10 minutes at
room temperature. Last, 10 nL of neutralization buffer was
added. After 2 to 3 washes with deionized water, it was noted
that the beads for some samples were not pulled to the mag-
nets because of what was assumed to be the formation of
protein-antibody-DNA complexes. We therefore incubated
all the complexes with DNase 1 (MilliporeSigma,
10104159001) at a final concentration of 40 pg/mL for 10 mi-
nutes. The beads were put back on the magnetic stand, washed
twice with deionized water, and then used for Western blots.

Protein Extraction

Proteins were extracted from adherent cells cultured under
the specified experimental conditions described previously.
For each condition, cells were first washed with cold PBS to
remove residual media and debris, followed by the
addition of 500 pL of radioimmunoprecipitation assay
buffer (150 mM  NaCl ThermoFisher  Scientific
#10010023, 1% Triton X ThermoFisher Scientific
#A16046.AE, 0.5% sodium deoxycholate SigmaAldrich
#51827, 0.1% SDS AmericanBio #AB01920-00100,
50 mM TRIS AmericanBio #AB02000-01000), supple-
mented with EDTA-free Protease Inhibitor Cocktail
(Roche, #11836170001) and phosphatase inhibitor
(Roche, #4906845001). The cells were then thoroughly
scraped using a cell scraper to ensure complete detachment
and lysis. The lysates were then collected into microcentri-
fuge tubes and centrifuged at maximum speed for 10 mi-
nutes at 4 °C using an Eppendorf 5415R refrigerated
centrifuge. The supernatant was then transferred into
new microcentrifuge tubes and kept on ice until analyzed.
Protein concentrations were determined using the DC
Protein Assay kit (Bio-Rad, #5000112) following the man-
ufacturer’s instructions. Absorbance measurements were
recorded using a Vmax microplate reader (Molecular
Devices).

Western Blots

Proteins were obtained either from the resultant IP step, directly
extracted from plated cells, or purified nuclei using radioimmuno-
precipitation assay buffer at pH 8. Thirty micrograms of total
proteins were added to denaturing buffer (900 pL of Lamaeli
2X [Bio-Rad #1610737]), with 100 pL of B-mercaptoethanol
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(American Bioanalytical, #AB1340-00030) to facilitate the break-
ing of cysteine bonds. The solution was then brought to 95 °C for
1 minute to ensure denaturization of the peptides and loaded
without storage onto PROTEAN TGX gels (Bio-Rad, 12%
Mini-PROTEAN TGX Precast Protein Gels, 15-well, 15 pL
#4561046) and run through the gel with a running buffer
(1.92M Glycine (Sigma #1002729747), 250 mM TRIS
(AmericanBio #AB02000-01000), 1% SDS (AmericanBio
#AB01920-00100)) at pH 8.3 using a current of 130 V for 40 mi-
nutes. The gel was transferred onto a precut membrane
(ThermoFisher, nitrocellulose membranes, 0.45 um, #388018)
with transfer buffer (192 mM Glycine (Sigma #1002729747),
25 mM TRIS (AmericanBio #AB02000-01000), 20% ethanol
[Decon #64-17-5]), using a current of 100 V for an hour. The
membrane was then saturated with 5% milk solution buffer for
an hour. The membrane was incubated with a primary antibody
overnight at 4 °C, then washed with PBS solution (Bio Basic 10X
PBS solution #PD8117) with 1:1000 Tween 20, then incubated
with the appropriate species secondary antibody linked to a
horseradish peroxidase for 2 hours. After additional PBS with
1:1000 Tween 20 washes, chemiluminescent solution
(ThermoFisher #34577) was added to reveal the staining of the
primary antibodies, using an infrared imager (LI-COR
Odyssey). Staining intensity was quantified using Fiji
(ImageJ2-version:2.9/1.53t) software. The data were analyzed
and plotted using Prism (GraphPad Software, Boston, MA)
with statistical analysis (one-way ANOVA test, n > 3, P <.05).

RNA Sequencing

RNA sequencing quality control

Total RNA quality was determined by estimating the A260/
A280 and A260/A230 ratios by Nanodrop (Nanodrop,
ND-1000, ThermoFisher Scientific). RNA integrity was deter-
mined by running an Agilent Bioanalyzer 2100 gel, which
measures the ratio of the ribosomal peaks. RNA Integrity
Number were >6 for the samples analyzed.

RNA sequencing library prep

Using the Kapa RNA HyperPrep Kit with RiboErase
(KR1351, Roche Diagnostics, Indianapolis, IN), rRNA was
depleted starting from a normalized input of total RNA by hy-
bridization of rRNA to complementary DNA oligonucleoti-
des, followed by treatment with RNase H and DNase to
remove rRNA duplexed to DNA. Samples were then frag-
mented using heat and magnesium. First-strand synthesis
was performed using random priming. Second-strand synthe-
sis incorporated dUTPs into the second-strand cDNA.
Adapters were then ligated, and the library was amplified.
Strands marked with dUTPs were not amplified, allowing
for strand-specific sequencing. Indexed libraries that meet ap-
propriate cutoffs for both quantity and quality were quanti-
fied by quantitative RT-PCR using a commercially available
kit (KAPA Library Quant Kit, Roche Diagnostics,
07960298001) and insert size distribution determined with
an Agilent Bioanalyzer (Agilent TapeStation 4200). Samples
with a yield of >0.5 ng/pL were used for sequencing.

Flow cell preparation and sequencing

Sample concentrations were normalized to 2.0 nM and loaded
onto an Illumina NovaSeq (San Diego, CA) flow cell at a con-
centration that yields 35 million passing filter clusters per
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sample. Samples were sequenced using 100-bp paired-end se-
quencing on an [llumina NovaSeq according to Illumina pro-
tocols. The 10-bp unique dual index was read during
additional sequencing reads that automatically follow the
completion of read 1. Data generated during sequencing
runs were simultaneously transferred to the Yale Center for
Genomic Analysis (New Haven, CT) high-performance com-
puting cluster. A positive control (prepared bacteriophage Phi
X library) provided by Illumina was spiked into every lane at a
concentration of 0.3% to monitor sequencing quality in real
time.

Data analysis and storage

Signal intensities were converted to individual base calls dur-
ing a run using the system’s Real Time Analysis software. Base
calls were transferred from the machine’s dedicated personal
computer to the Yale High Performance Computing cluster
via a 1-gigabit network mount for downstream analysis.
Primary analysis—sample demultiplexing and alignment to
the human genome—was performed using Illumina’s
CASAVA 1.8.2 software suite. The data were returned to
the user if the distribution of reads per sample in a lane had
a sample error rate of less than 2%. Data were retained on
the Yale Center for Genomic Analysis cluster for at least 6
months, after which it was transferred to a tape backup sys-
tem. Access to our data set has been made available through
the National Institutes of Health National Center for
Biotechnology Information Gene Expression Omnibus, acces-
sion number GSE299974.

Following RNA sequencing, low-quality reads were
trimmed, and adaptor contamination was removed using
Trim Galore (v0.5.0; Babraham Bioinformatics, Cambridge,
UK). Trimmed reads were mapped to the human reference
genome (mm10) using HISAT2 (v2.1.0) (25). Gene expression
levels were quantified using StringTie (v1.3.3b) (26) with gene
models (v27) from the GENCODE project (27). Differentially
expressed genes were identified using DESeq2 (Differential
Expression analysis using the negative binomial distribution;
R program v1.22.1) (28). Transcripts per million (TPM)
were calculated as previously described (29), whereas adjusted
P values were calculated with DESeq2 using the Benjamini
and Hochberg method (30). MA plots were generated by plot-
ting the log2FoldChange vs log2(mean of normalized counts).

Ingenuity Pathways Analysis (IPA)

IPA (QIAGEN Inc., https:/www.qiagenbioinformatics.com/
products/ingenuity-pathway-analysis) (31) was used at an
expression threshold of log2fold change of >1 or <—1 and
adjusted P value of <.05 to analyze the gene impact,
involvement and consequences, for top canonical pathways,
upstream regulators, top molecular and cellular functions,
top system development and functions, and top diseases and
disorders. Excel and Word (Microsoft, Redmond, WA) was
used for graphical representation.

Results

Uptake of 5-HT and Expression of Serotonin
Pathway-related Proteins in Cultured Human
Cytotrophoblasts

Freshly prepared cytotrophoblasts that were pelleted, fixed
and IHC stained for 5-HT showed very strong surface staining
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in most of the cells (Fig. 1A, panel a, arrowheads), as well as
scattered cells with light to moderate cytoplasmic staining.
In contrast, the nuclear reactivity varied between obvious
staining to light or no staining. No IHC staining was observed
for either TPH1 (enzyme entry EC 1.14.16.4; the rate-limiting
enzyme for 5-HT biosynthesis) (Fig. 1A, panel b) or mono-
amine oxidase A (MAOA; EC 1.4.3.4; inactivates 5-HT by
oxidative deamination) (Fig. 1A, panel c). Staining for the
5-HT transporter (SERT; SLC6A4) revealed obvious surface
staining (Fig. 1A, panel d, arrowheads), consistent with its
functional membrane localization, as well as occasional light
cytoplasmic staining. However, unlike the 5-HT staining—
which also revealed surface and cytoplasmic staining—there
was no nuclear reactivity (Fig. 1A, panel d).

The immunoreactivity of these same cytotrophoblasts var-
ied when cultured for 24 to 96 hours, a range of time that al-
lows these cells to aggregate, fuse, and syncytialize (21).
Between 24 and 72 hours of culture, there was no apparent
5-HT reactivity (Fig. 1B, panels a-c). At 96 hours, a rare cell
contained cytoplasmic 5-HT (Fig. 1B, panel d, black arrow-
heads). In contrast, when 100 pM exogenous 5-HT was added
to these cultures, robust uptake was observed (Fig. 1B, panels
e-h). Quantification of 4 independent trophoblast culture ex-
periments revealed a modest downward trend of 5-HT uptake
(Fig. 1C). Most of the 5-HT was taken up by unfused tropho-
blasts within aggregates (Fig. 1B, panels e, g, and h, black ar-
rowheads). Many of these same cells also exhibited strongly
stained nuclei (black arrows). The syncytia were very lightly
and diffusely stained at 72 and 96 hours (Fig. 1B, panels g
and h, black asterisks).

Concomitant with syncytialization, which occurs mostly
during the last 2 days of incubation, these cultured tropho-
blasts acquired the differentiation marker MAOA (Fig. 1B,
panels i-1). The increased concentration of MAOA first in sin-
gle cells at 48 hours (arrowheads in Fig. 1B, panel j), then in
the syncytia (see asterisks in Fig. 1B, panels j-1) may be the
cause of the reduced accumulation of 5-HT by these cells, es-
pecially at 48 hours (Fig. 1B, panel f and Fig. 1C). Consistent
with this hypothesis was the strong staining of 5-HT in the sin-
gle cells within aggregates and syncytia (arrowheads in
Fig. 1B, panels g and h) compared to multinucleated syncytia
(asterisks in Fig. 1B, panels g and h); this is plotted in Fig. 1C.

TPH1 was not detectable in these cultured cells at any time
point (Fig. 1B, panels m-p). This finding concurs with those
for the intact human and mouse placentas (see Figs. 4 and 7
in Kliman et al (14)). SERT was present throughout the 4
days in culture (Fig. 1B, panels, g-t). SERT staining increased
somewhat over time in individual cells (arrowheads), as well
as in syncytia (*). It was sometimes seen on cell surfaces (for
example, see the lowest arrowhead in panel s), but more often
in cytoplasmic bodies we took to be vesicles (see inset, panel t,
arrowheads). By day 4, most of the SERT was found in the
cytoplasm of syncytia (* in Fig. 1B, panel t). The SERT in
the syncytia could have been delivered from the cytotropho-
blasts by their fusion. For example, in Fig. 1B, panel t and
its inset, the stain was most intense in what may have been
newly fused cells and became most dispersed in what may
have been older syncytia. The inset also shows a rare finding:
SERT staining what appears to be the nuclear membrane.

In both the freshly prepared cytotrophoblasts and
5-HT-treated cultured trophoblasts described previously, nu-
clear 5-HT reactivity was clearly apparent (Fig. 1A, panel a,
and 1B, panels e, g, and h). To test the hypothesis that this

nuclear 5-HT expression was due to serotonylation of nuclear
proteins, we examined the effect of cystamine, a specific in-
hibitor that blocks transglutaminase 2-mediated serotonyla-
tion (32).

Serotonylation in the Human Placenta (Explants
and Cultured Trophoblasts)

When placental explants were cultured with 3 pM 5-HT for 1
hour, obvious cytotrophoblast nuclear 5-HT immunoreactiv-
ity was observed (Fig. 2A, panel a, arrows). Cytotrophoblast
cytoplasmic 5-HT reactivity was also noted (arrowhead).
However, there was no obvious staining in the cytoplasm or
nuclei of the syncytiotrophoblasts. In the presence of 10 mM
cystamine for 1 hour, the staining intensity remained approxi-
mately the same, with both cytotrophoblast nuclear (Fig. 2A,
panel b, arrows) and cytoplasmic (Fig. 2A, panel b, arrow-
heads) reactivity. When the incubation time with only 5-HT
was increased to 6 hours, the intensity of both the cytoplasmic
and nuclear 5-HT immunoreactivity was concomitantly in-
creased (Fig. 2A, panel c¢). Notably, in the presence of
10 mM cystamine and 3 pM 5-HT for 6 hours, no cytotro-
phoblast nuclear staining was noted (Fig. 2A, panel d, ar-
rows), whereas light cytoplasmic staining was still present
(arrowheads). To confirm that cystamine was not simply kill-
ing or making the trophoblasts globally nonfunctional, serial
sections of the same explant cultures that were incubated for
6 hours with 3 pM 5-HT and either no cystamine (Fig. 2A,
panel €) or with 10 mM cystamine added (Fig. 2A, panel f)
were immunohistochemically stained for hPL (Chorionic
Somatomammotropin Hormone 1), a hormone produced in
large quantities by syncytiotrophoblasts in term placentas
(33). The presence of hPL under these conditions not only va-
lidated that these cells were alive, but that they were able to
synthesize a complex protein hormone. Under both condi-
tions, strong hPL was noted in the syncytiotrophoblast cyto-
plasm (arrowheads). As would be expected, no hPL staining
was noted in the cytotrophoblasts (arrows).

To investigate what proteins were serotonylated in the pres-
ence of exogenous 5-HT, we performed Western blots on cy-
totrophoblasts cultured for 48 hours in the presence of 5-HT,
cystamine (CYS), CYS +5-HT, escitalopram, and escitalo-
pram + 5-HT (Fig. 2B). The 42-kDa band suggestive of actin
monomer (G-actin)—is a protein known to be serotonylated
(34). 5-HT exposure (SHT lane) resulted in a slight increase
over the control (CTRL lane) for both the 42- and 18-kDa
bands (presumably H3 at a molecular weight of 17-8 kDa;
bracket), whereas the cystamine treatment (CYS lane) reduced
both. Addition of 5-HT (CYS + 5-HT lane) modestly rescued
the 5-HT reactivity for at least the 42-kDa band. Addition
of escitalopram (escitalopram lane) modestly decreased the
staining intensity, whereas addition of 5-HT (escitalopram +
5-HT lane) had a negligible effect on the 42-kDa band.

From the previous work of Farrelly et al (15), we speculated
that the nuclear staining we observed in both the cultured hu-
man cytotrophoblasts (Fig. 1B, panels e, g, and h) and explant
cultures (Fig. 2A, panels a and ¢) might be the result of seroto-
nylated histone H3. We therefore performed immunoprecipi-
tation (IP) on nuclear fractions of purified cytotrophoblasts
cultured for 48 hours—without FBS—using antibodies
against histone H3 (H3), ferritin, 5-HT, and nonimmune
IgG as a negative control. Ferritin was added as a negative
control because it had been shown previously to be involved
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Figure 1. Serotonin and serotonin pathway proteins in purified and cultured cytotrophoblasts. (A) Immunoreactivity of freshly purified—"zero-time"—
human cytotrophoblast cells. Cytotrophoblast cells were dispersed, purified, fixed as a pellet, and immunohistochemically stained. (a) 5-HT was present
on the surface (arrowheads), in the cytoplasm, and in most nuclei. No TPH1 (b) or MAOA (c) was observed in these cells. (d) SERT was present on the
surface of the majority of the cytotrophoblasts (arrowheads), with some cells also showing cytoplasmic staining. Scale bar =25 pm. (B) Changes in the
immunoreactivity of 5-HT, MAOA, TPH1, and SERT in trophoblast cells over time in culture. Purified trophoblast cells from human placentas were
cultured for 24 to 96 hours in Nunc Lab-Tek Il Chamber Slide System slides, 0.4 x 10° cells per chamber, then stained for 5-HT (a-d). Light 5-HT reactivity
was only noted after 4 days of culture (arrowheads). (e-h) As in panels a-d, except that 100 uM exogenous 5-HT was present throughout. Staining
occurred mostly in individual cells (arrowheads) scattered within aggregates. Staining was both cytoplasmic (arrowheads) and, more prominently,
nuclear (arrows). Syncytia (*) were very lightly and diffusely stained at 72 and 96 hours. (i-l) As in panels a-d except that cells were stained for MAOA.
Staining increased over 96 hours, appearing first in some individual cells within aggregates (arrowheads), followed by an increase in the staining of
syncytia (*) between 48 and 96 hours. (m-p) As in panels a-d, except that cells were stained for TPH1. No reactivity was noted. (g-t) As in panels a-d,
except that cells were stained for SERT. Immunoreactivity was observed at all time points, initially in a sparse punctate pattern (arrowheads) but, over
time, increasingly diffusely in the syncytia (*). An occasional cell appeared to express surface staining (panel s, lowest arrowhead). Inset in panel t
shows strong cytoplasmic SERT staining (arrowheads) in a recently fused cytotrophoblast within a syncytial cytoplasm (¥*). This same cell exhibited
SERT nuclear membrane staining. Scale bar in panel t denotes 25 um for all images except ¢ and g. Scale bars in ¢ and g denotes 25 pm. (C)
Quantification of 5-HT immunoreactivity in trophoblasts represented in Fig. 1B, panels a-d compared to e-h. Addition of exogenous 5-HT resulted in a
significant increase in intracellular and intranuclear 5-HT at all time points studied. Error bars are SEM from 4 independent experiments, with

significance being defined as P< .05.

in cellular differentiation (35) and bound to DNA but not H3
(36). During the IP procedure, we noted that the magnetic
beads remained suspended with all the antibodies except the
negative control IgG (Fig. 2C, panels a and c). Suspecting

this may have been due to protein-DNA complexes, we added
DNase to the mixtures, which apparently dissolved the com-
plexes and facilitated the attachment of the magnetic beads
to the magnetic stand (Fig. 2C, panels b and d). Western blots
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(representative images from 1 of 3 experiments). (a) Explant treated with 5-HT for 1 hour revealed marked uptake of 5-HT into cytotrophoblast
cytoplasm (arrowhead) and nuclei (arrows). (b) Addition of 10 mM cystamine resulted in decreased cytotrophoblast cytoplasmic staining (arrowheads),
with persistent strong nuclear staining (arrows). (c) Increasing the incubation time of 5-HT alone to 6 hours resulted in even stronger cytotrophoblast
cytoplasmic (arrowheads) and nuclear (arrows) reactivity. (d) Addition of 10 mM cystamine resulted in ablation of nuclear staining (arrows), whereas
persistent light cytoplasmic reactivity was maintained (arrowheads). (e) Strong syncytiotrophoblast cytoplasmic hPL staining was present in control
explants only treated with 5-HT (arrowheads), whereas the cytotrophoblast nuclei revealed no staining (arrows). (f) Addition of 10 mM cystamine did not
change the hPL staining pattern. Panels a-f were at the same magnification; the scale bar in panel f denotes 50 um. (B) Representative Western blot of
cytotrophoblasts treated with 3 uM 5-HT, 10 mM cystamine (CYS), CYS + 5-HT, 200 uM escitalopram, and escitalopram + 5-HT stained with anti-5-HT
antibodies. Gamma tubulin was utilized as a loading control (y-tub), whereas untreated cytotrophoblasts serve as the control (CTRL) (n=3).
Quantification of the presumptive H3 band (bracket) to y-tubulin ratio is shown to the right (treatments are noted along the x-axis and legend; P values
represent comparisons of control to treatments), with significance being defined as P< .05. (C) Immunoprecipitation (IP) of cytotrophoblast nuclear
proteins using antibodies against H3, ferritin, 5-HT, and the negative control IgG. (a) Anti-H3 and ferritin resulted in a suspension of beads that were not
pulled out by the magnetic stand. (c) A similar suspension was seen with the anti-5-HT antibody. The IgG negative control beads bound tightly to the
magnet. (b, d) Addition of DNase1 dispersed the suspension and facilitated the magnetic pull-down. (D) Western blots of IP fractions shown in panel C
stained with antibodies against H3, 5-HT, and ferritin (n = 3). (E) Representative Western blot of purified cytotrophoblast nuclei treated with 3 uM 5-HT,
10 mM cystamine (CYS), CYS + 5-HT, 200 uM escitalopram, and escitalopram + 5-HT stained with antibodies specific for H3 serotonylated on the 5th
glutamine (H3Q5Ser), H3, and gamma-tubulin as a loading control (y-tub), whereas untreated cytotrophoblasts serve as the control (CTRL) (n=3).
Quantification of the H3Q5ser band to y-tubulin ratio is shown to the right (treatments are noted along the x-axis and legend; P values represent
comparisons of control to treatments), with significance being defined as P< .05.
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of both the IP and unbound (UB) fractions revealed a complex
pattern of associations (Fig. 2D). First H3 IP stained with
anti-H3 antibody (Fig. 2D, IP H3 lane, top row) at molecular
weights of ~17 and ~18 kDa, consistent with H3 being pre-
sent in this precipitate. There was no reactivity against the
H3 UB fraction (lane 3, top row). There was very strong stain-
ing of the 5-HT IP fraction by anti-H3 (Fig. 2D, 5-HT IP lane,
top row) at the same molecular weights, but again none in the
5-HT UB fraction. Even stronger H3 staining was noted in the
ferritin IP fraction (Fig. 2D, ferritin IP lane, top row), but
again, not in the UB fraction. No staining was noted with
the IgG IP fraction (last lane). When anti-5-HT was used as
the primary antibody in the Western blot, similar results
were seen (Fig. 2D, middle row). When anti-ferritin antibody
was utilized (Fig. 2D, lower row), the results were similar to
the top and middle rows, except that the ~18-kDa band in
the 5-HT IP fraction revealed minimal reactivity, whereas
the ~17-kDa band in the ferritin IP fraction showed no stain-
ing (Fig. 2D, ferritin IP lane, lower row). The control lane
(CTRL), which represented the starting homogenate without
IP, revealed faint bands at ~18 kDa that were reactive with
all 3 antibodies used for Western blot staining.

The availability of an antibody reactive against the seroto-
nylated glutamine 5 on histone H3 (H3QJ3ser) (15) allowed
us to further explore the regulation of this posttranslational
mark in cultured human cytotrophoblasts. Western blots of
untreated cytotrophoblasts cultured for 48 hours revealed
strong bands at ~18kDa when stained with the
anti-H3QS5ser and anti-H3 antibodies (Fig. 2E, CTRL lane).
Addition of 5-HT to the cultures did not alter either band, sug-
gesting that sites for this serotonylated mark were already sa-
turated under our control culture conditions. When treated
with cystamine, the H3QSser band decreased, whereas the
H3 band remained relatively unchanged (Fig. 2E, CYS lane).
Addition of 5-HT to the cystamine treatment did not rescue
this inhibition (Fig. 2E, CYS + 5-HT lane). Addition of the
SERT inhibitor escitalopram also decreased the degree of se-
rotonylation (Fig. 2E, escitalopram lane), which was modestly
counteracted when exogenous 5-HT was added (Fig. 2E, esci-
talopram + 5-HT lane).

RNA Expression in Cultured Human
Cytotrophoblasts

To better understand the impact of both cystamine and escita-
lopram in our system, we performed RNA sequencing on cul-
tured cytotrophoblasts derived from 3 separate term placentas
under a variety of treatment protocols. A heat-map of our re-
sults is shown in Fig. 3A. The gestalt overview was that cyst-
amine induced a significant alteration of RNA expression,
while escitalopram induced a more modest modulation of
trophoblast RNA expression. Global quantification of the
38 524 RNAs analyzed revealed that 36 164 (93.87%) re-
mained unchanged, while cystamine altered 1986 (5.16%),
and escitalopram modified 374 (0.97%) (Fig. 3A, pie chart).
The addition of exogenous 5-HT to each of the treatment
groups had minimal effect on the overall RNA expressions
(see hatched columns, Fig. 3A). TPM expressions of a select
group of 26 genes are shown in Fig. 3B. Significant (based
on mean adjusted P values from 3 separate placentas) altera-
tions in RNA expressions are demarcated by asterisks (P ad-
justed values ranged from 0.041 to 6 x1077). Some genes
were expressed at very high levels and were not significatively

Endocrinology, 2025, Vol. 166, No. 9

altered with either treatment (for example glycoprotein o and
ferritin light chain); others showed significant increases with
cystamine treatment (for example, mitochondrial cytochrome
C oxidase 1, heat shock 90a A1, and ubiquitin B), whereas
other genes showed significant suppression with both cyst-
amine and escitalopram treatments (for example, pregnancy-
specific §1-glycoprotein 5, syndecan 1, and human chorionic
gonadotrophin £85). The graph also makes it clear that the
number of RNAs produced per gene varied markedly in these
cultured trophoblasts, with control levels of glycoprotein a at
a high of 36 489 TPM, whereas both tryptophan hydroxylases
(TPH1 and TPH2) were each expressed at the lowest levels at
0.019 TPM.

Impact of Escitalopram on Human Cultured
Trophoblasts

Since escitalopram altered the mRNA expression of cultured
trophoblasts, we wanted to next see what impact this SERT
inhibitor had on the morphologic differentiation of cultured
cytotrophoblasts. In a word, escitalopram had a marked im-
pact on these cells, starting at the earliest time point examined
(Fig. 4A). The control cells treated with 100 pM 5-HT for
24 hours flattened on the culture surface and began to aggre-
gate (Fig. 4A, panel a), a process of morphologic differenti-
ation that freshly purified, healthy cytotrophoblasts undergo
in culture (21). Most of the cells were immunohistochemically
reactive when stained with anti-5-HT antibody (Fig. 4A, panel
a inset, arrows), while scattered cells remained negative (ar-
rowheads). In marked contrast, the addition of 200 pM esci-
talopram resulted in virtually no flattened cells (implying no
morphologic differentiation), the majority of which were
5-HT negative (Fig. 4A, panel b, inset, arrowheads). An occa-
sional cell contained 5-HT (arrow). The control cells at
48 hours were like the 24 hours cells, except that more syn-
cytia were noted (Fig. 4A, panel c, inset). Both 5-HT positive
(arrows) and negative (arrowheads) were easily identified.
Again, the 48 hours escitalopram treated cells remained as
small rounded 5-HT negative individual cells (Fig. 4A, panel
d, inset, arrowheads), suggesting the absence of morphologic
differentiation under this condition. Interestingly, a few 5-HT
positive flattened cells could be seen. Upon close examination,
these appeared to be migrating macrophages, identified by
their bean-shaped nuclei and expansive cytoplasmic exten-
sions (Fig. 4A, panel d, inset, arrow). After 72 hours in cul-
ture, the control trophoblasts had largely syncytialized, the
majority of which were 5-HT negative (Fig. 4A, panel e, inset
arrowheads). As was seen in Fig. 1B, panels g and h, the only
cells that were 5-HT positive were the unfused cells within the
aggregates (Fig. 4A, panel e, inset, arrows). In contrast, there
were very few cells seen with escitalopram treatment, and the
few adherent cells were round and 5-HT negative (Fig. 4A,
panel f, inset, arrowheads). Again, the few 5-HT-positive cells
appeared to be migrating macrophages (inset, arrow). To con-
firm that the escitalopram treatment was not simply resulting
in rounded dead cells, we incubated cytotrophoblasts for
48 hours with only 3 pm 5-HT with and without escitalopram
and stained the cultures with anti-hPL antibodies. Reducing
the 5-HT levels to 3 pM in the presence of the same 200 pM
of escitalopram ensured there was a molar excess of this
SERT inhibitor. Only scattered trophoblasts were hPL posi-
tive in the none-treated cultures (Fig. 4A, panel g, inset, ar-
row). Interestingly, the few macrophages noted were hPL
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negative (arrowhead), as would be expected because these
cells do not synthesize hPL. When exposed to escitalopram,
the expected marked decrease in cell number was observed
as well as the lack of cell flattening (Fig. 4A, panel h); however,
even in the presence of this many-fold molar excess of escita-
lopram, the rounded cells were hPL positive (inset, arrows),
suggesting these cells were still biologically active and able
to synthesize a complex protein hormone usually only seen
in well-formed syncytiotrophoblasts (21).

To confirm that escitalopram was acting on these cultured
trophoblasts via the SERT transporter, we performed influx

studies with radioactive 5-HT (Fig. 4B). 5-HT influx into these
cells was NaCl dependent, as would be expected for SERT
(37). Similarly, the 5-HT influx was significantly inhibited
with 3 known SERT antagonists (fluoxetine, paroxetine,
and imipramine). A substrate-velocity curve in the presence
of varying concentrations of escitalopram revealed a Ki of
0.54 £ 0.14 nM, which confirmed that the serotonin trans-
porter in these cultured trophoblasts is biologically the same
as is seen in other cell types, including the prototypical
SERT-containing cell, the human platelet (37). Interestingly,
when the influx experiments were performed with
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Figure 4. Effects of escitalopram on in vitro growth, 5-HT influx, and gene expression of purified trophoblasts. (A) Impact of escitalopram on cultured
trophoblasts. (a) Trophoblasts cultured in Nunc Lab-Tek Il Chamber Slide System slides, 0.4 x 10° cells per chamber exposed to 100 uM 5-HT for
24 hours flattened, aggregated, and began to syncytialize (morphologic differentiation (21)). Many cells avidly took up the amine (inset, arrows),
whereas some cells did not (inset, arrowheads). (b) Addition of 200 uM escitalopram blocked virtually all cells from morphologically differentiating. An
occasional cell contained 5-HT (inset, arrow), whereas most remained rounded with no immunoreactive 5-HT (inset, arrowheads). (c) Culturing for
48 hours revealed more and larger aggregates and syncytia. Again, many (but not all; inset, arrowheads) of these cells contained 5-HT (inset, arrows). (d)
Escitalopram exposure for 48 hours again prevented morphologic differentiation, with no trophoblasts noted to contain 5-HT (inset, arrowheads). The
few flattened, 5-HT-positive cells were macrophages, as identified by their bean-shaped nuclei (inset, arrow). (e) After 72 hours of culture, virtually all
the trophoblasts had syncytialized, but were now 5-HT negative (inset, arrowheads). The 5-HT-positive trophoblasts were single trophoblasts that had
recently fused with a negative syncytium (inset, arrows). (f) Exposure to 72 hours of escitalopram resulted in a marked reduction in total cell numbers, of
which the trophoblasts were virtually all 5-HT-negative rounded cells (inset, arrowheads). The few 5-HT-positive cells present were motile
macrophages (inset, arrow). To ensure that these treatments were not simply lethal, trophoblasts were incubated without (g) and with (h) escitalopram
for 48in the presence of 3 uM 5-HT and stained with hPL, a marker of trophoblast viability and biosynthetic activity. Positive hPL trophoblasts were seen
under both conditions (insets, arrows). Macrophages were also noted in these cultures, but they were, as expected, hPL negative (g, inset, arrowhead).
The scale bar in panel f denotes 500 um for panels a-f. The scale bar in inset f denotes 83 um for all a-f insets. The scale bar in panel h denotes 63 pm for
panels g and h. The scale bar in inset h denotes 21 um for g and h insets. (B) In the presence of NaCl, 5-HT was actively taken up by 15-hour purified
trophoblasts. Removal of either Na or Cl led to a marked decrease in transport, confirming the NaCl dependent SERT mechanism in these cells. Further
validation of this transport being SERT dependent was confirmed by inhibiting influx with the addition 1 uM of known the SERT competitive inhibitors
fluoxetine, paroxetine, and imipramine. (C) Representative kinetic analysis of 5-HT flux with triplicate measurements. The Ki value for escitalopram
inhibition was estimated to be 0.54 + 0.14 nM, which represents the mean + SEM from 3 experiments. (D) A time course of 5-HT influx from 24 to 96
hours revealed a linear decrease in transport over the times studied (n = 3 and significance was confirmed at P < .05). (E) MA plot of mMRNAs (created by
plotting the log2 Fold Change (y-axis) vs log2(Mean of normalized counts) (x-axis) of all genes as reported by DESeq?2) that were either significantly
upregulated (upper data points) or downregulated (lower data points) with escitalopram treatment. The 12 highest fold changed coding genes are
labelled. (F) IPA analysis of these genes revealed the key pathways, functions, and diseases associated with all the escitalopram-altered genes.
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trophoblasts that were cultured for 24-96 hours prior to the
study, the rate of uptake dropped in a linear fashion over
this time (Fig. 4D).

Once we assessed cultured trophoblast morphologic differen-
tiation and 5-HT transport, we analyzed the genes most im-
pacted by escitalopram. Of the 374 genes whose expression
was altered with this treatment, 12 protein-coding genes had a
greater than +10 log2 expression fold change (Fig. 4E). IPA
(Fig. 4F) revealed the most frequent top canonical pathway
and molecular functions genes were related to antioxidant en-
zymes and pathways, rRNA processing, and Jak signaling,
whereas the top physiological system genes were related to em-
bryonic, tissue, organ, and organismal development; and the top
disorders genes were related to injury and cancer.

Impact of Cystamine on Human Cultured
Trophoblasts

To investigate the impact of serotonylation on cultured hu-
man cytotrophoblasts, we treated these cells with cystamine,
an organic disulfide that inhibits tissue transglutaminase 2 se-
rotonylation (38-40). As shown in Fig. 5A, when cytotropho-
blasts were cultured for 24 hours in control media (Fig. SA,
panel a), they flattened out, aggregated, and started to syncyti-
alize, a process known as morphologic differentiation (21) (in-
set, arrows). Occasional trophoblasts remained as flattened
single cells (inset, arrowheads). In the presence of 1 mM cyst-
amine (Fig. SA, panel b), there were fewer cells overall and
when examined, the majority were single cells (inset, arrow-
heads), with only occasional fused aggregates or syncytia (in-
set, arrow). Increasing the cystamine concentration to 10 mM
resulted in a complete absence of aggregates or syncytia
(Fig. SA, panel c¢), with the few cells present being rounded
trophoblasts (inset). Quantification of the degree of tropho-
blast fusion is shown in Fig. 5B. At 48 hours of culture
(Fig. SA, panel d), the control cells were mostly either in aggre-
gates or syncytia (inset, arrows), with only scattered single
flattened cells (inset, arrowhead). In the presence of 1 mM
cystamine (Fig. SA, panel e), there were again fewer cells over-
all and, when examined, the majority were single cells (inset),
with only occasional fused aggregates or syncytia (inset, ar-
row). Of note, one of these single partially flattened cells
was S5-HT positive (Fig. SA, panel e, inset, arrowhead). At
10 mM cystamine, no aggregates or fused cells were noted
(Fig. SA, panel f). Intriguingly, the few remaining cells were
often 5-HT positive (inset, arrowheads). At 72 hours, the con-
trol trophoblasts had mostly fused to become syncytiotropho-
blasts (Fig. SA, panel g, inset, arrow), with scattered flattened
single cells (inset, arrowheads). Addition of 1 mM cystamine
again resulted in fewer aggregates or syncytia, with scattered,
unflattened single cells (Fig. SA, panel h). The few syncytia
present were 5-HT positive (inset, arrow) or contained a re-
cently fused positive single cell (inset, arrowhead).
Increasing the cystamine concentration to 10 mM for a full
72 hours led to the most severe effect (Fig. SA, panel i), with
no aggregates or syncytia noted and only a few scattered single
rounded cells, some of which were 5-HT positive (inset,
arrowhead). Trophoblasts grown for 48 hours in the presence
of 0, 1, and 10 mM cystamine stained for hPL revealed similar
morphologic patterns (Fig. 5A, panels j, k, and 1), with flat-
tened syncytia noted only in the 0-mM treatment group (ar-
row), but with hPL-positive, single rounded cells noted in all
treatment conditions (arrowheads).

1"

After assessing the phenotypic impact of cystamine, we an-
alyzed the genes most impacted by this inhibitor. An MA plot
(Fig. 5C) revealed that of the 1986 genes whose expression
was altered by cystamine, 9 protein-coding genes had a greater
than 10 log2 fold increase, whereas 5 protein-coding genes
had a greater than 10 log2 fold decrease in expression. IPA
analysis (Fig. 5D) revealed the most frequent top canonical
pathway genes were related to rRNA processing, cell check-
points, antioxidant, and detoxification enzymes; the top cellu-
lar and developmental genes were related to cellular
development, proliferation, and tissue and organismal devel-
opment; and the top disorder genes were related to injury, can-
cer, and gastrointestinal, reproductive, and hepatic system
diseases.

Genes Common to Escitalopram and Cystamine
Treatments

Since both escitalopram and cystamine appeared to impact
cultured cytotrophoblasts in a morphologically similar way
(compare Figs. 4A and 5A), we explored genes that were simi-
larly altered by both treatments. Of the 1986 genes altered
with cystamine treatment and 374 altered by escitalopram,
156 were altered by both (Fig. 6A). All these genes were con-
comitantly up- or downregulated, except for arrestin B 1,
which showed a -0.49 log2 fold change with cystamine treat-
ment and a +0.71 log2 fold change with escitalopram treat-
ment. Removing this gene left 155 genes, 68 of which were
upregulated and 87 were downregulated by both treatments
(Fig. 6B). The individual 68 upregulated genes are shown in
Fig. 6C, whereas the 87 downregulated genes are shown in
Fig. 6D. The darker the shading of each cell, the larger the
log2 fold change. IPA analysis (Fig. 6E) revealed many of
the genes that were upregulated (red bars (top five of each
set)) were active in detoxification, rRNA processing, cell death
and survival, and molecule metabolism for molecular and cel-
lular functions; the system and disorders genes were related to
tissue morphology, brain development and behavior, injury,
and skeletal disorders, to name a few. In contrast, the down-
regulated genes (blue bars (bottom five of each set)) were
more often associated with hormone biosynthesis, signaling
for molecular functions; the cellular and disorders of those
genes were related to development and maintenance,
cell-to-cell interactions, organ and organismal development;
and finally, injury and cancer were the most frequent associ-
ated disorders.

When we focused on the genes involved with development,
cell-to-cell interactions, growth, detoxification, and protec-
tion, we produced a representative list of 40 key genes that ap-
peared to most likely be driving the responses seen with the
escitalopram and cystamine treatments, and by extension, se-
rotonylation in the trophoblasts we studied (Fig. 7).

Although not validated by quantitative PCR, many of the
genes that were upregulated were involved in cell survival
and protection pathways. Some intriguing examples included
the following. Ciliary neurotrophic factor receptor (+30.7
log?2 fold change) is involved with neuronal cell survival, dif-
ferentiation, and gene expression. MATR3 (matrin 3; +8.6
log2 fold change) stabilizes mRNAs. HSPA6 (heat shock pro-
tein family A member 6; +8.4 log2 fold change) is a molecular
chaperone that protects the proteome from a wide variety of
stresses. Zinc finger protein 365 (+6.7 log2 fold change) main-
tains genomic stability. GSR (glutathione-disulfide reductase;
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Figure 5. Effects of cystamine on in vitro growth, 5-HT influx, and gene expression of purified trophoblasts. (A) Impact of cystamine on cultured
trophoblasts (panels a-i stained with anti-b-HT antibodies; panels j-| stained with anti-hPL antibodies). (a) Trophoblasts cultured in Nunc Lab-Tek Il
Chamber Slide System slides, 0.4 x 10° cells per chamber in the absence of cystamine for 24 hours revealed that single cytotrophoblasts had flattened
(inset, arrowheads), aggregated, and even began to syncytialize (inset, arrows), in a process known as morphologic differentiation (21) (see also
Fig. 4A). (b) In the presence of 1 mM cystamine, there were fewer flattened cells, most of which were individual cells (inset, arrowheads), with an
occasional aggregate (inset, arrow). (c) The 10-mM cystamine treatment resulted in only scattered single, rounded cells. (d) Forty-eight hours of culture
without cystamine yielded scattered, flattened single cells (inset, arrowheads), but most cells had aggregated and syncytialized (inset, arrows). (e)

1 mM cystamine treatment for 48 hours resulted in many rounded cells, an occasional syncytium (inset, arrow), and an occasional 5-HT-positive
flattened trophoblast (inset, arrowhead). (f) 10 mM cystamine treatment led to very few rounded trophoblasts, many of which were 5-HT positive (inset,
arrowheads). (g) 72 hour control cultures resulted in many large syncytia (inset, arrow) and scattered flattened single cells (inset, arrowheads). (h) After
72 hours in the presence of 1T mM cystamine only a few single rounded cells were noted, with occasional syncytia, which were sometimes 5-HT
positive (inset, arrow). A recently absorbed, 5-HT positive, single trophoblast can be seen in one of the syncytia (inset, arrowhead). (i)

Seventy-two hours of cystamine treatment resulted in only rare, rounded trophoblasts, some of which were 5-HT positive (inset, arrowhead). (j-) When
the trophoblasts were cultured for 48 hours with no (j), T mM (k), and 10 mM (I) cystamine similar morphologic patterns were observed, with syncytia
noted (arrow) and single trophoblasts that were hPL positive (arrowheads), validating their viability and persistent biosynthetic ability. The scale bar in
panel i denotes 630 um for panels a-i, the scale bar in the inset in i denotes 63 um for all insets, while the scale bar in panel | denotes 158 um for panels
. (B) Quantification of trophoblast fusion and morphologic differentiation. Fusion index was calculated counting nuclei in syncytia divided by the total
number of nuclei in three different placentas with or without cystamine at the time points noted (n = 3 and significance was defined as P< .05). (C) MA
plot of MRNAs (created by plotting the log2FoldChange (y-axis) vs log2(Mean of normalized counts) (x-axis) of all genes as reported by DESeq2) that
were either significantly upregulated (upper data points) or downregulated (lower data points) with cystamine treatment. The 14 highest fold-changed
coding genes are labelled. (D) IPA analysis of these genes revealed the key pathways, functions, and diseases associated with all the cystamine altered
genes.
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Figure 6. Escitalopram (200 pm) and cystamine (10 mM) altered genes. (A) Venn diagram revealing the 156 overlapping genes altered by both
escitalopram and cystamine. (B) Of these 156 common genes, 68 were upregulated and 87 were downregulated by both treatments. (C) Concomitantly
upregulated genes. The darker the shading, the greater the fold-change. (D) Concomitantly downregulated genes. The darker the shading, the greater

the fold-change. (E) IPA analysis of the 155 concomitantly altered genes.

+3.3 log2 fold change) generates a cellular antioxidant de-
fense. MT-ND1 and MT-NDS (NADH dehydrogenase subu-
nits 1 and 5; +3.2 and 3.0 log2 fold changes, respectively) are
core units of the mitochondrial membrane respiratory chain.

In contrast, many of the genes that were downregulated
were involved with cell proliferation, morphogenesis, motil-
ity, and growth. Key examples included the following.
Protein kinase C epsilon (-1.1 log2 fold change) regulates
cell adhesion, motility, migration, and cell cycle.
Chondroitin sulfate synthase 1 (-1.4 log2 fold change) is in-
volved with cell proliferation and morphogenesis. MAPK9
(-1.54 log2 fold change) is seen in cell proliferation,

differentiation, migration, transformation, and programmed
cell death pathways. SEPT6 (Septin 6; -2.1 log2 fold change)
is required for cytokinesis. Syndecan 1 (-2.2 log2 fold change)
participates with cell proliferation, cell migration, and cell-
matrix interactions via its receptor for extracellular matrix
proteins. Periostin (-2.3 log2 fold change) induces cell attach-
ment and spreading and plays a role in cell adhesion. Ankyrin
3 (-3.0 log2 fold change) is involved with cell motility, activa-
tion, proliferation, contact, and the maintenance of special-
ized membrane domains. Solute carrier family 6 member 15
(-3.5 log2 fold change) is a sodium-dependent neutral amino
acid transporter. GH2 (-4.0 log2 fold change) stimulates
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CNTFR NR4A2 CHSY1
INA GCLM CD320
MATR3 TIPARP PBX2
HSPAG MAP1B MAPK9
VAN XTI GSR PGAP3
(GRS ERRA MT-ND1  |GSTKA1
GEM MT-ND5 |[MAN1A2
GNAL PRKCE  |SEPT6
20 10 0
Log2Fold Change
Level IPA Processes Genes
Trophoblast | Cellular assembly and organization, ADGRGSB, ANK3, CRH, GEM, GNAL, MAP1B,
cellular function and maintenance, MAPK9, P2RY2, PRKCE, ZNF365, INA, POSTN,
cellular morphology, cell development, | SDC1, RAB3B, GCLM, CD200, INHA, IKZF2,
cell growth and pfg”feration PGAP3, NR4A2, MAN1A2, TIPARP, TRIM40,
CD320, GH2, SDC1, HLF, STEAP4, CSHL1,
SEPT6
Embryo Embryonic differentiation, embryonic CNTFR, INA, MAP1B, NR4A2, TIPARP, ZNF365,
cell movement, embryonic cell GLCM, GNAL, GEM, GSR, MATR3, CD200,
spreading, embryonic invasion, CHSY1, CSHL1, GH2, POSTN, MAN1A2, MAPKS,
maturation, modification, embryonic cell | CRH, PBX2, INHA, P2RY2, GSTK1, IKZF2
viability, development PRKCE, SDC1, ANK3
Tissue Volume, size, morphology, mass, CNTFR, INA, MAP1B, NR4A2, ZNF365, GCLM,
quantity, permeability, diameter, density, | TIPARP, MATR3, GSR, GNAL, GEM
density, expansion, healing, area
Organ Development, function, formation, ANK3, CD200, INHA, MAPKS9, P2RY2, POSTN,
induction, growth, morphogenesis, PRKCE, CRH, CSHL1, GSTK1
branching, gonadogenesis, stratification
Nervous Development, differentiation, formation, | ADGRG6, ANK3, CRH, GEM, GNAL, MAP1B,
System loss, quantity, firing, morphogenesis, MAPK9, P2RY2, PRKCE, ZNF365, CNTFR,
excitation, neuroprotection, NR4A2, INA, RAB3B, POSTN, SLC6A15, CD200,
neuritogenesis, size, branching, CD320
retraction of neurites,
maturation/protection of dopaminergic
neurons, motor function, extension,
length of dendritic spines, stratification
of cerebral cortex
Organism Formation, development, differentiation, | ADGRGE, CRH, CSHL1, GH2, IKZF2, INHA,
volume, size, mass, morphology, POSTN, PRKCE, RAB3B, CD200, MAPK9,
conversion, limb development, lean GSTK1, CHSY1, MAN1AZ2, PBX2, STEAP4, ANK3,
body mass, growth, epithelial- P2RY2, PGAP3, SDC1
mesenchymal transition, conversion,
myelination, extended lifespan, neonatal
death, sensorimotor gating, polarization,
thickness, elongation, organization
neurofilaments, migration neurons,
morphology of nervous tissue,
electrophysiology of nervous system,
long term depression of synapse, mass
of brain
Behavior Operant performance, passive CNTFR, GNAL, NR4A2
avoidance learning, hyperactivity,
locomotion, abnormal posture
Systemic Cancer, epithelial mesenchymal ANK3, CD200, CD320, CHSY1, GEM, HLF, IKZF2,
Diseases transition, organismal injury and INA, INHA, MT-ND1, MT-ND5, POSTN, PRKCE,
abnormalities, inflammatory response, | SEPTING, STEAP4, ZNF365, CNTFR, GSR,
immunological disease, hematological | MAP1B, NR4A2, SDC1 SLC6A15, RAB3B, PGAP3,
disease CRH, ADGRG6, PBX2, TRIM40, MAPKS, P2RY2,
GSTK1, HSPAB, CSHL1, MAN1A2, TIPARP, GNAL,
GH2, PBX2, KHDRBS3, HSPAG
Neurologic Parkinson’s, Alzheimer’s, ALS, MT-ND1, MT-ND5, NR4A2, MAP1B, MATR3,
Diseases psychological disorders (e.g., GNAL, INA, HSPA6, GSR
depression, ASD)

Figure 7. The final 40 genes concomitantly altered by escitalopram (200 pm) and cystamine (10 mM) treatment. Based on IPA analysis, the 40 genes
listed in the top grid appear to be most involved with pathways that can impact trophoblast growth and differentiation. The darker the shading, the
greater the fold-change. The lower table represents the nonexhaustive IPA focused processes for these final 40 genes presented in a hierarchical list
from the single trophoblast up through the embryo and organism, through behavior, and ending with systemic and neurologic diseases.
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body growth by inducing IGF1 secretion. Chorionic somato-
mammotropin hormone like 1 (—4.51 log2 fold change) is a
placenta-specific growth factor.

Overall, IPA (Fig. 7, lower panel) confirmed the most fre-
quent top cellular functions of those genes impacted by sero-
tonylation were related to cell spreading, flattening,
morphogenesis, cell morphology, shape, size, cell prolifer-
ation, differentiation, development, formation, and growth;
that the top developmental functions of those genes were re-
lated to embryonic development, embryonic cell differenti-
ation, embryonic cell movement, embryonic cell spreading,
embryonic cell invasion, embryonic cell maturation and
modification, embryonic cell viability, colony formation,
organismal, tissue and organ development; the top systemic
disorders of those genes were related to cancer, epithelial-
mesenchymal transition, injury, hematological, immunologic-
al responses, inflammatory responses; and the top neurologic
disorders of these genes were related to neuronal develop-
ment, function, behaviors, and neurological, psychological
and hereditary disorders (including Parkinson disease,
Alzheimer disease, amyotrophic lateral sclerosis, and autism
spectrum disorder).

Discussion

Employing purified human cytotrophoblasts, we have con-
firmed some of our previously published findings that utilized
explant cultures (14). Specifically, we confirmed that (1)
trophoblasts take up 5-HT and concentrate it into the nucleus
(Fig. 1A, panels e, g, and h); (2) trophoblasts do not contain
immunoreactive TPH-1; and (3) syncytiotrophoblasts express
both cytoplasmic MAOA and SERT. Working with purified
human cytotrophoblasts allowed us to extend these findings
to better understand why 5-HT is concentrated into the
trophoblast nucleus and what may be the effects of this
localization.

The work of Maze and colleagues (13, 15) suggested an ex-
planation for the concentrating of 5-HT into trophoblast nu-
clei: serotonylation. And they went on to demonstrate that
placental H3 was a major substrate of the serotonylation reac-
tion in the mouse placenta. We therefore started our explor-
ation of serotonylation by investigating the effects of
cystamine—which blocks serotonylation—on the nuclear lo-
calization of 5-HT in trophoblast explant cultures. While con-
trol cultures revealed the expected uptake of 5-HT into both
the syncytiotrophoblast and cytotrophoblast cytoplasm, as
well as the strong nuclear localization in the cytotrophoblasts
(Fig. 2A, panels a and c), the addition of the serotonylation in-
hibitor cystamine diminished and ultimately eliminated the
nuclear staining in these trophoblasts. Immunoprecipitation
experiments utilizing purified human cytotrophoblasts sug-
gested that 5-HT was covalently attached to H3 since recipro-
cal IP experiments with both anti-5-HT and anti-H3
antibodies resulted in similar bands at approximately 17
and 18 kDa (Fig. 2D). This reaction was not specific to H3
as we saw that anti-ferritin precipitated H3, while conversely
anti-H3 precipitated ferritin, suggesting that H3 and ferritin
also form a complex in these cells. That we could not success-
fully complete the IP reaction without adding DNase (see
Fig. 2C) suggested that serotonylated H3 and ferritin are tight-
ly associated with DNA in the cytotrophoblasts studied. H3
appears to be serotonylated at the glutamine § site in cultured
trophoblasts as we were able to stain H3 with an
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anti-H3QJ3ser antibody (Fig. 2E). The intensity of the seroto-
nylation of H3 was decreased by inhibiting the serotonylation
reaction with cystamine, as well as by decreasing the uptake of
5-HT through blocking the 5-HT transporter (SERT).

As others have shown in other model systems (13, 15), we
have demonstrated that the serotonylation pathway alters
gene expression in cultured trophoblasts. Of the 38524
mRNAs produced by cultured trophoblasts in a 2-day period,
blocking 5-HT uptake into these cells by inhibiting the sero-
tonin transporter by escitalopram significantly altered the ex-
pression of 374 genes. More impressively, blocking
serotonylation itself with cystamine significantly altered the
expression of 1986 (5.2%) of the total. An informed selection
(Fig. 3B) revealed that some genes were very highly expressed
(eg, glycoprotein alpha, ferritin light chain, mitochondrial
oxidase, aromatase), some were upregulated (eg, heat shock
90alpha 1, ubiquitin B, histone H3), some downregulated
(eg, pregnancy specific 81-glycoprotein 5, syndecan 1, trans-
glutaminase 2), some remained unchanged (eg, ferritin light
chain, aromatase, cathepsin B), while others were expressed
at very low levels, if at all (eg, TPH1, TPH2).

Utilizing purified human cytotrophoblasts, a strength of this
research, afforded us the opportunity to critically evaluate the
impact of altering the expression of these genes in one cell
type. Organ perfusion and explant culture studies can be mis-
leading since many cell types are present in such experiments.
Validation of this statement was seen when we blocked sero-
tonin influx by escitalopram, resulting in the drastic inhibition
of the morphologic differentiation of these cells (Fig. 4A).
Under normal circumstances, purified human cytotropho-
blasts go through a well-documented sequence of morpho-
logic changes, including flattening, aggregating, and
syncytialization (21). In the absence of 5-HT uptake this entire
process was stopped. This, along with the finding that these
cells do not express TPH mRNA (Fig. 3B), strongly challenges
the notion that trophoblasts make their own 5-HT via biosyn-
thesis (41). Our finding of a few 5-HT-positive macrophages
in our trophoblast cultures (Fig. 4A, panel d and f insets) sug-
gests why previous authors may have thought that the pla-
centa produces 5-HT. The low levels of 5-HT synthesis seen
in the mouse placentas in these previous studies (41) may
have been the result of resident macrophages, which are
known to import tryptophan and convert it to 5-HT (42). It
is possible that this also occurs in the human placenta as the
chorionic villi are known to contain large numbers of resident
macrophages, also called Hofbauer cells (22).

We also provided strong evidence that human cytotropho-
blasts take 5-HT up through the same serotonin transporter
that is present in all other cells that utilize SERT for 5-HT in-
flux (Fig. 4B and 4C). It was interesting to note that 5-HT in-
flux decreased dramatically over 4 days of culture (Fig. 4D), a
time in which cytotrophoblasts are converted almost com-
pletely to syncytiotrophoblasts. Over this same period, in-
creasing amounts of SERT could be seen localized to the
cytoplasm (Fig. 1B, panels g-t). Because these same cells can
transport 5-HT in the intact human placenta (14), one might
conclude that SERT exists in a dynamic balance between sur-
face membrane and cytoplasmic fractions, as suggested by
previous studies (43). Therefore, the amount of transport ac-
tive SERT may depend on several factors, including the state
of trophoblast differentiation. For example, freshly purified
cytotrophoblasts that are the closest representations of in
situ cytotrophoblasts express very strong SERT cell surface
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staining (Fig. 1A, panel d) suggesting that these cells avidly
transport 5-HT. This is consistent with our observation of
large amounts of 5-HT within these cells when explants
were exposed to exogenous 5-HT (Fig. 2A, panels a and ¢), re-
confirming our earlier observations (14).

Our RNA sequencing studies began to shed light on the key
genes that were responsible for these morphologic changes
(Fig. 4E). When studied with IPA (31), we noted that among
the multiple pathways represented by these genes, there
were detoxifying and/or cell protection genes on the one
hand, and embryonic, tissue, organ, and organismal develop-
ment, on the other hand (Fig. 4F).

Addition of cystamine to our cultured cytotrophoblasts al-
lowed us to directly assess the impact of blocking serotonyla-
tion on these cells. As with escitalopram, the morphologic
impact was dramatic (Fig. 5A). Over a period of 72 hours
with exposure to increasing amounts of cystamine these cells
failed to flatten, aggregate, and syncytialize (Fig. 5B).
Interestingly, cystamine exposure functioned like an Ames
test (44), preferentially selecting those trophoblasts that
were able to import significant quantities of S-HT (Fig. SA,
panels f, h, and i). That cystamine altered the expression of sig-
nificantly more genes (1986) compared to escitalopram (374)
suggests that blocking serotonylation itself is more impactful
than simply decreasing the influx of 5-HT into these cells.
However, this difference might also reflect that escitalopram
is a highly selective inhibitor of SERT (45) whereas cystamine
is a nonspecific reagent that oxidizes free sulfhydryl groups by
a process of thiol-disulfide exchange (46). IPA, like what was
seen with escitalopram, revealed pathways involved with both
detoxification and cell protection, as well as growth, develop-
ment, and cell cycle (Fig. 5D).

Examination of the genes that were concomitantly altered
by both escitalopram and cystamine treatments yielded a
most interesting group of genes impacted by serotonylation
(Fig. 6). A limitation of our study was that we did not validate
the expression of these genes by quantitative PCR. However,
homing in on the key genes suggested by IPA yielded an intri-
guing group of 40 genes (Fig. 7). Assessing each of these genes
individually revealed some clear patterns. In general, the genes
that were upregulated were involved with cell survival and
protection, whereas those genes that were downregulated
were involved with cell proliferation, morphogenesis, motil-
ity, and growth. These results, therefore, likely explain what
we observed when cultured trophoblasts were exposed to
these agents: blocking morphologic differentiation. To flatten
out, migrate, aggregate, and eventually syncytialize, these cells
would need the functions represented by many of these down-
regulated genes. These treatments also appeared to be very
stressful for these cells as many protective, antioxidant, and
repair genes were activated in tandem.

Just as knock out experiments reveal what is necessary for
biologic and physiologic function (47), genes that were down-
regulated by both escitalopram and cystamine presumably
would be upregulated when these trophoblasts—and by ex-
tension the placenta—are exposed to 5-HT. The converse
would be true for the genes that were upregulated.
Therefore, these results can offer a road map to the impact
of 5-HT on the growing placenta, and potentially to the entire
organism (Fig. 7). Since the cytotrophoblast is the growing
stem cell of the placenta, it is not surprising that we have
shown that these cells avidly take up 5-HT and that the genes
that are likely to be upregulated by the combination of 5-HT

Endocrinology, 2025, Vol. 166, No. 9

influx, followed by the serotonylation of at least H3, are in-
volved with cell proliferation, morphogenesis, motility, and
growth. These processes are critical during pregnancy’s initial
phases of implantation and placentation (48-50). This then
gives a molecular explanation for why we observed so much
5-HT concentrated in the first trimester placental cytotropho-
blasts (14): this is the time of critical growth of the placenta. In
fact, the placenta remains larger than its passenger fetus up to
around 18 to 20 weeks of gestation (51). Put simply, one needs
to make the boat before you allow the passenger to board.

This observation may also partly explain why patients who
take selective serotonin reuptake inhibitors during pregnancy
(such as escitalopram [brand name Lexapro]) have smaller ba-
bies than control patients (52). The influx of 5-HT into the
placenta appears to play an important role in placental
growth, but that is only a waystation on the journey to the em-
bryo and fetus. After 20 weeks of gestation, fetal growth sig-
nificantly outpaces placenta growth to the point that at term
(40 weeks of gestation), the fetus is approximately 6 times
heavier than its supporting placenta (53). The presumption,
therefore, would be that the continued transport of 5-HT
into and through the placenta—and then into the fetal circula-
tion—is an important stimulus for fetal growth. If true, block-
ing this influx would lead to decreased fetal growth.

Conversely, this observation may also help to explain why
placentas from children with autism (54), or at risk for autism
(55), might have an increased number of trophoblast inclu-
sions. Trophoblast inclusions are the result of increased num-
bers of cytotrophoblasts compared to the overlying
syncytium, which, by mechanical folding, leads to the forma-
tion of an invagination of the trophoblast bilayer (56, 57).
When these invaginations are cross-sectioned, trophoblast in-
clusions are created (58, 59). An increase in 5-HT uptake,
along with increased serotonylation of nuclear proteins (in-
cluding H3), may be the reason for the increased cytotropho-
blast proliferation and resultant trophoblast inclusion
formation seen in the placentas of children with or at risk
for autism (54, 55). It is also plausible that the increased
flux of 5-HT into and through the placenta on its way to the
embryo or fetus might explain the increased growth of such
children, as well as the increased brain folding that has been
described in children with autism (60, 61), and possibly other
neurologic conditions. Moreover, IPA of our final 40 genes
highlighted their involvement in brain development, behavior,
and neurological disorders such as autism spectrum disorder,
which aligns well with the work of Maze and colleagues on se-
rotonylation of H3, brain development, and depression (13).

If true, these findings might suggest conditions that could
promote the development of autism. For example, increased
levels of bioavailable 5-HT at the placental surface during
pregnancy or lower levels of syncytial trophoblast
MAOA (the primary enzyme that degrades 5-HT in the
placenta) would result in a higher flux of 5-HT into the
embryo and fetus, which in turn could lead to an increase in
overall embryonic and fetal growth, and/or an increase in
brain growth (2-8).

Although we only examined the human trophoblast in these
studies, that many of the genes modulated in this cell by our
treatments are also found in pathways observed in many high-
er organizational levels, including tissues, organs, and the or-
ganism—as well as seen in systemic and neurologic diseases—
suggests that serotonylation may be a fundamental regulatory
pathway that deserves more attention.
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Finally, these studies appear to answer the question of why
5-HT is concentrated into the cytotrophoblast nucleus: sero-
tonylation. However, many questions remain, including: (1)
besides H3, what other nuclear proteins are serotonylated
and what are the consequences of this serotonylation; (2)
what regulates the disposition of SERT into the syncytiotro-
phoblast surface membrane; and (3) what is the nature, func-
tion, and consequences of the serotonylated H3-DNA
complex?
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