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Abstract

Background and purpose Neurodevelopmental disorders (NDDs) are characterized by abnormalities in brain
development and neurobehaviors, including autism. The maternal—fetal interface (MFI) is a highly specialized tissue
through which maternal factors affect fetal brain development. However, limited research exists on restoring and
maintaining MFI homeostasis and its potential impact on NDDs. This study explores the role of placental indoleamine
2,3-dioxygenase (IDO-1) in MFI homeostasis and fetal brain development.

Experimental Approach The maternal-fetal barrier was disrupted by sodium valproate (VPA) in pregnant mice,
whose offspring show typical autism-like behaviors. Ultrastructural analysis and flow cytometric analysis were
conducted to observe the morphological and immune system changes. Behavioral tests and immunofluorescence
staining was used to investigate the ability and mechanism of taprenepag to alleviate the abnormal behaviors of VPA-
exposed offspring and normalize the development of serotonergic neurons.

Key results InVPA-exposed pregnant mice, the downregulation of IDO-1 led to maternal immune overactivation and
disruption of maternal-fetal barrier, resulting in excessive 5-HT synthesis in the placenta. This process disrupted the
development of the serotonergic neuronal system in the offspring, resulting in impaired development of serotonergic
neurons, thalamocortical axons, and NDDs in the progeny. However, a single injection of taprenepag at E13.5
ultimately upregulated placental IDO-1 through amplifying the positive feedback loop COX-2/PGE,/PTGER-2/IDO-1
and abolished these alterations.

Conclusion Taprenepag improved autism-like behaviors in the offspring of VPA-exposed mice by addressing
placental IDO-1 downregulation. This study highlights the potential of targeting IDO-1 to mitigate MFI disruption and
NDD development.

Keywords Placental tryptophan metabolism, Neurodevelopmental disorders, Maternal-fetal barrier, Immune
disorder, IDO-1
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Introduction

Neurodevelopmental disorders (NDDs) are abnormali-
ties in brain development and characterized by cogni-
tive impairment and neurobehavioral abnormalities [1].
Autism spectrum disorders (ASD) are a common type
of NDDs characterized by social deficits, repetitive ste-
reotyped behavior, and lack of interest [2]. In 2018, ASD
affected nearly 1 in 36 children in the United States,
according to the Centers for Disease Control and Preven-
tion (CDC) [3]. The triggers of autism remain elusive, but
genetic, developmental and environmental factors clearly
play important roles [4]. Maternal events during preg-
nancy have been a key focus of research, with high-risk
exposure factors such as a high-fat diet, valproate expo-
sure, and gestational diabetes mellitus reportedly linked
to the occurrence of autism in offspring [5, 6].

Among ASD caused by various environmental fac-
tors, a common maternal complication is the imbalance
of homeostasis at the maternal-fetal interface (MFI),
often leading to immune disorders in the placenta and
disruption of the maternal-fetal barrier function. The
MEFI is composed of the maternally derived decidua and
the fetally derived placenta [7]. The MFI is primarily an
immunological term, encompasses not only the immu-
nosuppressive microenvironment established through
interactions between maternal and fetal cells but also the
barrier function provided by placental trophoblast cells.
The decidua houses three main types of immune cells:
decidual natural killer cells (ANK), decidual macrophages
(dM) and T cells. Immune disorders in the placenta have
been associated with adverse fetal outcomes, such as
increased miscarriages due to reduced expansion of nat-
ural regulatory T cells [8], maternal immune activation
caused by hyperproliferation of effector T lymphocytes
[9], decidualization deficiency resulting from decidual
natural killer cell dysfunction [10], and embryo implan-
tation arrest due to depletion of decidual macrophages
[11].

The placenta plays a crucial role in regulating the bidi-
rectional exchange of substances, maintaining mater-
nal tolerance, and minimizing fetal exposure to harmful
agents [12]. The placental barrier serves as a critical inter-
face between maternal and fetal circulation, consisting of
the apical (brush border, maternal facing) and basal (fetal
facing) plasma membranes of syncytiotrophoblast cells,
along with fetal endothelial cells [13]. Notably, a single
layer of continuous multinucleated syncytiotrophoblast
cells, which lines the outermost surface of the placental
villus tree, is primarily responsible for this barrier func-
tion [7]. Furthermore, the placental barrier acts as a com-
ponent of the innate immune system, thus expanding the
concept of the MFI. The maternal-fetal barrier (MFB)
encompasses a broader definition of the barrier func-
tion between the mother and fetus, integrating both the
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placental and amniotic barriers. The innermost epithelial
layer of the amnion functions as an immune barrier that
protects the fetus [14].

Recent studies in neuroplacentology have been exam-
ining the impact of the placenta on fetal neurode-
velopment through the production of hormones and
neurotransmitters, influencing immediate and long-
lasting neurodevelopment through the placenta-brain
axis [15, 16]. Placental dysfunction and disruption of
barrier function are believed to be significant contribu-
tors to NDDs, including placental ischemia in conditions
like preeclampsia [17] and disruption of MFB induced
by zika virus infection [18]. Additionally, substantial evi-
dence suggests that placental developmental disorders
are closely linked to the occurrence of autism, such as
mitochondrial dysfunction [19], changes in transplacen-
tal barrier permeability [20], and increased leakage of
trophoblast inclusions [21].

The above evidence highlights the correlation between
NDDs and placental immune dysfunction, as well as the
disruption of the MFB. However, there is a research gap
concerning the interplay between these factors and their
effects on fetal neurodevelopment. It prompts the ques-
tion of whether improving the function of one aspect of
the placenta could lead to the recovery of another func-
tion, ultimately benefiting the offspring’s neurodevelop-
ment. Given the limited research on the MFB, there is
a lack of identified regulatory targets. Our focus is on
exploring the regulation and preservation of the placental
immunosuppressive microenvironment to understand its
influence on MFB function and the neural development
of offspring.

L-tryptophan (Trp) is an essential precursor for many
metabolites, undergoing oxidation to the kynurenine
pathway by indoleamine 2,3-dioxygenase (IDO-1) and
hydroxylation to the serotonin pathway by Trp hydroxy-
lase 1 (TPH-1) in the placenta [22]. Kynurenine (Kyn) is
known to play a role in immune tolerance maintenance,
while serotonin (5-hydroxytryptamine, 5-HT) is a cru-
cial monoamine neurotransmitter closely associated
with ASD [23]. Studies have shown that fetal neurode-
velopment is blunt due to the accumulation of placen-
tal 5-HT [24]. Its pathogenesis is mainly explained by
the upregulation of TPH-1 enzymatic activity induced
by maternal inflammation. Imbalances in placental Trp
metabolism have been linked to NDDs in both maternal
serotonin transporter (SERT) knock-in mice and models
of maternal vitamin D insufficiency [25, 26]. Addition-
ally, disruptions in brain Trp metabolism in infants have
been implicated in the development of social deficits
[27, 28]. The mechanism by which excess serotonin from
the placenta reaches the fetal brain remains unclear, as
serotonin cannot easily traverse the MFB or the blood-
brain barrier (BBB) [29, 30]. This phenomenon may be
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associated with compromised placental barrier function
in individuals with autism, although concrete evidence is
lacking. Additionally, the specific regulatory mechanisms
governing placental Trp metabolism and the potential for
restoring balance to improve fetal neurodevelopment are
areas of uncertainty in current research.

This research primarily investigates a series of adverse
outcomes at the MFI associated with alterations in Trp
metabolism following VPA exposure during pregnancy,
and its influence on the development of the serotoner-
gic neuronal system in fetal mice. The study aims to
enhance the expression of placental IDO-1 through the
administration of taprenepag, a prostaglandin E, recep-
tor (PTGER-2) agonist, during pregnancy. This approach
seeks to regulate tryptophan metabolism, improve pla-
cental immune function, and repair the integrity of the
placental barrier. Furthermore, we evaluate the effects
of taprenepag on serotonergic neurons in fetal mice, as
well as its protective and therapeutic impacts on autistic
behaviors in the offspring.

Materials and methods

Animals and reagents

Pregnant ICR mice aged 7-8 weeks were purchased
from Ziyuan Biotechnology Co., Ltd (Hangzhou, China).
Female and male mice were mated overnight at a 2:1
ratio. The presence of a vaginal plug confirmed preg-
nancy, which was recorded as embryonic day 0.5 (E0.5).

Cell line The human placental choriocarcinoma cell line
JEG-3 was purchased from the Institute of Basic Medical
Sciences, Chinese Academy of Medical Sciences.

Reagents VPA (Sigma-Aldrich, St. Louis, MO); RU486
(Selleck Chemicals, Shanghai, China); taprenepag,
butaprost and linrodostat (MedChemExpress, Shanghai,
China); and kynurenine (Aladdin, Shanghai, China).

VPA exposure during pregnancy and dosing regimen

Pregnant mice were injected subcutaneously with
600 mg/kg valproic acid saline (VPA) or saline only (con-
trol) in the neck region at E12.5%!. To ensure successful
induction of ultrasonic defects, a final dose of 600 mg/
kg is recommended [32]. The timing of drug administra-
tion is critical; the final chorioallantoic placenta begins to
form at E12.5, coinciding with the establishment of the
maternal decidua, junctional zone, and labyrinthine zone
[7, 33]. Administering VPA at this stage facilitates a more
efficient examination of its detrimental effects on the
MEB. Furthermore, the model was established at E12.5,
with drug treatment conducted at E13.5 to modulate pla-
cental function, followed by pharmacodynamic evalua-
tion at E14.5. This timeline underscores the relationship
between placental function regulation and fetal mouse
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neurodevelopment, particularly since the fetal mouse
blood-brain barrier has not yet formed by this stage (E15
days) [34]. For specific animal experiment conditions and
experimental arrangements, please see the supplemen-
tary materials.

The different drug treatment regimens used were as
follows.

For studies in Figs. 1A, 2A, 3A and 4, the VPA-exposed
pregnant mice were subcutaneously injected with
0.05 mg/kg RU486 (VPA+RU486), 0.5 mg/kg tapre-
nepag (VPA +Tap), 0.5 mg/kg kynurenine (VPA +Kyn) or
0.5 mg/kg butaprost (VPA+But) at E13.5 [35]. Pregnant
mice in the VPA and control groups received an equal
volume of saline at E13.5. Pregnant mice were euthanized
and placentas and fetuses were collected 24 h after drug
administration for subsequent experiments.

For the behavioral evaluation of offspring mice in
Fig. 5A, VPA-exposed pregnant mice were injected sub-
cutaneously with 0.5 mg/kg Tap (VPA+Low Tap) or
2.5 mg/kg Tap (VPA+High Tap) s.c. at E13.5. Pregnant
mice in the other groups were treated as described above.
Pregnant mice were housed and used to nurture off-
spring mice. The day of birth was represented as P0. The
offspring mice were caged at P21, and behavioral evalua-
tions were conducted at P45.

For the IDO1 antagonism experiments in Fig. 6A, VPA-
exposed pregnant mice were injected subcutaneously
with 0.5 mg/kg taprenepag (VPA+Tap), 5 mg/kg linro-
dostat (VPA+Lin) or 0.5 mg/kg taprenepag and 5 mg/
kg linrodostat (VPA+Tap+Lin) at E13.5. Pregnant mice
in the VPA and control groups received an equal volume
of saline at E13.5. Some pregnant mice were euthanized
at E14.5, and the related tissues were collected for sub-
sequent experiments. The other pregnant mice were
retained until the offspring were weaned. The offspring
were subjected to behavioral analysis and immunohisto-
chemical examination.

Maternal immune activation and dosing regimen

Pregnant mice were injected intraperitoneally with
20 mg/kg polyinosinic: polycytidylic acid [poly (I: C)]
(Sigma) to stimulate maternal immune activation (MIA)
or saline only (control) at E12.5 [36, 37]. For studies in
Fig. 7A, pregnant mice in the poly (I: C)+Tap and con-
trol+Tap groups were injected subcutaneously with
0.5 mg/kg taprenepag at E13.5. Pregnant mice in the VPA
and control groups received an equal volume of saline at
E13.5. Pregnant mice were housed and used to nurture
offspring mice until P11.

Placental gadolinium leakage monitored by MRI, ICP-MS,
TEM and SEM

At E14.5 (24 h after drug administration), the placenta
barrier integrity of pregnant mice in the control, VPA



Wang et al. Journal of Neuroinflammation (2024) 21:307 Page 4 of 21

A 0.05 mg/kg MRI B
RU486 s.c. Gd leakage -
600mg/kg WB/SEM/TEM
VPA s.c. Maternal blood routine 191
| l Placental flow cytometry 158
v "
> 64
| [ I I
29 w35 \&2 0
EO("\ A 12
& 2 ns E I_TL*_'I F
5001 *k kK 81 r—— 30 —r—
=) ' s L olé Claudin-5
§ Z4001 v &6 o | oo 3
3 3 300- g3 i §E207 2 .
% S . - DY A S Jf -4 Claudin-4
= 5 200 -8 . = 20kDa
£ E e 2 Saiod |°
o U O £ 24 % c
2 u6 ]OO- ¥ - B-aCIinS
42kDa
0 i T T T
w0 PR R\)"“Bb ; WOt PR 1A . 0! VPR o480 (O\JPR ya80
o Nl gae yor® o PAY cont \X,NRU
G 5, Tjs in the first H !
ayer i e 1.5

ol

< Vs
Tjs between i
SVT layers

Tjs between inner
SVT layers

nner

SVTI

b‘.

1oo] " :
0.75 ga
- o
0.50 L] a
0.25- ‘ T ‘

I R .
i %?A*RUAB

0.5+

Claudin 4 / p-actin

Claudin 5 / B-actin
o
1
1]
H

Cco co

0 T T T
e o\ \/? :+RU Aab
Tjs in the first VP
SVT layer

Tjs in the first
SVT layer

Fig. 1 VPA exposure during pregnancy disrupted the MFB while RU486 treatment alleviated VPA induced damage. (A) Experimental flow chart. (B) Pla-
cental and fetal gadolinium leakage monitored by MRI. The black circle in the picture represents the fetus and placenta. (C) The mean pixel value of each
fetus in the postcontrast images of A. (Hounsfield units, HU), (n=4, pregnant mice, respectively). (D) and (E) The Gd leakage into fetuses (C) and placentas
(D) from maternal blood was quantified by ICP-MS. (n =8 dams, respectively). The gadolinium leakage into the placenta or fetus was calculated as the ratio
of the Gd concentration of the placenta or fetus and the Gd concentration of maternal blood. (F) The expression levels of Tjs (claudin-5 and claudin-4) in
placentas at E14.5. (G) The ultrastructure of TJs complexes expressed on the amniotic epithelium was visualized by SEM. (H) and (I) Semi-quantification
of the Western blot results of claudin-4 and claudin-5 (F) in placentas at E14.5. (n=7 dams, respectively). (J) The ultrastructure of TJs in placental syncytio-
trophoblast cells (SCTs) was observed by TEM. fNRBCs: fetal nucleated red blood cells. Endo f: fetal endothelial cells. MS: maternal blood sinus. SCT I with
microvilli contacts with the MS directly. The yellow triangle indicates loosely bound Tjs or cracks. The blue triangle indicates the normal Tjs. Statistics were
calculated by one-way ANOVA with Dunnett’s post hoc test for (C), (D), (E), (H) and (1). The statistical significance is denoted by ns, not significant; *P < 0.05;
**P<0.01. The graphs show the mean + SEM
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Fig. 2 Taprenepag upregulated placental IDO-1 expression through COX-2/PGE,/PTGER-2 in pregnant mice exposed to VPA. (A) Experimental flow chart.
(B), (€) and (D) The expression levels and semiquantification results of the Western blot results of IDO-1 and TPH-1 in the placenta at E14.5. (h=7 dams,
respectively). (E) (F) and (G) The expression levels and semiquantification results of IDO-1 and Arg-1 (a marker for dM2 cells) after drugs intervention.
(n=7 dams, respectively). (H) (I) and (J) The expression levels and semiquantification results of Tjs (claudin-5 and claudin-4) in the placenta. (=6 dams
in group But of claudin-5. (n=7 dams in other group, respectively). (K) The expression levels of COX-2 (66 and 70 kDa: the inactive and hypoglycosylated
COX-2 precursor; 72 and 74 kDa: active and hyperglycosylated mature COX-2) in the placenta. (L) The expression levels of PTGER-2 in the placenta. (M)
Semiquantification results of the Western blot results of PTGER-2. (=6 dams, respectively). (N) and (O) Semiquantification results of glycosylated mature
Gly-COX-2 and ungly-COX-2 precursor in placenta. (n =5 dams, respectively). (P) The level of PGE, in the placenta was measured by ELISA (pg/mg protein).
(n=5 dams, respectively). Statistics were calculated by one-way ANOVA with Dunnett’s post hoc test for (C), (D), (F), (F), (G), (I), (J), (M), (N), (O) and (P). The
statistical significance is denoted by ns, not significant; *P <0.05; **P <0.01; ***P <0.001. The graphs show the mean = SEM

and VPA+RU486 groups (n=4) was evaluated by gado-  [38]. Each pregnant mouse was injected i.v. with 60 pL
diamide-contrast enhanced magnetic resonance imag- of gadodiamide contrast agent (0.05 mM Omniscan,
ing (MRI, Timemedical, 9T/110). Pre-contrast images GE Healthcare, Shanghai, China) [39]. Postcontrast
were acquired via a T1-weighted two-dimensional images were obtained 20 min after gadodiamide injec-
spin-echo sequence (2D-SE) as previously described tion. The final image was processed by Image] software,
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Fig. 3 Taprenepag restored the placental tryptophan metabolism and the abundance of placental immune cells in pregnant mice exposed to VPA. (A)
Experimental flow chart. (B) Placental Trp abundance (ug/mg protein) measured by HPLC at E14.5. (n=5 dams, respectively). (C) The placental Kyn abun-
dance (ng/mg protein) measured by the Ehrlich reagents. (=5 dams, respectively). (D) and (E) The level of 5-HT in the placenta or fetal brain measured
by ELISA. (n=5 dams, respectively). (F) Immunofluorescence staining of 5-HT in the placenta. (G) Representative figures for flow cytometric clustering of
decidua immune cells (T, dM and dNK cells) in placentas. CD68: dM cells. CD49a: dNK cells. CD3: T cells. (H) The mean fluorescence intensity of placental
5-HT immunofluorescence staining. (=5 dams, respectively). (I) Flow cytometric clustering of decidua immune cells (T, dM and dNK cells) in the pla-
centa. (n=6 dams, respectively). (J) Representative figures for decidual macrophage typing analysis by flow cytometric in placenta. CD206: dM2 cells.
CD86: dM1 cells. (K) Decidual macrophage typing analysis by flow cytometry in placentas. (n=5 dams, respectively). Statistics were calculated by one-way
ANOVA with Dunnett's post hoc test for (B), (C), (D), (E) and (H) and two-way ANOVA with Tukey's post hoc test for (I) and (K). Statistical significance is
denoted by *P<0.05; **P<0.01; ***P<0.001; ****P <0.0001. The graphs show the mean + SEM

with pseudo-colors assigned based on grayscale values
to enhance the visibility of image features. The placental
barrier integrity of the pregnant mice was calculated as
the average pixel value of all fetuses. See supplementary
methods.

After MRI, the gadolinium (Gd) content (Gd mass per
unit mass of tissues) in the placenta, fetus and maternal
blood was determined by inductively coupled-plasma
mass spectrometry (ICP-MS, Agilent 7800, Singa-
pore). The leakage of Gd from the placenta or fetus was
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Fig. 4 Taprenepag increased the number of TPH-2* neurons and improved the development of TCAs in fetuses exposed to VPA. (A) Schematic diagram
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pregnant mice received VPA at E12.5 and drug treatment (0.05 mg/kg RU486 or 0.5 mg/kg taprenepag) at E13.5. The sections were observed 24 h after
administration. (B) and (C) The mean fluorescence intensity of TPH-2* neuron body immunofluorescence staining in the MRN and TPH-2* axons in MFB.
(n=5 dams, respectively). (D) Immunofluorescence staining of the neuron bodies and axons of TPH-2* neurons and Netrin-G1a* TCAs. Statistics were
calculated by one-way ANOVA with Dunnett’s post hoc test for (B) and (C). Statistical significance was denoted by *P<0.05; **P<0.01; ***P<0.001;
***%P < 0.0001. The graphs show the mean + SEM
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Fig. 5 Taprenepag improved ASD-related behavioral abnormalities and damage to TPH-2" neurons in offspring exposed to VPA. (A) Schematic dia-
gram of the implementation of the experimental plan. VPA-exposed pregnant mice received VPA at E12.5 and Tap treatment (0.5 mg/kg or 2.5 mg/kg)
at E13.5. The fetal and placental experiments were carried out at E14.5. USV was conducted at P3-P11, regardless of gender. Behavioral evaluation for
male mice began at P45 and was conducted under the following order: (open field, self-grooming behavior, marble burying and three-chamber social
interaction assay). (B) The percentage of pregnant mice with any (at least one) fetal resorption event (%). (Control and VPA+Tap, n=14 dams; VPA, n=13
dams; VPA+RU486, n=9 dams.) (C) The percentage of resorbed fetuses relative to total fetuses. (Control and VPA+Tap, n=14 dams; VPA, n=13 dams;
VVPA+RU486, n=9 dams.) (D) The total calls for pups in 3 min in the isolation-induced distress vocalization assay. (n=12 dams, respectively). (E) The cumu-
lative time spent in self-grooming in 10 min. (n=12 dams, respectively). (F) The number of marbles buried in 15 min. (=12 dams, respectively). (G) For
sociability testing, the time of tested mice spent in the Mouse chamber and Object chamber. (n=12 dams, respectively). (H) For the social novelty testing,
time of tested mice spent in the Familiar chamber and Unfamiliar chamber. (n=12, respectively). (I) Immunofluorescence staining of TPH-2* neurons and
5-HT in the RN at P55. (J) Schematic diagram of TPH-2* neurons and 5-HT and the positions of sections. (K) and (L) The mean fluorescence intensity of im-
munofluorescence staining TPH-2* and 5-HT in RN. (n=5 dams, respectively). Statistics were calculated by two-tailed x2 test for (B), one-way ANOVA with
Dunnett’s post hoc test for (C), (E), (F), (K) and (L) and two-way ANOVA with Tukey's post hoc test for (D), (G) and (H). Statistical significance was denoted
by *P<0.05; **P<0.01; ***P<0.001; ***P<0.0001. The graphs show the mean + SEM
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Fig. 6 Inhibition of placental IDO-1 antagonized the therapeutic effect of taprenepag. (A) Experimental flow chart. VPA-exposed pregnant mice received
VPA at E12.5 and taprenepag treatment (0.5 mg/kg) or taprenepag combined with 5 mg/kg linrodostat at E13.5. USV was conducted on P3-P11, regard-
less of gender. (B) Semiquantitative results of immunohistochemical staining for IDO-1. (n=5 dams, respectively). (C) Immunohistochemical staining for
placental IDO-1 on E14.5. (D) The ultrastructure of tight junction complexes expressed on the amniotic epithelium was visualized by SEM. (E) The ultra-
structure of tight junctions in placental syncytiotrophoblast cells (SCTs) was observed by TEM. (F) The total number of calls for newborn pups in 3 min
in the isolation-induced distress vocalization assay. (n=12,"n" represents offspring from different dams). (G) and (H) The mean fluorescence intensity of
immunohistochemical staining for TPH-2* and 5-HT in the RN of newborn pups. (n=>5 dams, respectively). (I) Immunofluorescence staining of TPH-2*
neurons and 5-HT in newborn MRN pups at P10. Statistics were calculated by one-way ANOVA with Dunnett’s post hoc test for (B), (G) and (H) and two-
way ANOVA with Tukey's post hoc test for (F). Statistical significance was denoted by *P<0.05; **P <0.01; ***P<0.001; ****P<0.0001. The graphs show
the mean + SEM
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Fig. 7 Taprenepag improved USVs and damage to TPH-2* neurons in offspring exposed to poly(l: C). (A) The total number of calls for newborn pups in
3 min in the isolation-induced distress vocalization assay. (=12, “n"represents offspring from different dams). Pregnant mice received 20 mg/kg poly(l:
C) at E12.5 and taprenepag treatment (0.5 mg/kg). USV was conducted on P3-P11, regardless of gender. (B) and (C) The mean fluorescence intensity of
immunofluorescence staining for TPH-2* (B) and 5-HT (C) in the MRN of newborn pups. (n=>5 dams, respectively). (D) Immunofluorescence staining of
TPH-2" neurons and 5-HT in newborn MRN pups at P10. Statistics were calculated by one-way ANOVA with Dunnett’s post hoc test for (D) and (E) and
two-way ANOVA with Tukey'’s post hoc test for (B). Statistical significance was denoted by *P<0.05; **P<0.01; ***P<0.001; ***P<0.0001. The graphs
show the mean + SEM
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calculated as the ratio of the Gd content in the placenta
or fetus to the Gd content in the maternal blood.

The ultrastructures of Tjs in placental syncytiotropho-
blast cells (SVTs) were observed by TEM [10, 33, 40].
And ultrastructures of the innermost epithelial layer
was observed by SEM with a Nova Nano 450 micro-
scope (Thermo FEI, Chech) [41, 42]. See supplementary
methods.

Pregnancy studies

At E14.5, maternal blood was collected and the total
white blood cell concentration (WBC, 10°/L) and the
percentages of each immune cell in pregnant mice were
analyzed by an automatic blood analyzer (TEK8500,
TECOM SCIENCE, Shenzhen, China). Macroscopic
evaluation was conducted for all placental-fetal units
(E14.5) in the uterus to identify viable or reabsorbed
fetuses. Prevalence of fetal resorption (%) was defined as
the percentage of pregnant mice with any (at least one)
fetal resorption event [8]. The number of abortive preg-
nant females and normal pregnant females was analyzed
by a two-tailed X2 test. Fetuses resorbed per mother (%)
were expressed as the percentage of the resorbed fetuses
in total fetuses. See supplementary methods.

Cell-cell communication analysis

The single-cell expression-count data with cell classifi-
cations used droplet-based data (E-MTAB-6701) from
a previous publication [43]. The cell-cell communica-
tion networks were assessed by the public analysis tool
CellPhoneDB [44], which identifies potentially relevant
interactions between cell types based on cell type-spe-
cific receptor-ligand interactions. See supplementary
methods.

Isolation of placental cells and flow cytometry
Twenty-four hours after drug treatment in VPA-exposed
pregnant mice, the placentas (E14.5) were prepared as
single-cell suspensions, labeled with antibodies, and
subsequently analyzed using flow cytometry [43, 45].
Flow cytometry was performed with a CytoFLEX LX
(Beckman Coulter, Brea, CA, USA), and the results were
analyzed with CytExpert software. See supplementary
methods.

Determination of Trp, Kyn, 5-HT and PGE2 levels

Trp: At E14.5, placentas were isolated and immersed in
lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NacCl, 4
mM CaCl,, 1.5% Triton X-100, and protease inhibitors)
according to previous methods [46, 47]. Tissue homog-
enate solutions were analyzed by high performance liquid
chromatography combined with ultraviolet and visible
spectrophotometry (HPLC-UV) to determine placental
Trp abundance. Kyn: The placental Kyn abundance was
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quantified using previously reported Ehrlich reagents
[48]. 5-HT in placental or fetal brain (E14.5) homogenate
solution was quantified by a 5-HT enzyme-linked immu-
nosorbent assay (Enzyme-linked Biotechnology, Shang-
hai, China) according to the manufacturer’s instructions
[49]. The PGE, level in the placenta homogenate solu-
tion was quantified with a PGE, ELISA Kit (R&D Sys-
tems, Minneapolis, MN, USA) according to previously
reported methods [50, 51]. The results of Trp, Kyn, 5-HT
and PGE, abundance were expressed as the ratio of the
measured amount and tissue total protein. See supple-
mentary methods.

VPA assay of JEG-3 cells

To study the direct destructive effect of sodium valpro-
ate (VPA) on the Tjs of placental trophoblast cells, JEG-3
cells (P6) were incubated with low dose VPA (7 pg/ml)
and high dose VPA (21 pg/ml) for 48 h. Later, the cells
were lysed with RIPA lysis buffer and phenylmethane-
sulfonylfluoride (Beyotime) at 4 C and homogenized for
subsequent Western-Blot analysis experiments. The dos-
age of VPA was determined from unbound serum con-
centrations of VPA in pregnant women. The low dose
was calculated from the average serum concentrations
of pregnant women (411 umol/L) and 90% of the serum
proteins bound to VPA [52, 53].

Western blot analysis

Protein expression levels in the placenta (E14.5) were
analyzed by WB. The primary antibodies used were
as follows. B-actin (Multi sciences; Hangzhou, China;
ab36861), B-tubulin (Cell Signaling Technology; Dan-
vers, MA, USA; 2146), claudin-4 (Abcam; Cambridge,
UK; ab53156), claudin-5 (Invitrogen; Carlsbad, CA, USA;
35-2500), occludin (Invitrogen; 71-1500), TPH-1 (Abcam;
ab52954), PTGER-2 (Abcam; abl167171), COX-2 (Cell
Signaling Technology; 12282), IDO-1 (Rockland; ME,
USA; 200-301-E57S) and Arg-1 (Proteintech; Wuhan,
China; 16001-1-AP). See supplementary methods.

Immunofluorescence or immunohistochemistry

The placentas (20 um thick) and brains of fetuses (E14.5)
(10 pum thick), mouse pups (P10) and adolescent male
progeny (P55) (40 pm thick) were sectioned. The pri-
mary antibodies used were as follows: TPH-2 (Abcam;
ab184505), IDO-1 (Rockland; ME, USA; 200-301-E57S),
Netrin-Gla (R&D Systems; Minneapolis, MN, USA;
AF1166) and serotonin (Sigma—Aldrich; St Louis, MO,
USA; S5545). See supplementary methods.

Behavioral studies

From P3-P54, mice underwent a battery of behavioral
tests conducted in the following order [31]: neonatal
vocalizations (P3-P11, regardless of gender) [54], open
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field testing (P45, male) [55], self-grooming (P48, male)
[56], marble burying (P51, male) [57] and three-chamber
social interaction (P54, male) [58, 59]. See supplementary
methods.

Statistical analysis

All data analysis and figure generation were conducted
with GraphPad Prism (7.0). The data are presented as
individual data points, and the column chart represents
as the mean+SEM. In all the experiments, “n” repre-
sented dams or offspring from different dams. One-way
ANOVA with Dunnett’s post hoc test was used to assess
the differences among three or more groups with only
one variable. Comparisons of two or more groups with
time variables were assessed by two-way repeated-mea-
sures ANOVA with Bonferroni’s post hoc correction. A
two-tailed x2 test was used to analyze the prevalence of
resorbed fetuses. Differences were considered significant
when the P value of the data was less than 0.05. The sta-
tistical significance was denoted by ns, not significant;
*P<0.05; **P<0.01; **P<0.001; ****P<0.0001.

Results

VPA exposure during pregnancy disrupted the maternal-
fetal barrier and immune homeostasis

A low dose of RU486 (a glucocorticoid antagonist) was
reported to increase the expression of placental tight
junction proteins and reduce MFB permeability [35].
MRI revealed increased leakage of Gd in VPA-exposed
fetuses and decreased leakage of Gd in fetuses of group
VPA +RU486 (Fig. 1B and C). Quantitative analysis of
Gd revealed 40.5% increased leakage of Gd from mater-
nal blood to the fetus or placenta in pregnant mice
exposed to VPA, which was almost completely prevented
by the administration of the glucocorticoid antagonist
RU486 (Fig. 1D and E). WB results revealed a significant
decrease in the expression of Tjs claudin-4 and clau-
din-5 in the VPA-exposed placentas and RU486 admini-
tration increased the Tjs expression (Fig. 1F, H and I).
TEM analysis further examined the ultrastructure of Tjs
in placental syncytiotrophoblast cells (SCTs) (Fig. 1F).
In the control and VPA+RU486 groups, Tjs in the first
SCT layer and between inner SCT layers were densely
arranged, with membranes completely attached. Con-
versely, the VPA group showed loosely bound Tjs and
large gaps. SEM images of tight junction complexes in
the innermost epithelial layer in the VPA group were
gradually disrupted, making it difficult to distinguish
boundaries between epithelial cells (Fig. 1J). However,
this disruption improved after RU486 treatment. These
findings suggest that exposure to VPA during pregnancy
can severely disrupt the MFB, while RU486 treatment
can prevent damage to the MFB.
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The study delved into the disruption mechanism of
MFB and investigated the impact of RU486 interven-
tion. The expression of Tjs (claudin-4 and occludin)
in placental trophoblast JEG-3 cells did not change
upon direct exposure to low or high doses of VPA
(Figure S1). However, we clearly observed damage to
the maternal-fetal barrier function in pregnant mice
exposed to VPA. These findings suggested that VPA
alone is not sufficient to harm the Tjs of placental tro-
phoblast cells. And it prompted that the damage to
placental TJs caused by VPA may involve the interac-
tion with other cells.

Further investigations were conducted to identify
the cell types that interact most closely with barrier
cells, as well as to examine how these cells are altered
in mice exposed to VPA during pregnancy. The cell-
cell communication network at the human maternal-
fetal interface was analyzed by the tool CellPhoneDB
(Figure S2A). The results indicated that decidual mac-
rophages exhibited the closest interactions with fetal
barrier cells, followed by decidual NK cells and T cells
(Figure S2B). The results of a blood routine examina-
tion indicated that maternal blood immune function
was disrupted in pregnant mice exposed to VPA. This
was evidenced by a significant decrease in total white
blood cell concentrations (4.78x10° /L compared to
13.52x10° /L in the control group, as shown in Fig-
ure S2C). Furthermore, there were notable changes in
the percentages of lymphocytes and monocytes in the
blood of VPA-exposed pregnant mice (Figure S2D and
Table S1). Placental flow cytometry analysis in Figure
S3B and S3C revealed a significant decrease in the per-
centages of dM and dNK cells in VPA-exposed preg-
nant mice (12.28% and 10.80%, respectively, compared
to 37.79% and 22.10%, respectively, in the control
group). Additionally, there was an abnormal increase
in the percentage of T cells from 15.43% in normal
mice to 37.29% in VPA-exposed mice. These findings
suggest that exposure to VPA during pregnancy led to
extensive immune disturbance at the maternal-fetal
interface, characterized by reduced numbers of dNK
and dM cells and hyperactivation of T cells. More-
over, TEM images clearly depicted direct interactions
between fetal T cells and fetal endothelial cells, as well
as the presence of numerous endothelial cells and SCT
cell cavities in fetal vessels (Figure S3D). Similar cavi-
ties were observed between SCT cells and dNK cells
in the maternal blood sinus (Figure S3E). Overall, the
data indicate that VPA exposure during pregnancy
resulted in a weakening of the regulatory immune
response at the maternal-fetal interface, contributing
to the impairment of maternal-fetal barrier function.
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Taprenepag upregulated placental IDO-1 and restored
homeostasis at the MFI

Subsequent experiments were conducted to investigate
the underlying causes of immune disorders at the mater-
nal-fetal interface and to determine appropriate inter-
ventions. An imbalance in Trp metabolism was observed
in placentas exposed to VPA through the examination
of the expression of two key metabolic enzymes, IDO-1
and TPH-1 (Fig. 2B). Specifically, there was a significant
downregulation of placental IDO-1, without change in
the expression of TPH-1 (Fig. 2C and D). Treatment with
RU486 resulted in an upregulation of IDO-1 expression.
Given that IDO-1 and its metabolic substrate, Kyn, play
a crucial role in maintaining immune tolerance, efforts
have been made to enhance IDO-1 expression in order to
restore homeostasis at the maternal-fetal interface. Vari-
ous approaches have been utilized to upregulate IDO-1
expression in order to restore placental immune homeo-
stasis following exposure to VPA (Fig. 2E). Kyn, an aryl
hydrocarbon receptor agonist, has been shown to induce
effector T cell apoptosis and increase IDO mRNA lev-
els in dendritic cells, making it a common treatment for
autoimmune conditions [60-62]. Additionally, Butaprost
and Taprenepag, which are agonists of the prostaglan-
din E, receptor (PTGER-2), have been found to elevate
IDO-1 mRNA levels in myeloid-derived suppressor cells
through a COX-2/PGE, positive feedback mechanism
[63, 64].

After VPA modeling, fetal weight decreased signifi-
cantly compared to the control group in Figure S7A. The
administration of RU486 and Taprenepag (Tap) enhanced
the body weight of VPA-exposed fetal mice. Notably,
RU486 administration significantly increased the pla-
cental weight of VPA-exposed fetal mice in Figure S7B.
The results in Fig. 2E and F indicated that treatment with
Tap or RU486 significantly increased the expression of
IDO-1 in VPA-exposed placenta across all interventions.
Moreover, Tap and Kyn administration partially restored
the protein expression level of Arg-1, a marker of dM,
(Fig. 2E and G). These findings suggest that elevated pla-
cental IDO-1 expression may help rebalance the immune
system at the MFI after VPA exposure. Additionally, the
levels of Tjs claudin-4 and claudin-5 in VPA-exposed pla-
centas returned to normal after RU486 or Tap treatment
(Fig. 2H, I and J). In summary, administration of RU486
or Tap can alleviate the MFB disruption at the MFI in
VPA-exposed pregnant mice by increasing placental
IDO-1 expression.

The following study primarily focused on investi-
gating specific signaling pathways known to regulate
placental IDO-1. Prior research has suggested the exis-
tence of a positive feedback loop involving COX-2/
PGE,/PTGER-2/IDO-1, which plays a role in maintain-
ing intrinsic immune resistance in human tumors or

Page 13 of 21

tumor-associated immunosuppressive cells [63, 64]. The
research examined the regulatory effects of RU486 and
Tap on the aforementioned pathways. Results indicated
a clear inhibitory impact on the COX-2/PGE,/PTGER-2
positive feedback loop in the placentas of pregnant mice
treated with VPA (Fig. 2K, L and P). Specifically, RU486
treatment led to an increase in both inactive and hypo-
glycosylated COX-2 precursor forms (66 and 70 kDa),
as well as active and hyperglycosylated mature COX-2
(72 and 74 kDa) in Fig. 2K, N and O. And the VPA+Tap
group only showed elevated levels of glycosylated COX-
2. Furthermore, both RU486 and Tap were found to
enhance the expression of PGE, and PTGER-2 in the pla-
centas of VPA-exposed pregnant mice in Fig. 2L, M and
P. These findings suggest that RU486 and Tap may up-
regulate placental IDO-1 expression by amplifying the
COX-2/PGE,/PTGER-2 positive feedback loop.

The experiments investigated the impact of VPA expo-
sure on placental Trp metabolism and placental immune
system and the effectiveness of drug intervention.
VPA exposure reduced placental Kyn abundance and
increased Trp abundance due to the downregulation of
placental IDO-1 (Fig. 3B and C), hindering Trp metab-
olism via the Kyn pathway. Additionally, 5-HT levels in
the placentas and fetal brains rose significantly after VPA
exposure (Fig. 3D, F, H and E). Treatment with RU486 or
Tap reversed the imbalance in placental Trp metabolism
caused by VPA exposure. Flow cytometry analysis fur-
ther demonstrated that the immune disorder at the MFI
induced by VPA exposure was reversed by RU486 or Tap
treatment, leading to increased percentages of dM and
dNK cells and decreased T cell percentage (Fig. 3G and
I). Subsequent investigations confirmed that RU486 and
Tap decreased the VPA-induced rise in dM; cell numbers
and restored dM, cell numbers (Fig. 3] and K). In sum-
mary, administration of RU486 or Taprenepag can allevi-
ate the MFB disruption and the abundance of placental
immune cells at the MFI in VPA-exposed pregnant mice
by modulating placental IDO-1 expression.

Taprenepag promotes the development of serotonergic
neuronal systems in fetuses exposed to VPA

We next investigated the impact of elevated serotonin
(5-HT) levels in the fetal brain on the development of
serotonergic neuronal systems. The brain’s endogenous
serotonin is primarily synthesized through Trp hydro-
lysis by tryptophan hydrolase 2 (TPH-2) in serotonergic
neurons. Serotonergic neurons appeared in the raphe
nuclei (RN) and were generated in early development at
embryonic days (E10.5-E12.5). These axon tracts par-
tially passed through the midline of the rhombencepha-
lon, gradually extended to the dorsal thalamus (DT) and
hypothalamus and eventually projected into the cortex
until birth (Fig. 4A) [65, 66).



Wang et al. Journal of Neuroinflammation (2024) 21:307

Our findings revealed a notable reduction in the num-
ber of serotonergic neurons in the dorsal raphe (DR) and
median raphe nuclei (MRN) at E14.5 in fetuses exposed
to VPA (Fig. 4B). Consequently, fewer axon tracts of sero-
tonergic neurons expressing TPH-2 extended ventrally
into the forebrain through the medial forebrain bundle
(MFB), as shown in Fig. 4C. Treatment with Tap par-
tially mitigated the decrease in TPH-2* neurons induced
by VPA, showing superior efficacy compared to RU486.
However, neither Tap nor RU486 treatment significantly
improved the axon tracts of TPH-2* neurons in the MFB,
revealing the continued retardation of TPH-2* neuron
development. Subsequent studies were carried out to
evaluate the development of corticocollicular neurons
and posterior thalamocortical axons (TCAs), whose
development are regulated by TPH-2* neuron in the RN.
The immunoreactivity of Netrin-G1la, a marker of devel-
oping thalamocortical axons, was reduced in the ventral
pallidum (VP) of fetal brains exposed to VPA, resulting in
the absence of longer Netrin-Gla* axon bundles (Fig. 4D)
[67]. Moreover, there was a decrease in positive TCAs in
the internal capsule (IC) in the VPA group compared to
the control group, while the number of Netrin-Gla* axon
bundles in the caudate putamen (CP) remained relatively
stable. Although RU486 partially restored the number of
TCAs in the dorsal thalamus (DT), TCAs in IC and CP
exhibited dysplasia with limited axon bundle formation.
Treatment with Tap not only enhanced the formation of
TCAs in DR but also facilitated the passage of TCA pro-
jections through IC and CP. These findings collectively
suggest that fetal brain subjected to elevated 5-HT lev-
els in the VPA model exhibited impaired development of
the serotonergic neuron system, characterized by damage
to serotonergic neurons and degeneration of TCAs. Tap
treatment promoted the development of serotonergic
neuronal systems in fetuses exposed to VPA.

Taprenepag treatment improved ASD-related behavioral
abnormalities in VPA-exposed offspring

Previous research has indicated that exposure to VPA
during pregnancy may lead to behavioral abnormali-
ties associated with ASD in offspring [31]. We fur-
ther investigated the effects of Taprenepag treatment
at varying doses during pregnancy on general activity,
anxiety-like behaviors, repetitive stereotyped behav-
iors, and social behaviors in VPA-exposed offspring.
Morphological analysis of embryos at E14.5 revealed
that Tap treatment significantly reduced prevalence of
abortion in pregnant mice and fetal resorption rates
when compared to VPA or RU486 treatments (Fig. 5B
C). Communication deficits in VPA-exposed offspring
were assessed through neonatal ultrasonic vocalization
(USV) calls at multiple time points. Pups exposed to
VPA emitted fewer vocalizations post-separation from
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mothers, indicating communication deficits (Fig. 5D).
However, both low and high doses of Tap treatment
led to an increase in USV calls, suggesting an improve-
ment in communication tendencies. Locomotion and
anxiety-like behavior were assessed by open field
exploration at P45. VPA-exposed offspring exhibited
increased anxiety with less time spent in the center of
the testing arena (Figure S6A). Tap treatment did not
effectively alleviate anxiety symptoms. Locomotion
did not significantly differ between VPA-exposed and
control offspring (Figure S6B). VPA-exposed offspring
also exhibited heightened marble burying-elicited
stereotyped behaviors and increased self-grooming
behaviors compared to normal pups (Fig. 5E and F and
S5C). A low dose of Tap was more effective in allevi-
ating repetitive stereotyped behaviors in VPA-exposed
offspring than a high dose of Tap.

Three-chamber social interaction tests were per-
formed to assess social behaviors. In the sociability
test, offspring exposed to VPA showed a preference
for interacting with a novel object over a new mouse,
unlike the control group (Fig. 5G and S5D). Both low
and high doses of Tap were found to improve social
deficits in VPA-exposed offspring, as evidenced by
their preference for the mouse chamber. In social rec-
ognition testing, offspring in the control or VPA 4+ Low
Tap group favored interaction with an unfamiliar
mouse rather than a familiar one (Fig. 5H and S5E).
Conversely, offspring in the VPA and VPA +High Tap
groups displayed an ambiguous preference for both
chambers, suggesting that a high dose of Tap was
not effective in restoring social discrimination abil-
ity. Overall, administering a low dose of Tap during
pregnancy improved communication skills, reduced
repetitive stereotyped behaviors, and enhanced social
interactions in VPA-exposed offspring based on the
results of these behavioral tests.

Following behavioral testing, the study examined the
levels of TPH-2 and 5-HT in the RN to establish con-
nections between ASD-related behavioral abnormali-
ties and serotonergic neurons. The research revealed
a noticeable reduction in TPH-2* neurons in the DR
and MRN of VPA-exposed offspring (Fig. 5I, J, K and
L), consistent with the findings in fetal brains at E14.5
(Fig. 4D). Moreover, there was a significant decrease
in 5-HT levels in VPA-exposed offspring, attributed
to reduced TPH-2 expression. Consequently, the study
linked ASD-related behavioral abnormalities in VPA-
exposed adolescent offspring to impairments in sero-
tonergic neurons. Interestingly, Tap treatment during
pregnancy was found to restore the number of TPH-
2* serotonin neurons and 5-HT levels in the raphe
nuclei of offspring, leading to improved performance
in behavioral tests.
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Inhibition of placental IDO-1 antagonized the therapeutic
effect of tap

To investigate whether Tap’s effect on autism treatment
is linked to placental IDO-1 regulation, Tap’s therapeu-
tic impact was further evaluated in combination with the
pharmacological inhibitor linrodostat (Lin), an irrevers-
ible IDO-1 inhibitor. Administering Lin alone during
pregnancy did not notably alter fetal weight or placen-
tal weight at E14.5 (Figure S7C and S7D). However, fetal
weight significantly increased following Tap treatment
compared to VPA treatment alone (Figure S7C). Inter-
estingly, this increase in fetal weight induced by Tap was
attenuated by coadministration of Tap and Lin. Examina-
tion of placental IDO-1 expression levels revealed that
IDO-1 expression decreased in VPA-exposed placentas
compared to the control group (Fig. 6B and C). More-
over, Tap administration elevated IDO-1 expression in
VPA-exposed placentas, which was counteracted by Lin.
Maternal blood routine examination indicated WBC
in VPA-exposed pregnant mice was improved after Tap
treatment, in contrast to that in mice coadministered
Lin (Figure S8A and S8B). MFB integrity was assessed
through morphological evaluation of Tjs in both the
amniotic epithelium and placental syncytiotrophoblast
layers. In the Tap group, the tight junction complexes
in the amniotic epithelium exhibited close connections
with clear cell boundaries (Fig. 6D). Conversely, coad-
ministration of Lin resulted in sparse and separate tight
junction complexes. The ultrastructure of Tjs in placental
syncytiotrophoblasts was dense and numerous in the Tap
group (Fig. 6E), while in the VPA+Tap+Lin group, they
were loosely bound and disrupted, resembling the obser-
vations in the VPA group. These findings suggest that the
protective effects of Tap on the MFI were attributed to
the upregulation of placental IDO-1, which was hindered
by the irreversible IDO-1 inhibitor linrodostat.

The subsequent ASD-related behavioral abnormali-
ties in the offspring were evaluated by isolation-induced
distress vocalizations (Fig. 6F). Offspring from the VPA
and VPA+Lin groups displayed reduced willingness to
communicate upon separation from their mothers. Tap
increased ultrasonic vocalizations and improved social
deficits in VPA-exposed pups. However, the anti-autism
effect of Tap was reversed after IDO-1 inhibition by Lin.
The development of serotonergic neurons was exam-
ined histopathologically in pups at P10. Pups exposed
to VPA showed decreased immunoreactivity of TPH-2*
and lower 5-HT levels in the RN. Treatment with Tap
mitigated VPA-induced damage to serotonergic neurons
(Fig. 6G and H, and 6I). The therapeutic effect of Tap on
serotonergic neurons was hindered by Lin administra-
tion. Overall, Tap’s effect on autism treatment were found
to be mediated by IDO expression regulation and could
be counteracted by an IDO-1 inhibitor.
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Taprenepag treatment improved neurodevelopmental
disorders in MIA-exposed offspring

In a maternal inflammation model (MIA) induced by
poly(: C) exposure during pregnancy, disturbances
in tryptophan metabolism in the placenta have been
attributed to the overactivation of tryptophan hydroxy-
lase [68]. Additionally, fetal mice exhibited delays in the
5-HT-dependent neurogenesis process and demonstrated
neurodevelopmental disorders (NDDs). We further
investigated the therapeutic effects of Tap on NDDs in
offspring mice within this model. Tap treatment resulted
in increased ultrasonic vocalizations and improved social
deficits in pups subjected to MIA (Fig. 7A). Furthermore,
MIA-exposed pups exhibited decreased immunoreactiv-
ity of TPH-2* and lower 5-HT levels in the RN (Fig. 7C
and D, and 7E). In contrast, Tap treatment enhanced the
immunoreactivity of TPH-2* and elevated 5-HT levels
compared to pups subjected to poly(I: C). Notably, no
significant changes were observed in ultrasonic vocaliza-
tions, TPH-2 positivity, or serotonin positivity in the RN
of mice that received a single administration of Tap when
compared to the control group. These findings suggest
that a single administration of Tap during pregnancy did
not lead to significant neurotoxicity in mouse pups.

Discussion

IDO-1 catalyzes the oxidation of Trp to kynurenine, a
process that exerts its biological effects through local
Trp depletion and/or the accumulation of kynurenine
metabolites. In the human placenta, IDO-1 is expressed
in endothelial cells, syncytiotrophoblasts, extravillous
trophoblasts, stromal cells, and macrophages [69]. The
potential consequences of IDO1-mediated L-tryptophan
catabolism in the endothelium include antimicrobial
activity, immunosuppression, and relaxation of placental
vasotonus, contributing to placental perfusion and the
growth of both the placenta and fetus [22].

Decreased expression of IDO-1 in the placenta has
been extensively documented in both human patients
and mouse models. Placentas from patients experienc-
ing pre-eclampsia, intrauterine growth restriction, or
recurrent miscarriage exhibit reduced levels of placental
IDO-1 mRNA, protein, and Trp-degrading activity [70-
72]. Notably, the lower IDO-1 activity is associated with
more severe maternal hypertension or proteinuria [70].
IDO1-deficient mice exhibit pre-eclampsia-like symp-
toms during gestation, including elevated blood pressure,
litter size and significant fetal weight loss, although this
deficiency does not impact fecundity [73]. In allogeneic
pregnancies in mice, pharmacological inhibition of IDO1
results in T cell-mediated hemorrhagic necrosis and
rejection of the conceptus shortly after implantation [74,
75]. Additionally, these pregnant mice develop hyper-
tension and proteinuria alongside localized circulation
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impairment in the placenta, mirroring the lesions charac-
teristic of human pre-eclampsia [76].

As mentioned above, IDO-1 deficiency is implicated
in various human pregnancy-related disorders. Conse-
quently, identifying a treatment method that can upregu-
late IDO-1 expression holds significant clinical value. As
detailed in our study, we have demonstrated that Tap can
enhance placental IDO-1 expression, restore immune
homeostasis at the maternal-fetal interface in VPA-
exposed pregnant mice, and ameliorate neurodevelop-
mental disorders in fetal mice. This finding also suggests
potential applications in the treatment of other disease
models characterized by IDO-1 deficiency.

Taprenepag is an agonist for the prostaglandin E2
receptor (EP2), used in clinical trials phase 2 for the
treatment of Ocular Hypertension and Glaucoma,
Open-Angle. Taprenepag was found to be well tolerated
at 10 pg and 30 pg doses in rabbits, 10 pg in dogs and
monkeys and 0.81 pg in human following topical ocular
dosing [77]. The most frequently reported ocular adverse
events in humans were conjunctival hyperemia (Stage I,
13/67 [19.4%]; Stage 11, 83/250 [33.2%]) and photophobia
(Stage I, 9/67 [13.4%]; Stage II, 52/250 [20.8%]) [79]. In
preclinical research, EP, receptor agonists exhibit various
biological activities, including ocular hypotension, tocol-
ysis, and anti-inflammatory effects [79]. The therapeutic
indications for EP2 agonist therapy aimed at alleviating
smooth muscle spasms have been recognized for over
three decades. These indications encompass tocolysis for
the prevention of preterm labor and the management of
dysmenorrhea [80]. EP2 receptors facilitate uterine qui-
escence and inhibit uterine contractions via the intra-
cellular adenylyl cyclase and cAMP signaling pathway,
thereby preventing the termination of pregnancy and
preterm labor [81, 82].

In our research, we evaluated the neurotoxicity of a sin-
gle Tap administration on fetal mice in Fig. 7. The results
indicated that, compared to the control group, single Tap
administration did not affect the expression of Tph-2 and
5-HT in serotonin neurons within the raphe nucleus of
mouse pups, nor did it impact the number of ultrasounds
in these mice. These findings suggest that single Tap
administration during pregnancy does not result in sig-
nificant neurotoxicity in mouse pups.

The observation that low-dose Tap is more effective
than high-dose Tap lacks substantial experimental sup-
port, and this phenomenon is indeed challenging to
elucidate. However, we concur with one possible expla-
nation. Both this study and previous research have high-
lighted that placental tryptophan metabolism serves
as the important regulatory pathway for maintaining
homeostasis at the maternal-fetal interface. Tryptophan
can be oxidized to kynurenine by IDO-1 in the pla-
centa, which is essential for sustaining placental immune
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tolerance. Concurrently, tryptophan can also be hydrox-
ylated to serotonin by TPH-1, a process that is crucial for
regulating fetal neurodevelopment. Achieving a balance
between these two pathways is critical for the normal
development of the fetus. We hypothesize that adminis-
tering excessively high doses of Tap may lead to an over-
activation of IDO-1 expression, consequently inhibiting
the TPH-1/5-HT pathway. This inhibition could be det-
rimental to fetal neurological development. Therefore, in
this study, low-dose Tap proved to be more effective in
addressing fetal neurodevelopmental disorders induced
by VPA.

Mifepristone (RU486) is a synthetic steroid antagonist
with a strong antagonism to progesterone (P4), glucocor-
ticoid receptor (GR) and, to a lesser extent, to the andro-
gen receptor (AR). Mifepristone is an effective drug for
termination of early pregnancy. However, various results
demonstrate that the dosage and the application time of
Mifepristone are closely associated with abortion rates.
Generally speaking, it is generally believed that mife-
pristone has no clear embryotoxicity in rodents at doses
below 0.5 mg/kg [83]. For example, Zhu et al. applied
1.20, 0.40, and 0.20 mg Mifepristone/kg BW to mice on
Pd4, Pd8, and Pd12, respectively, and found that these
strategies did not affect pregnancy rates and litter sizes of
mice [84]. RU486 (0.025-0.1 mg/kg) showed no activity
on early pregnancy termination for rats on the day gesta-
tion of 13-15 [85]. In this study, the administered dose of
RU486 was only 0.05 mg/kg, significantly lower than the
doses reported in the literature that are known to induce
embryo resorption. Consequently, the likelihood of
RU486 causing embryonic abortion in this study is con-
sidered negligible. In this study, we hypothesize that the
protective effects of RU486 on the maternal-fetal barrier
and the regulation of maternal-fetal interface immunity
may be associated with its antagonism of glucocorticoid-
induced increases in COX-2/PEG2/IDO-1, rather than
its antagonism of progesterone-mediated abortion. The
reasons are as follows.

Low dosage of RU486 was observed to regulate the
immune alterations of the maternal-fetal interface.
Progesterone was observed to decrease in vitro IDO
expression in dendritic and CD4* cells from maternal-
fetal interface of rats. And the blocking of progesterone
receptor on these cells by mifepristone restored IDO
expression levels [86]. And low dosage of Mifepris-
tone treatment (0.8 mg/kg) in mice at 14.5 day of preg-
nancy was observed to increase the expression of Gal-9
in decidual Treg, CD4'T cells and Th cells. Gal-9 is an
important role in the regulation of maternal immune tol-
erance [87]. Treated with 2.5 pg/mouse of RU486 (about
0.06 mg/kg) for mice on P15 was reported to increase
the expression of claudin-4 mRNA and protein [35]. In
summary, the likelihood of embryonic abortion resulting
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from low doses of RU486 is minimal, and its protective
effect on the maternal-fetal interface can be explained.
This effect is associated with the restoration of immune
homeostasis, which is attributed to the upregulation of
IDO-1.

In this research, we observed a disruption of the mater-
nal-fetal barrier and an impairment of the development
of the serotonergic neuronal system in VPA-exposed
mice. Although the study lacks direct evidence demon-
strating that excess 5-HT from the placenta permeates
the fetus through a compromised maternal-fetal barrier,
we contend that the disruption of the maternal-fetal bar-
rier may exacerbate the 5-HT-dependent neurogenic
processes in the fetal RN, potentially leading to neurode-
velopmental disorders in fetal mice. The rationale for this
assertion is as follows.

(1) Excessive serotonin affects the development of sero-
tonergic neuron system in fetal mice. It has been reported
that 5-HT plays a role in altering the attraction exerted by
netrin-1 on TCAs in the developing mouse brain, shift-
ing it from attraction to repulsion. Excessive 5-HT levels
resulting from the knockout of the serotonin transporter
(SERT) have been found to affect the patterning of tha-
lamic axons and the structure of cortical neurons, leading
to neurodevelopmental disorders and anxiety-like behav-
jors in mice. Overproduction of 5-HT has been associ-
ated with fetal neurodevelopmental disorders mediated
by maternal inflammation activation.

(2) The sources of 5-HT in the fetal forebrain and hind-
brain are regulated by two distinct sets of mechanisms,
with their dominant contributions shifting as the embryo
develops. In the hindbrain, 5-HT primarily originates
from the metabolism of tryptophan by Tph-2* seroto-
nergic neurons. However, in the forebrain at early ages
(E10.5 to E15.5), it predominantly derives from trypto-
phan metabolism by Tph-1 in the placenta. After E16.5,
forebrain 5-HT becomes exclusively provided by DR
serotonergic neurons with raphe axons reaching the fore-
brain [88, 89].

(3) Other pathways for 5-HT production were excluded.
Between embryonic days 10.5 and 15.5, the fetal intestine
lacks the synthetic capacity to produce serotonin. Fur-
thermore, 5-HT from maternal blood is unable to cross
the placental barrier to enter the fetus. While the blood
and platelets of maternal SERT knockout (SERT~'") mice
lack 5-HT, the serotonin (5-HT) content in the fetal fore-
brain is comparable to that of wild-type mice in SERT
knockout (SERT*/") fetal mice. Additionally, Bonnin et
al. employed ex vivo mouse live placental organ perfu-
sion technology, revealing that significant amounts of
fresh 5-HT could be collected in the umbilical artery and
vein only when perfusing tryptophan-containing solution
from the uterine artery. In contrast, infusing 5-HT alone
resulted in the collection of less than 1% of 5-HT [88, 89].
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(4) The blood-brain barrier in fetal mice is generally
understood to begin forming at E15. This process is char-
acterized by the coverage of endothelial capillary walls
by pericytes, which is accompanied by a restriction of
intercellular blood flow and the emergence of perivascu-
lar structures [34]. Our studies on fetal mouse neurode-
velopment typically continued until E14.5. At this stage,
the blood-brain barrier in the fetal mouse has not yet
formed; therefore, it was not considered in our research.

A sound experimental design should employ mouse
isolated live placenta perfusion technology to perfuse
both normal placentas and those exhibiting compro-
mised barrier function due to VPA modeling with a 5-HT
solution. By measuring the differences in 5-HT con-
tent within the fetal side vascular outflow fluid, we can
directly validate our hypothesis.

Another limitation of this study is the failure to con-
sider the impact of sexual dimorphism on placental func-
tion and pregnancy outcomes. An increasing body of
evidence indicates that numerous placental functions and
disorders exhibit sexual dimorphism. During the forma-
tion of the human placenta, trophoblast cells from the
extrablastocystic trophectoderm invade the maternal
decidua, giving rise to the placenta and chorion. Con-
sequently, the resulting extraembryonic compartment
shares the same biological sex as the developing embryo.
Sex differences in prenatal development often highlight
male vulnerability; male fetuses have been reported to be
at a higher risk for early preterm birth, term preeclamp-
sia (PE), placental inflammation, premature rupture of
membranes (PPROM), and various other pregnancy
complications [90]. Given the observed sex differences in
common pregnancy pathologies, the sex of the tropho-
blast and other cellular components of the placenta may
significantly influence the interactions between fetal and
maternal cells.

Microarray analyses of placental tissue and isolated
placental cell types have revealed significant sexual
dimorphism in gene expression within the human pla-
centa. Current studies on early placental development
consistently demonstrate sex differences in cell adhe-
sion and cell-cell interactions, making this functional
category one of the most prominent and well-defined
distinctions in early human placental transcription [90].
Gonzalez et al. identified differential expression of genes
related to cell adhesion, ciliogenesis, and intercellular
communication (including OFDI, OSBL3, PCDHI11Y,
and TBCID32) between male and female placentas,
indicating gender-based differences in the interactions
of placental cells with their environment [91]. Further-
more, Braun et al. reported that female placentas exhibit
a greater expression advantage in the extracellular matrix
remodeling signaling network, which is centered on
bead filament collagens, integrins, laminins, and matrix
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metalloproteinase regulatory factors [92]. In addition,
other research revealed that male placentas show higher
expression levels of pro-inflammatory signals such as
TLR4 and TNF-a, while female placentas express higher
levels of the LHB-CGB signal cluster, which is advanta-
geous for maintaining immune tolerance [90]. Therefore,
we speculate that the maternal-fetal barrier exhibits sex-
ual dimorphism in its capacity to resist external patho-
genic factors and to facilitate self-recovery. The stronger
expression of cell adhesion signaling networks in female
placentas may enhance their self-healing capabilities
following damage to the placental barrier, potentially
leading to improved pregnancy outcomes. Further exper-
imental validation is necessary to confirm these findings.

Conclusion

Our data demonstrate that the metabolism of L-trypto-
phan in the placenta plays a crucial role in maintaining
the balance at the maternal-fetal interface and sup-
porting fetal neurodevelopment. Specifically, Trp is pri-
marily metabolized in the Kyn pathway by indoleamine
2,3-dioxygenase, contributing to immune tolerance.
Moreover, Trp is converted to serotonin through the
serotonin pathway by tryptophan hydroxylase 1, which
is essential for normal fetal neurodevelopment. Expo-
sure to VPA during pregnancy was found to disrupt the
COX-2/PGE,/PTGER-2/IDO-1 feedback loop, leading
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to a decrease in IDO-1 levels and subsequent maternal
immune activation. This activation was characterized by
an increase in T cell population and a shift from dM, to
dM; polarization. Additionally, excessive Trp in the pla-
centa is converted to serotonin, which can cross the MFB
and affect the fetal brain, resulting in damage to seroto-
nergic neurons and regression of thalamocortical axons.
Treatment with taprenepag (PTGER-2 agonists) dur-
ing pregnancy was shown to increase IDO-1 expression,
restore maternal—fetal interface homeostasis, and miti-
gate the damage to serotonergic neurons and autism-like
behaviors in offspring mice exposed to VPA. The COX-2/
PGE,/PTGER-2/IDO-1 positive feedback loop is crucial
for maintaining immune homeostasis and the integrity of
the MFB (Fig. 8). Overall, our research suggests a novel
therapeutic strategy for promoting healthy fetal neurode-
velopment and preventing neurodevelopmental disorders
by restoring homeostasis at the maternal-fetal interface.
This work presents a comprehensive analysis of the
compromised MFB function in VPA-induced autism,
encompassing disruptions in the amniotic epithelium
barrier, impairment of placental TJs, and increased per-
meability of Gd agents. While existing evidence indicates
a strong association between placental development dis-
orders and autism, limited research has explored altera-
tions in the MFB in individuals with autism and the
interconnection between these conditions. Our findings
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demonstrate that MFB disruption results in elevated
serotonin levels in the fetal brain in VPA-induced autism,
leading to damage to serotonergic neurons and neu-
rodevelopmental deficits. The impairment of the MFB
may serve as a significant causal factor or a common
comorbidity of autism. Non-invasive and minimally inva-
sive prenatal assessments of MFB integrity in expectant
mothers can aid in the identification and diagnosis of
non-hereditary autism in fetuses. Furthermore, our study
offers insights for early intervention in autism and poten-
tially for the management of fetuses at risk of neurode-
velopmental disorders.
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5-HT 5-hydroxytryptamine or serotonin

SERT Serotonin transporter

dNK decidual natural killer cells

dm decidual macrophages

TPH-2  Tryptophan hydroxylase 2

TEM Transmission electron microscopy
SCTs Syncytiotrophoblast cells

Tjs Tight junction proteins

COX-2  Cyclooxygenase-2
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