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Gestational hypothyroxinemia
causes an inflammatory
environment at maternal-fetal
tissues and fetal brain with
impaired hippocampal dendritic
spine maturation in the offspring
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Gestational hypothyroxinemia (HTX) is associated with cognitive impairments and autism traits

in offspring. However, the underlying mechanisms remain unclear. Prenatal inflammation impairs
cortical development and induces diverse neurodevelopmental outcomes. Since thyroid dysfunction
elicits inflammation, we sought to investigate whether HTX triggers prenatal pro-inflammatory
responses. Using a mouse model of gestational HTX, we found elevated levels of IL-6 and IL-17 A

in maternal serum, placental tissues, and embryonic brains at embryonic day (E)14 compared to
euthyroid (EUT) dams. We also found increased proportions of dendritic cells, NK cells, M1-like
macrophages, and monocytes in the placental tissues of HTX dams. Furthermore, gestational HTX
exposure led to reduced Tbr2* progenitors, increased Thrl* neurons, and an expanded Ibal* microglial
population in HTX-exposed embryos compared to EUT-exposed embryos. At postnatal day (P)55, the
offspring gestated under HTX exhibited reduced hippocampal dendritic spine density and maturity
compared to the progeny gestated under EUT. Notably, restoring T, levels during HTX induction
(HTX+T, dams) prevented these alterations during pregnancy and in the offspring of HTX+T,

dams. These findings show that gestational HTX causes inflammation during pregnancy and has
neurodevelopmental effects on the progeny, opening new pathways related to how maternal HTX
impairs neurodevelopment in the offspring.
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Pregnancyisahighly sensitive period oflife, given that parental genetic predispositions, along with environmental,

nutritional, and hormonal factors, can significantly influence fetal development!. Indeed, these factors can
lead to in utero adaptations that may induce long-term molecular disruptions in critical tissues and organs of
the offspring, potentially increasing their susceptibility to chronic diseases or disorders later in life"2. In this
context, the maintenance of adequate levels of maternal thyroid hormones (TH) [L-3,5,3}5-tetraiodothyronine
(T,) and L-3,5,3’-triiodothyronine (T,)] is critical for fetal development and growth, as the embryo is unable
to synthesue TH until the 16th to 20th week of gestation®. Given this scenario, the transplacental transfer of
T, from the mother to the fetus plays a vital role during early development, as T, more readily crosses the
placenta than T, through TH transporters, including monocarboxylate transporter 8 (MCT8), organic anion
transporting polypeptlde 1C1 (OATP1C1), and L-type amino acid transporters LAT1 and LAT2%°. A large
portion of maternal T, is metabolized by placental deiodinase 3 (DIO3) into reverse T, (rT,) and T,, inactive
forms of TH that protect the fetus from excess active T,°. Studies in humans suggest that the rna)orlty of fetal
T, is produced locally through the conversion of maternal T, into T, by fetal deiodinase 2 (DIO2), primarily
in the fetal brain”~. The presence of both cytosolic and nuclear T, in the fetal brain supports a critical role of
this hormone in regulating gene expression in the developing brain from the 9th to 10th week of gestation!*-12,
Thus, early neurodevelopmental programming will depend on the adequate maintenance of maternal T, levels
to ensure proper fetal brain maturation and function'%-12. Nonetheless, the maternal thyroid gland undergoes
adaptations in size and function during pregnancy to meet the increased demand for TH, which raises the risk
of dysfunction and the subsequent development of thyroid-related conditions that may reduce the circulating
T, levels'?

A frequentand asymptomatic maternal condition during pregnancy is gestational hypothyroxinemia (HTX) .
HTX is clinically defined by reduced blood levels of T ,, along with normal T, and thyroid-stimulating hormone
(TSH) levels'>. HTX during the first trimester of pregnancy has been assoc1ated with numerous effects on the
offspring, such as a lower intelligence quotient (IQ)'°, impaired motor and auditory skills'’, attention-deficit/
hyperactivity disorder in children!®, and delayed neurobehavioral development'®. Rodent models of gestational
HTX have shown that even transient reductions in maternal T, levels can lead to lasting consequences over
brain development, including cognitive impairments, particularly in the memory and learning capacities, which
are underpinned by hippocampal dysfunction?®?!. These deficits have been linked to impaired hippocampal
synaptic plasticity, as evidenced by diminished long-term potentiation (LTP) in the CA1 region and abnormal
expression of key glutamatergic components*»*!. Additionally, HTX disrupts neuronal migration during fetal
neocorticogenesis, an effect likely driven by reduced TH responsiveness in the developing neocortex, reinforcing
the essential role of maternal TH in early cortical patterning®*~2*. More recently, some retrospective studies in
humans have reported that HTX is associated with a 2- to 4-fold increased likelihood of offspring exhibiting social
and communicative impairments, as well as repetitive behaviors, which are core features commonly associated
with autism spectrum disorder (ASD)?>26. Briefly, ASD is a neurodevelopmental condition characterized by
social and communicative impairments and restricted repetitive patterns of interest and behavior””. Using a
mouse model of gestational HTX, we have recently reported that HTX-gestated offspring exhibit specific
autistic-like behavioral, immune, and synaptic abnormalities?, thereby validating this association and providing
a valuable tool for dissecting the cellular and molecular pathways underlying this connection.

The etiology of ASD is highly complex, and it is estimated that 20% to 50% of cases result from intricate
interactions during pregnancy between parental genetic predispositions and environmental influences®-32. In
this context, associative studies suggest that pro-inflammatory processes during pregnancy, also referred to as
prenatal inflammation, significantly increase the risk of neurodevelopmental disorders in the offspring, including
ASD*-%_ This association has been most clearly demonstrated in cases of severe prenatal infections that induce
a strong inflammatory response, including Influenza®’, Rubella®®, Cytomegalovirus*, and SARS-CoV-2, but
it has also been related to other maternal conditions, such as exposure to environmental pollutants*!, obesity*?
maternal chronic stress?®, and treatment with neuropsychiatric drugs like valproic acid**. Studies in rodents
have successfully reproduced maternal inflammation using an established model called maternal immune
activation (MIA), which has been effective in elucidating the mechanisms by which prenatal inflammation
affects embryonic neurodevelopment*. MIA and consequent autistic-like abnormalities can be induced in dams
via the administration of a synthetic double-stranded RNA (called polyinosinic: polycytidylic acid (poly(I: C))
to mimic a viral infection?®, lipopolysaccharide (LPS) to mimic a bacterial infection?’, or even a single dose of
interleukin 6 (IL-6) during early neurodevelopment, such as embryonic day 12 (E12)*>8. Interestingly, even a
mild form of MIA induced by poly(I: C) can be associated with increased self-grooming activity (a stereotyped
behavior related to autistic-like traits) in male offspring rats*®. It has been found elevated levels of inflammatory
cytokines, such as IL-6 and IL-17 A in the maternal serum, placental tissues and fetus of animal models induced
with MIA%!, Whether these cytokines in fetus can cross the placental barrier is still an open question®*!.
There is scientific evidence supporting that certain cytokines, such as IL-6, can be rapidly transcribed in the fetal
brain following MIA induction®®"!. On the other hand, there is evidence showing that IL-6 could cross from the
mother to the fetus®’. However, the information of crossing cytokines trough the placental barrier depends on the
type of cytokine, species, and gestational stage®*~>°. The placenta produces inflammatory mediators that disrupt
the immune balance at the maternal-fetal interface by activating natural killer (NK) cells and macrophages,
which are primarily located in the decidua basalis, the maternal portion of the placenta®®>”. These cytokines
can also reach the fetal brain, triggering microglial activation and M1-like polarization®®-, which initiates a
neuroinflammatory cascade that disrupts cortical development, as previously observed in rats®’ and human
brain organoid models®. These alterations contribute to abnormal brain development and are associated with
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autism-like behaviors®3-%, neuroinflammation®, and reduced spine density and dendritic spine maturation,

likely due to impaired synaptic pruning during prenatal development®”-%°.

Thyroid-related conditions, such as hypothyroidism and non-thyroidal illness syndrome, are often
accompanied by inflammatory processes, such as increased production of cytokines like IL-6, tumor necrosis
factor-alpha (TNF-a), and C-reactive protein (CRP), as well as the activation of NF-«B signaling pathways and
immune cell infiltration in target tissues’®’!. These findings suggest a potential link between thyroid dysfunction
and impaired immune responses. Therefore, we hypothesized that HTX may trigger prenatal pro-inflammatory
responses during pregnancy, similar to those observed in MIA models, leading to adverse neurodevelopmental
outcomes potentially associated with the autism-like abnormalities recently observed in the HTX-gestated
offspring?®. In this study, we quantified pro-inflammatory cytokines and evaluated myeloid cell populations in
mouse feto-placental units exposed to HTX. Additionally, we quantified Pax6-, Tbr2-, Tbrl-, and Ibal-positive
cells in the developing embryonic cortex to assess radial glia, intermediate progenitors, deep-layer neurons, and
microglial pool, respectively. Lastly, we investigated the impact of gestational HTX on dendritic spine morphology
of the offspring in the offspring by examining dendritic spine density and maturation in the CA1 region of the
hippocampus. Our findings revealed that gestational HTX increases the levels of IL-6 and IL-17 A in maternal
serum, placental tissues (both maternal and fetal compartments), and embryonic brains at E14, indicating a
pro-inflammatory response. This was accompanied by an increased proportion of placental (both maternal and
fetal) and uterine myeloid cells, including dendritic cells, NK cells, M1-like macrophages, and monocytes, which
is also consistent with the establishment of a pro-inflammatory environment. Additionally, HTX led to a mild
reduction in Tbr2* progenitors, an increase in Tbr1* neurons, and an increased Ibal* microglial population in
HTX-exposed embryos. These alterations were associated with a decrease in spine density and maturity in the
hippocampal CA1 region of male HTX-gestated offspring at P55. In parallel, the restoration of T, levels during
HTX induction prevented these pro-inflammatory responses and long-term detrimental effects, suggesting a
critical role for maternal T, in modulating inflammation during pregnancy.

Results

Methimazole administration in pregnant mice induces gestational hypothyroxinemia

Given the established association between gestational HTX and neurodevelopmental outcomes'®24, we aimed
to investigate the prenatal impact of HTX on the maternal immune response, embryonic brain development,
and postnatal neurostructural alterations using a well-characterized mouse model. Gestational HTX was
induced by administering 0.025% w/v methimazole (MMI) in tap drinking water to pregnant mice from E10
to E14, a critical window of embryonic brain development’2. We included an untreated control group (EUT)
and a reversion group that received daily supplementation of T, during HTX induction (HTX + T ) to assess
baseline physiological parameters and evaluate the potential for hormonal rescue of HTX-induced alterations,
respectively (see Materials and methods). This model relies on the mechanism of MMI, which acts as an allosteric
inhibitor of the thyroid peroxidase enzyme, thereby blocking the iodination of thyroglobulin tyrosine residues
and subsequent coupling reactions essential for T, and T, production during TH biosynthesis*""3-7¢, To confirm
the correct induction of HTX, serum levels of total (t)T » tTS, and TSH were quantified in pregnant EUT, HTX,
and HTX + T, mice at the end of HTX induction (E14) (Fig. 1). Importantly, the HTX dams exhibited reduced
tT, levels in serum, compared to EUT and HTX + T 4 conditions (Fig. 1a). In contrast, the levels of both tT,
(Fig. 1b) and TSH (Fig. 1c) remained similar among the experimental groups. The sole reduction of tT, in HTX
pregnant mice, while maintaining unaltered levels of tT, and TSH, confirmed the successful induction of HTX.

Gestational hypothyroxinemia causes a pro-inflammatory environment at the maternal-fetal
interface and in the embryonic brain

HTX has been associated with an increased risk of autism in the offspringzs’“, and this association was
demonstrated to be causal in a mouse model, where reduced maternal T, levels during pregnancy led to the
emergence of autism-like traits?®. However, the cellular and molecular mechanisms underlying how gestational
HTX leads to these outcomes in offspring remain unclear. Reports available in the literature suggest that maternal
T, crosses the placenta and is locally converted into T, (the biologically active form of TH)**, which regulates
gene expression in fetal cells during neurodevelopment!®!!. Nonetheless, reductions in TH levels have also been
linked to enhanced pro-inflammatory responses and stimulation of myeloid cell activation’’!. Therefore, it is
pertinent to evaluate whether gestational HTX triggers pro-inflammatory responses that disrupt the immune
environment at the maternal-fetal interface, potentially contributing to the neurodevelopmental abnormalities
observed in the offspring. For this purpose, pregnant EUT, HTX and HTX + T, mice were euthanized at E14,
and the uterine horn was excised and dissected as detailed in Materials and Methods section. Representative
images are shown in Supplementary Figure (SF). 1a. The average number of implantation sites per uterine
horn was 8.18 + 1.66 for EUT, 8.09 + 1.38 for HTX, and 8.09 + 1.70 for HTX + T, pregnant mice (mean + SD, n
= 11 per group). Additionally, both uterine horn length and weight, normalized to the number of implantation
sites, were similar across EUT, HTX, and HTX + T, pregnant mice (SE. 1b, c). To explore whether the potential
inflammatory component of gestational HTX, pro-inflammatory cytokine levels were quantified in serum
samples, maternal-fetal interface tissues, and embryonic brains (Fig. 2) (see Materials and methods). We found
elevated levels of IL-6 and IL-17 A in sera of HTX-induced pregnant mice compared to both EUT and HTX +
T, groups (Fig. 2a). A similar pattern was observed in the fetal compartment of the placenta (hereafter referred
to as “placenta”) (Fig. 2b), the maternal compartment hereafter refer to as decidua basalis (Fig. 2c), and the
uterine tissues (Fig. 2d), where IL-6 and IL-17 A levels were higher in the HTX group. Embryonic brains from
HTX-exposed pregnancies also exhibited increased levels of IL-6 and IL-17 A when compared to the EUT and
HTX + T, counterparts (Fig. 2e). The elevated levels of these pro-inflammatory cytokines in circulation and
materno-fetal compartments suggest that HTX may induce the activation of the maternal immune system. The
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Fig. 1. Methimazole treatment induces HTX in pregnant miceTotal thyroid hormones and TSH levels

were measured in serum samples from EUT (euthyroid), HTX (methimazole-treated), and HTX + T
(methimazole + T ,-supplemented) dams at embryonic day 14 (E14) (see Materials and Methods). (a) Total T,
(tT,), (b) Total T, (tT,), and (c) TSH levels. n=11 pregnant mice per group. Data are presented as mean + SEM.
Statistical significance was determined by using one-way ANOVA with Tukey’s post hoc test or Kruskal-Wallis
test with Dunn’s post hoc test, depending on data normality. ***p <0.001, ***p <0.0001. EUT: white box; HTX:
red box; HTX + T : green box.

possibility that T, deficiency is responsible for activation of the maternal immune system is supported by the
observation that restoring T, levels during HTX induction normalizes cytokine levels, making them comparable
to those observed in EUT controls.

Another fundamental aspect of prenatal inflammation is the activation of myeloid cells at the maternal-fetal
interface’””. Among them, macrophages, dendritic cells, and monocytes, are recognized for their key roles in
immune regulation and the maintenance of tissue homeostasis during pregnancy’®”’. Studies using MIA models
have reported that pro-inflammatory stimuli induce a shift toward activated, pro-inflammatory phenotypes
in these myeloid populations, contributing to altered immune responses and adverse fetal outcomes’’. Since
we found that HTX increases the levels of IL-6 and IL-17 A in maternal circulation and the maternal-fetal
interface (Fig. 2a-d), we next sought to evaluate the frequency of myeloid cell subsets at the maternal-fetal
interface by flow cytometry, aiming to determine whether gestational HTX similarly promotes myeloid cell
activation and/or pro-inflammatory-like polarization (Fig. 3) (see Materials and methods). The gating strategies
for conventional dendritic cells (¢cDCs), M1/M2 macrophages, neutrophils, monocytes, and NK cells are
illustrated in SF. 2a-c. The analysis revealed a significant increase in cDCs (CD45*CD3"CD11b-CD11c¢*MHC-
IT*) only in the placenta of HTX-induced pregnant mice, as compared to EUT and HTX + T, groups (Fig. 3a,
b). Additionally, NK cells (CD45*CD3"CD11b*CD16/32*NK1.1*CD49b*) were elevated in the uterine tissue of
HTX dams compared to EUT and HTX + T, pregnant mice (Fig. 3c, d). M1-like macrophages (CD45*CD3~
CD11cCD11b*CD68*CD86*'CD2067) (Fig. 3e, f) and monocytes (CD45*CD3"CD11c"CD11b*Ly6C*Ly6G")
(Fig. 3g, h) were in turn increased in decidua basalis and uterine tissues of HTX dams, as compared to those of
the EUT and HTX + T, groups. Overall, these findings suggest that elevated IL-6 and IL-17 A at the maternal-
fetal interface promote a pro-inflammatory environment that favors the polarization of myeloid cells toward a
pro-inflammatory phenotype.

Gestational hypothyroxinemia disrupts embryonic cortical development and expands the
microglial pool

It has been demonstrated that the impact of prenatal inflammation extends to embryonic neurodevelopment
by altering the biology of neural precursor cells (NPCs) and neuronal migration®*8%8!, Similarly, accumulating
evidence shows that gestational HTX also alters neuronal migration*>-2%. However, whether HTX affects NPCs
or microglial populations remains unexplored. To address this question, we performed immunofluorescence
analysis on embryo cortical brain sections to examine NPC populations and microglial pool at E14 (Fig. 4) (see
Materials and methods). The study revealed that the number of Pax6* radial glial cells in the ventricular zone (VZ)
of the developing cortex was similar among EUT-, HTX, and HTX + T,-exposed embryos (Fig. 4a, b). However,
the number of Tbr2* intermediate progenitors was mildly reduced in the developing cortex of fetuses exposed
to HTX compared to those from the EUT and HTX + T, groups (Fig. 4c, d). As the number of proneurogenic
intermediate progenitors was reduced, we asked whether the genesis of neurons could also be affected. To
assess this, we immunolabeled Tbr1* deep-layer neurons and found a significant increase in Tbr1* neurons in
fetuses gestated under HTX, compared to the EUT and HTX + T, conditions (Fig. 4e, f). These findings suggest
that HTX disrupts NPC dynamics and neurogenesis, which can be prevented by T, supplementation. Since
we observed a pro-inflammatory environment in embryonic brains, indicated by increased levels of IL-6 and
IL-17 A (Fig. 2e), we next asked whether this inflammatory milieu may lead to an increase in microglial pool,
as exacerbated microglial expansion is a known cellular response to elevated pro-inflammatory cytokines and
can further influence neurodevelopmental processes®’-%. Since microglia are relatively sparse in the embryonic
cortex compared with neural progenitors, we quantified them within a defined cortical area encompassing a
substantial portion of the cortical thickness. This approach minimized variability due to local differences in
microglial distribution and ensured that measurements were comparable between experimental groups, as
detailed in the Materials and Methods section. We found an increased number of microglial cells (Ibal* cells) in
the developing brain cortex of fetuses exposed to HTX, compared to those from EUT and HTX + T, maternal
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Fig. 2. Gestational HTX induces a pro-inflammatory environment at the maternal-fetal and embryonic

brain Pregnant mice from the EUT (offspring gestated under euthyroidism), HTX (offspring gestated under
hypothyroxinemia), and HTX + T, (offspring gestated under MMI+T, treatment) groups were euthanized at
E14. Maternal blood was collected by cardiac puncture, and the serum was isolated. The uterine horns were
excised, and the placenta, decidua basalis, uterine tissue, and embryonic brains were dissected. Total protein
was extracted from these tissues and used for cytokine quantification by sandwich-type ELISA (see Materials
and Methods). The graphs show the levels of IL-6 and IL-17 A in: (a) maternal serum, (b) placenta, (c) decidua
basalis, (d) uterus, and (e) embryonic brain. n=11 pregnant mice per group. In (a), each point represents

the cytokine level from an individual pregnant mouse. In (b-e), each point represents the average cytokine
level from tissue samples collected from the half of implantation sites per uterine horn, which were processed
independently. Data are presented as mean + SEM. Statistical significance was assessed using two-way ANOVA
followed by Tukey’s post hoc test. *p<0.05, **p<0.01, **p<0.001, ****p<0.0001. EUT: white box; HTX: red
box; HTX + T4: green box.

treatment groups (Fig. 4g, h). This suggests that the pro-inflammatory environment in embryonic brains
increases the microglial pool and may lead to pro-inflammatory-like microglial activation in the fetal cortex.
Interestingly, this effect can be prevented by restoring T, levels during HTX induction, reinforcing the notion of
a potential immunomodulatory role for maternal T4 during pregnancy.
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Fig. 3. Gestational HTX alters myeloid cell populations at the maternal-fetal interface Pregnant mice from
the EUT (euthyroid), HTX (hypothyroxinemic), and HTX + T, (T,-supplemented) groups were euthanized
at E14. The uterine horns were excised, and the placenta, decidua basalis, and uterine tissues were dissected.
Total leukocytes were isolated, and immune cell proportions were assessed by flow cytometry (see Materials
and Methods). (a) Representative contour plots of conventional dendritic cells (cDCs); (b) quantification of
¢DC proportions in the placenta, decidua basalis, and uterus; (c) representative contour plots of uterine NK
cells; (d) quantification of NK cell proportions; (e) representative contour plots of M1-like macrophages;

(f) quantification of M1 macrophage proportions; (g) representative contour plots of monocytes; (h)
quantification of monocyte proportions in the placenta, decidua basalis, and uterus. #n=11 pregnant mice per
group. Each point represents the average proportion calculated from tissue samples collected from the half of
implantation sites per uterine horn, processed independently. Data are presented as mean + SEM. Statistical
differences were assessed using two-way ANOVA followed by Tukey’s post hoc test. *p <0.05, **p<0.01,
***p<0.001, ¥***p<0.0001. EUT: white box; HTX: red box; HTX + T4: green box.

Scientific Reports|  (2025) 15:42160 | https://doi.org/10.1038/s41598-025-26206-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/
*

ulikd:

4

I
50 ¢

%M1 macrophages
(cb11c’CcD11b*CD68*
CD86°CD206 cells)
X J
%Monocytes
(CD11c'CD11b*Ly6C*Ly6G" cells)

T
Placenta Decidua basalis Uterus Placenta Decidua basalis Uterus

Fig. 3. (continued)

Gestational hypothyroxinemia reduces spine density and impairs spine maturation in CA1
pyramidal neurons in male offspring

Aberrant dendritic spine morphology and altered spine density in the hippocampus have been consistently
reported in autistic individuals, reflecting disrupted synaptic development and connectivity®2. Similarly, MIA
models have been associated with aberrations in dendritic spine density and maturation in offspring®”#*. On the
other hand, we previously reported that offspring gestated under HTX exhibit certain autistic-like behaviors?,
and in the present study we show that gestational HTX induces a mild form of prenatal inflammation (Fig. 2),
increases placental myeloid cells (Fig. 3), impairs embryonic cortical development (Fig. 4a-f), and increases
microglial pool in the developing cortical brain (Fig. 4g, h). Since microglia are known to mediate synaptic
pruning during cortical development and thereby influence dendritic spine maturation®~%°, we sought to
determine whether prenatal HTX could lead to long-lasting synaptic alterations in the offspring. Thus, we
analyzed the spine density and morphology of dendritic spines in the CA1 region of the adult male hippocampus
in offspring gestated under HTX, using Golgi-Cox staining (Fig. 5) (see Materials and methods). We focused
this analysis on the CA1 region, as it is a critical area for learning and memory that exhibits well-documented
forms of synaptic plasticity, and because previous evidence has shown reduced LTP and abnormal expression of
key glutamatergic components in the CA1 region of HTX offspring?®?!. Additionally, we focused the analysis on
males given the higher prevalence and severity of ASD-related traits reported in males across both human®48
and animal models®¢%”.

Since this experiment used a different cohort of pregnant mice to obtain the respective offspring, we
confirmed the induction of HTX by measuring TH and TSH levels in blood samples collected from the facial
vein of each pregnant mouse at E14, to avoid interrupting pregnancy. As expected, serum levels of tT o 115
and TSH in pregnant EUT, HTX, and HTX+T , Mmice confirmed the successful induction of HTX (SE. 3a-c).
Additionally, the levels of tT , tT,, and TSH were also measured in the EUT, HTX, and HTX + T, offspring at
P55 to determine whether gestational HTX can affect or have lasting consequences on offspring thyroid function
(SE. 3d-f). TH and TSH levels were similar across groups (SE. 3d-f), suggesting that HTX induction did not
impair the offspring’s thyroid function. Additionally, the comparable TH levels across groups suggest that the
offspring’s alterations stem not from persistent thyroid dysfunction, but from prenatal HTX exposure during the
critical gestational window.

Representative images of Golgi-stained hippocampal sections are shown in SF. 4, in which we provide images
of the left hippocampus (SE. 4a), with a focus on the CA1 region (SE. 4b), pyramidal neurons (SE. 4c-e), and
dendritic spines (SE. 4f). Representative images of apical dendritic spines are shown for the EUT, HTX, and
HTX+T, offspring (Fig. 5a). We first assessed dendritic spine density, defined as the number of spines per
10 um of dendritic length, as a proxy for synaptic connectivity. Spine density was lower in the HTX offspring
than in EUT and HTX + T, offspring (Fig. 5b). Furthermore, analysis of spine maturation subtypes revealed that
compared to the EUT and HTX +T, offspring, the HTX offspring exhibited a reduced number of stubby and
mushroom-shaped dendritic spines (both considered markers of synaptic maturity) (Fig. 5¢). The number of
immature thin and filopodia-shaped spines remained similar across EUT, HTX, and HTX + T, groups (Fig. 5¢).

Discussion

This work shows evidence that gestational HTX increases the levels of IL-6 increased levels of IL-6 and IL-17 A
in maternal serum, maternal-fetal placental tissues, and embryonic brains (Fig. 2), suggesting that gestational
HTX can induce a pro-inflammatory environment during a critical window of pregnancy. These findings are
in accordance with the high levels of IL-6 detected in the serum of pregnant hypothyroxinemic women®,
reinforcing that gestational HTX can trigger a pro-inflammatory response in the mother. Under physiological
conditions, IL-6 plays a crucial role in early pregnancy by supporting implantation and placental development®-.
However, elevated levels of IL-6 can be harmful during pregnancy, inducing an inflammatory state that has been
associated with adverse pregnancy outcomes, such as preeclampsia®??, gestational diabetes mellitus (GDM)*>%4,
and heightened immune responses to bacterial and viral infections®. Regarding IL-17 A, this cytokine is a key
effector of Th17 cells and has been increasingly recognized for its role in mediating inflammatory responses
during pregnancy as well as in promoting neurodevelopmental disorders in offspring®®. Similar to IL-6, IL-17 A
is also often elevated in maternal serum and placental tissues in a MIA model induced by the administration of
poly(I: C)*”. Our findings of elevated IL-17 A levels in the maternal-fetal interface and embryonic brain (Fig. 2)
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suggest that gestational HTX may induce a Th17-like immune shift, further contributing to a pro-inflammatory
intrauterine environment. In quantitative terms, the levels of IL-6 and IL-17 A detected in the maternal serum of
HTX-induced pregnant mice reached nearly 120 pg/mL and 200 pg/mL, respectively (Fig. 2a). At the maternal-
fetal interface tissues and fetal brains, these levels ranged from approximately 60-100 pg/mL for IL-6 and 80-200
pg/mL for IL-17 A (Fig. 2b-d). Although the levels of these cytokines are higher than in control, these cytokine
concentrations are generally lower than those reported in LPS- and poly(I: C)-induced MIA models, where IL-6
levels typically range from 200 to 400 pg/mL and IL-17 A from 200 to 600 pg/mL3%4>47:56.77:98 The fact that
gestational HTX induces a milder pro-inflammatory response compared to LPS-induced MIA does not imply
that this response lacks biological impact within the intrauterine environment. Indeed, our results suggest an
association between mild MIA induced by gestational HTX and autistic-like outcomes, which could be further
tested through complementary approaches, such as IL-6 or IL-17 A neutralization, to determine whether the
observed neurodevelopmental effects arise directly from this mild immune activation. The observed concordance
of IL-6 and IL-17 A changes across maternal serum, the maternal-fetal interface, and the fetal brain is not unique
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«Fig. 4. Gestational HTX impairs embryonic cortical development and increases microglial pool Embryonic
brains from EUT (gestated in euthyroidism), HTX (offspring gestated under hypothyroxinemia), and HTX+ T,
(offspring gestated undeer MMI+T, treatment)dams euthanized at E14 were fixed, cryosectioned, and analyzed
by immunofluorescence to evaluate neuronal progenitor cells (NPCs) and microglia. (a) Representative images
of Pax6* radial glial cells in embryonic cortices from each maternal condition. (b) Quantification of Pax6* cells.
(c) Representative images of Tbr2* intermediate progenitor cells in embryonic cortices. (d) Quantification
of Tbr2* cells. (e) Representative images of Tbr1* deep-layer neurons. (f) Quantification of Tbr1* neurons.

(g) Representative images of Ibal* microglia. (h) Quantification of Ibal* cells. Pax6*, Tbr2*, and Tbr1* cells
were quantified within a rectangular region (200 pm wide x 400 um long) extending from the ventricular
zone to the meninges. Ibal* cells were quantified within a defined area along the cortical wall. For each fetal
brain, quantification was performed on three consecutive coronal sections, and the average value was used
per animal. Images were acquired at 20x magnification. Scale bar: 200 um. n=6-7 per group. CP: cortical
plate; VZ: ventricular zone. Data are presented as means + SEM. Statistical significance was determined using
one-way ANOVA followed by Tukey’s post hoc test or Kruskal-Wallis with Dunn’s post hoc test, depending
on normality. Mann-Whitney U test was also applied where appropriate. *p<0.05, **p <0.01. EUT: white box;
HTX: red box; HTX+T . green box.
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Fig. 5. Gestational HTX reduces spine density and mature-shapes of dendritic spines in male offspring’s

CA1 pyramidal neurons Male EUT (offspring gestated in euthyroidism), HTX (offspring gestated in
hypothyroxinemia), and HTX+T, (offspring gestated in under MMI and T, treatment) were euthanized

at P55. Half of each brain was used for dendritic spine analysis of hippocampal CA1 pyramidal neurons

using Golgi-Cox staining. (a) Representative images of dendritic spines in CA1 pyramidal neurons (100x
magnification) from EUT, HTX, and HTX + T, male offspring. (b) Quantification of spine density, defined

as the number of spines per 10 um of dendritic length. (c) Quantification of dendritic spine morphologies.
Scale bar =10 um. n=15 animals per group. In (b), each point represents the average of three independent
measures (three hippocampal sections per animal). In (c), n=45 dendritic segments per group (15 animals x 3
dendritic segments per animal); each data point corresponds to an individual dendritic segment measurement.
Data are presented as mean + SEM. Statistical analysis was performed using one-way (b) or two-way (c)
ANOVA followed by Tukey’s post hoc test. *p <0.05, ***p<0.001, ***p <0.0001. EUT: blue box; HTX: red box;
HTX+T,: green box.

to gestational HTX, as similar patterns have been reported in classical MIA models induced by poly(I: C) and
LPS#-48 However, what distinguishes the HTX model is the endocrine origin rather than infectious, providing
a different inducer of the inflammatory cascade. This raises a possible mechanism where systemic maternal
cytokine is the first changes that increases the cytokine production in the decidual basalis and/or placenta, and
finally these cytokines could reach the fetal brain activating fetal microglia. While our data do not establish
causal directionality between cytokine production and neurodevelopmental alterations, this framework may
be indicative of both the overlap with established MIA models. While our current measurements in unperfused
placentas provide an integrated view of maternal and local placental cytokine contributions, future studies could
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incorporate perfusion or compartment-specific analyses to better distinguish circulating versus locally produced
cytokines.

The primary candidates for secreting IL-6 and IL-17 A are myeloid cells*. Macrophages, DCs, monocytes,
and NK cells are important mediators of the innate immune response at the maternal-fetal interface,
predominantly located at the decidua basalis'°!!. Under the context of prenatal HTX, we observed an increased
proportion of M1-type macrophages and monocytes in decidua basalis and uterine tissues (Fig. 3e-h). This
finding is consistent with the known effects of maternal inflammation, where these cells can shift toward a
pro-inflammatory phenotype, promoting the secretion of IL-6 and IL-17 A and contributing to a dysregulated
immune environment’’. Some reports have shown that TH deficiency modulates the immune response toward a
pro-inflammatory phenotype’®”!. Evidence from mouse models has demonstrated that T, administration exerts
anti-inflammatory effects, while in vitrostudies have shown that bone marrow-derived monocytes exposed to
low TH levels tend to adopt a pro-inflammatory profile’®”!. It has been proposed that the pro-inflammatory
adaptation triggered by conditions, such as hypothyroidism, is primarily driven by the non-genomic actions of
T,, which involve its binding to the plasma membrane integrin avf33 and subsequent activation of the PI3K-AKT
signaling pathway’%”!. This pathway leads to increased ROS production, activation of the NLRP3 inflammasome,
and the release of pro-inflammatory cytokines!®2. Thus, the increased proportion of M1-type macrophages and
monocytes aligns with previous studies, which report that TH deficiency promotes macrophage polarization
toward a pro-inflammatory M1-like phenotype’®’!. Considering that macrophages are major sources of IL-6
during pregnancy”’, this finding is also in line with the elevated IL-6 levels detected at the maternal-fetal interface
(Fig. 2). This immunological shift may contribute to a sustained pro-inflammatory microenvironment, which
has been implicated in altered placental function and impaired fetal brain development, similar to the alterations
observed in poly(I: C)-induced MIA models®. Likewise, the observed increase in the monocyte proportion
is also consistent with this trend, as maternal monocytes are known to infiltrate gestational tissues during
inflammatory states and can differentiate into pro-inflammatory macrophages, further amplifying cytokine
release and disrupting immune tolerance’®!9104, In fact, the increase of M1 macrophages in these tissues could
be related to the capacity of monocytes to differentiate into M1 macrophages under an inflammatory state.
Furthermore, an increase in NK cells was observed only in the uterus (Fig. 3¢, d). This finding aligns with previous
reports showing alterations in the proportion of uterine and decidual NK cell populations, reduced expression
of inflammatory molecules, and impaired trophoblast migration kinetics in rat models of both maternal
hyperthyroidism and hypothyroidism'%>1%. Autoimmune thyroid disorders can also increase the proportion
of NK cells and cause adverse outcomes in pregnancy including placental abruption, spontaneous abortion,
and premature delivery'%”1%, Since uterine NK cells are particularly involved in modulating the local immune
environment and remodeling uterine vasculature to support pregnancy'*!10, the selective increase in uterine
NK cells under HTX conditions may represent a compensatory response aimed at maintaining tissue integrity
and vascular function in the face of inflammation, similar to what has been observed in LPS-induced MIA model
in mice!!"!!2, These findings highlight the potential for gestational HTX to disrupt immune homeostasis in
uterine tissues, potentially impairing the tightly regulated processes crucial for successful placental development
and fetal tolerance. In addition to NK cells, we observed an increased proportion of cDCs in the fetal portion of
the placenta exposed to gestational HTX (Fig. 3a, b). DCs play a dual role at the maternal-fetal interface: under
homeostatic conditions, they contribute to maternal immune tolerance and help shape an anti-inflammatory
environment necessary for fetal survival''>. However, their excessive activation or accumulation has been linked
to pro-inflammatory responses and adverse pregnancy outcomes, according to LPS-induced MIA models''*.
Thus, in our model of maternal HTX, this increase may indicate an immune deviation toward a more activated
or pro-inflammatory state, potentially contributing to the inflammatory environment we detected. This increase
of DCs in the fetal portion of the placenta of HTX dams is interesting since placental immune cells are typically
located in the decidua basalis®**’. This finding is unusual an suggest that the local inflammation can promote the
recruitment or differentiation of myeloid cells beyond the decidual compartment. Reviews of the maternal-fetal
interface emphasize that uterine and decidual DCs are normally restricted and maintain a tolerogenic phenotype
during pregnancy, but inflammatory challenges can alter their phenotype and trafficking, resulting in changes
in DC abundance or maturation across placental tissues'!>. Recent experimental studies using human placenta
ex vivo models have similarly demonstrated placental immune remodeling, including increased activation and
abundance of otherwise rare myeloid and antigen-presenting cell populations''®-118. Therefore, it is plausible
that our observation may reflect a similar inflammatory remodeling process, supporting the idea that endocrine-
driven immune dysregulation could mirror immune-induced alterations at the maternal-fetal interface. Thus,
these findings support that there is a milder inflammatory response at maternal-fetal interface tissues during
gestational HTX. Moreover, histological or imaging-based approaches will contribute about the spatial and
structural context of this pro-inflammatory state.

Overall, gestational HTX causes a mild increased levels of pro-inflammatory cytokines and immune cells
at the maternal-fetal interface compared to classical MIA induced by viral infection!', stress'?’, and obesity'?!.
Since in normal pregnancy there is a tolerogenic environment at the maternal-fetal interface tissues, it is
possible that this mild inflammatory state could be one of the cellular mechanisms that promotes the autistic-
like traits in the offspring gestated in HTX. Thus, this mild inflammatory state plus other consequences of low
T, in placenta development could result in similar consequences in fetus neurodevelopmental like the classical
MIA models*®*”. We think that gestational HTX may initially alter the function of circulating immune cells,
such as T lymphocytes, monocytes, and dendritic cells, which are directly sensitive to reduced T, levels. This
will lead to changes in their activation profile and promote the early and mild secretion of pro-inflammatory
cytokines!'?>-12%, Then, peripheral maternal tissues that are responsive to TH, such as spleen, adipose tissue,
and decidua basalis can react to low T, levels and will further contribute to the systemic increase of pro-
inflammatory cytokines'?>!2°, The resulting alterations on placenta and the inflammatory environment at the
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maternal-fetal interface may contribute a mild “MIA-like state” that impairs placental function and early fetal
brain development. Although this model is currently hypothetical, it offers a unified framework connecting
gestational HTX to immune-mediated neurodevelopmental outcomes and identifies mechanisms suitable for
future experimental investigation. This interpretation is also supported by evidence showing that rebalancing
the immune environment at the maternal-fetal interface can prevent the autism-like outcomes in offspring!?’.

The observation of high levels of IL-6 and IL-17 A in the embryonic brain of the offspring gestated in
HTX (Fig. 2e) suggest that the inflammatory process extends from the mother to the fetus. In fact, it has been
suggested that maternal inflammation may indirectly affect the fetal compartment, potentially through changes
in placental permeability or enhanced cytokine transport, rather than direct transplacental passage of pro-
inflammatory cytokines!?®!2°. However, beyond the passive diffusion or transport of maternal cytokines, it is
increasingly recognized that placental cells themselves can actively participate in propagating inflammation.
It has been described that during preeclampsia, different subsets of trophoblasts and decidual immune cells
can shift their phenotype and secrete pro-inflammatory cytokines, including IL-6, IL-1p, and TNF-q, into
the fetal compartment, thereby contributing to the neuroinflammatory milieu!*°. A similar phenomenon has
been observed during prenatal infections, such as those caused by Listeria monocytogenesl31, Zika virus!'??
Cytomegalovirus (CMV)!?3, Influenza virus'*, and SARS-CoV-2!*. Thus, maternal TH deficiency may alter
placental immune homeostasis, indirectly contributing to fetal brain inflammation through impaired immune
regulation. Additionally, we cannot rule out the possibility that low circulating maternal T, levels may directly
affect fetal brain-resident immune cells. Previous studies have shown that T, regulates microglial development
and activity'3!%7. Thus, reduced TH availability in the fetal brain may favor microglial priming or activation,
further contributing to the elevated IL-6 and IL-17 A levels observed. Together, these findings support the notion
that gestational HTX not only triggers maternal inflammation but also may compromise placental immune
function and promote fetal neuroinflammation through both systemic and local mechanisms. This issue led us to
explore the potential effect of gestational HTX on NPCs and microglial populations (Fig. 4). The increase in Ibal*
microglial pool in the developing cortex of HTX-exposed embryos (Fig. 4g, h) is consistent with the increased
IL-6 and IL-17 A levels in the developing brain (Fig. 2e) and with previous reports of MIA models showing
microglial activation®”-%. Interestingly, recent studies have shown that radial glial cells serve not only as neural
progenitors and scaffolds for neuronal migration but also as immune-responsive cells during development™.
They are capable of secreting IL-6 in both autocrine and paracrine manners in response to inflammatory cues,
including MIA challenge®*. Although we did not find alterations in the number of Pax6* radial glia populations
(Fig. 4a, b), suggesting that gestational HTX may not directly impair the proliferation or maintenance of neural
progenitors at this stage, another plausible hypothesis is that their functional state may be affected. Specifically,
even if the total number of radial glial cells remains unchanged, their activation state could be altered under
HTX conditions. In this context, IL-6 signals originated from the placenta may stimulate radial glial cells in
the developing brain to produce and secrete additional IL-6, thereby amplifying local neuroinflammation. This
potential mechanism involving placental-derived and brain-intrinsic IL-6 overproduction could represent a
critical pathway by which gestational HTX promotes immune-mediated disruptions in cortical development.
In parallel, it is well established that a pro-inflammatory environment in the fetal brain can have detrimental
effects on neurodevelopment, particularly by disrupting critical processes, such as neurogenesis and neuronal
migration®*8%81, Here, we found a mild reduction in Tbr2* intermediate progenitor cells and a concomitant
increase in Tbr1* deep-layer neurons in the cortical areas of fetuses gestated in HTX at E14 (Fig. 4c-f). These
alterations are consistent with impaired corticogenesis, as previously reported in rat models of gestational
hypothyroidism!'3#13°. Moreover, Lavado-Autric et al. and Ausé et al. have demonstrated that HTX leads to
aberrant neuronal migration in both the somatosensory cortex and the hippocampus??~2%. Thus, our findings
reinforce that gestational HTX during early brain development, a period characterized by intense neurogenic
activity!?, induces premature differentiation of NPCs. This alteration may lead to exhaustion of the progenitor
pool, potentially contributing to long-term structural and functional brain abnormalities. Importantly, T,
supplementation during the period of HTX induction normalized the number of intermediate progenitors,
deep-layer neurons, and microglia to levels comparable to those in EUT-exposed fetuses (Fig. 4). These findings
highlight the essential role of T, in maintaining proper neurogenic processes and immune balance during fetal
brain development!#!. These findings further suggest that the neurodevelopmental disruptions observed in HTX
may be mediated, at least in part, by a T,-dependent suppression of inflammatory pathways'*!. The molecular
mechanisms by which T, deficiency leads to impairment of neurogenesis remain to be fully elucidated.
However, our results support a model in which reduced T, levels contribute to altered progenitor cell fate and
neuroinflammation, possibly through pro-inflammatory cytokine signaling and microglial activation, ultimately
leading to defective corticogenesis.

Conditions that cause prenatal inflammation have been associated with altered dendritic spine density
in offspring®®3, which is often linked to microglial expansion and activation during early neocortical
development®’-%%. We found that gestational HTX led to long-term implications for synaptic development and
connectivity in the adult offspring by reducing spine density (Fig. 5b) and the number of stubby and mushroom-
shaped dendritic spines in male offspring, as compared to the EUT and HTX + T, groups (Fig. 5c). These
findings align with impaired synaptic plasticity and cognitive deficits, further emphasizing the long-term
impact of maternal inflammation on brain structure and function in offspring®+** and can also be related to the
autistic-like outcomes previously reported in HTX offspring®®. Similarly, the reduced total count and mature-
shaped dendritic spines in male HTX offspring are consistent with previous observations in the C58/] mouse, a
genetic model of ASD characterized by deficits in dendritic spine density and morphology in the hippocampus
and prefrontal cortex!2!43, Importantly, this works has shown data regarding male offspring dendritic spine
morphology. We acknowledge that evaluating female offspring is necessary to assess whether gestational
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HTX produces sex-specific effects. Hormonal cycles and sex-dependent neurodevelopmental trajectories may
differentially affect immune and behavioral outcomes.

Overall, these observations may represent a turning point in how the molecular and cellular mechanisms by
which T, deficiency impairs CNS development during the first trimester of pregnancy are understood (Fig. 6).
While itis well established that maternal TH are essential for fetal neuronal function and differentiation'®!!, there
remains a significant knowledge gap regarding how low maternal T, levels early in pregnancy affect fetal CNS
development. During early pregnancy, the placenta expresses TH transporters, such as MCT8, OATP1Cl, and
LAT1/2, which facilitate the transfer of maternal T, into placental cells*>. The placenta expresses iodothyronine
deiodinases, such as DIO3, which inactivate T, by converting it into reverse T, (rT,) and T, thereby limiting
excessive fetal exposure to active T,. To a lesser extent, it also expresses DIO2, which locally converts T, into the
bioactive T, supporting placental functions, such as growth and vascular development”~®. Most of the maternal
T, that bypasses placental metabolism enters the fetal compartment, where DIO2 converts it in the fetal brain
into T, which is essential for neuronal differentiation, migration, and overall brain maturation’~. By as early
as 9 weeks of gestation, low levels of T, have been detected bound to nuclear receptors in the fetal brain'*'2,
Although these low concentrations are thought to play physiological roles, particularly in neuronal migration
and corticogenesis, the underlying cellular mechanisms remain incompletely understood!'*!2. In our animal
model, gestational HTX was induced by MMI administration from E10 to E142173-76 Although the precise
onset of T, deficiency following MMI treatment is unknown, previous studies and our measurements at E14
confirm that this protocol effectively generates HTX without inducing full hypothyroidism?73-7¢. The selected
treatment window ensures that T, deficiency coincides with critical periods of placental maturation and early
fetal neurodevelopment'*, allowing both compartments to be exposed to the HTX-induced environment. By
initiating HTX at E10, we aimed to approximate the temporal window of classical MIA models, in which the
inflammatory challenge occurs during similar neurodevelopmental stages, while considering the relatively
slow kinetics of thyroid hormone depletion and the resulting pro-inflammatory response. This strategy enables
investigation of mechanisms underlying subsequent changes in fetal brain development. Moreover, it is
unknown the metabolism of TH in placenta and fetal tissues under gestational HTX, this knowledge would be
highly informative about the fetus exposure to thyroid hormones during critical developmental windows. Given
the insights of this work, it is plausible to note that insufficient maternal T, during early gestation may impair
fetal brain development not only through direct hormonal deficiency alone, but also indirectly via the induction
of a maternal pro-inflammatory state (Fig. 6). This inflammatory milieu may disrupt immune homeostasis
at the maternal-fetal interface and interfere with critical neurodevelopmental processes, leading to persistent
neurostructural abnormalities. Notably, these alterations appear preventable by restoring maternal T, levels
during gestation (Figs. 2, 3, 4, 5 and 6), reinforcing the need to investigate the immune-mediated mechanisms
by which early gestational HTX impairs neurodevelopment.

Materials and methods

Animals

Wild-type C57BL/6 mice were obtained from The Jackson Laboratory, Bar Harbor, ME, USA. Mice were housed
in cages with water, bedding, and chow (Prolab, RMH 3000) under standard conditions (12-hour light/dark cycle,
temperature 22 °C) and maintained at the animal facility of the Facultad de Ciencias de la Vida, Universidad
Andrés Bello (Bioethics approval certificate number 012/2021). The experimental procedures and care were
performed in concordance with the current regulations of the Animal Welfare Committee of the Facultad
de Ciencias de la Vida and the National Agency for Research and Development (ANID) (Santiago, Chile). A
veterinarian performed daily supervision of the mice. Mice were euthanized by inhalation of 3% isoflurane/
0,'. This study is reported in accordance with ARRIVE guidelines.

Gestational hypothyroxinemia and experimental groups

To induce HTX, pregnant mice were treated as described in previous reports?®73-7>. Six- to eight-week-old
C57BL/6 mice were mated overnight. On the next day, the presence of a vaginal plug was evaluated, and this
day was designated as embryonic day (E)0. At E10, females were weighed to assess gestational weight gain. A
minimum increase of 2 gr was required to consider the mice pregnant, along with the characteristic rounded
abdominal shape!“®. Subsequently, pregnant mice were housed individually and randomly assigned to one of
three groups. The first group of dams received 0.025% W/V 2-mercapto-1-methylimidazole (methimazole,
MMI) (M8506, Sigma-Aldrich, USA) in tap-drinking water from E10 to E14. The group received the name
of “HTX dams” To reverse the MMI-induced phenotypes, the second group was treated with 0.025% W/V
MMI plus a daily subcutaneous dose of T, (25 pg/kg) from E10 to E14. The group received the name of “HTX
+ T, dams”. This treatment also aimed to demonstrate that the effects induced by MMI are exclusively due to
maternal T, reduction and not a side effect of MML. The third group received regular tap water during the entire
pregnancy; thus, gestation was performed under euthyroid-control conditions. The group was named “Euthyroid
(EUT) dams” HTX and HTX + T, treatments were administered daily from E10 to E14. Fresh water for the EUT
dams was also renewed daily from E10 to E14. The bottles containing MMI solution were prepared daily and
protected from light. The effect of daily injections per se was not evaluated in a separate vehicle-injected group,
as the primary comparison focused on HTX versus EUT dams, neither of which received injections. HTX + T,
pregnant mice were handled prior to injections to minimize stress, ensuring that the observed improvements are
attributable to T, restoration rather than injection-related stress'47148_ A second cohort of HTX, HTX + T »and
EUT pregnant mice was employed to evaluate the morphology and density of hippocampal dendritic spines in
the resulting adult offspring, which were named according to their maternal treatment: HTX offspring, HTX +
T, offspring, and EUT offspring. To mitigate the impact of the “litter effect” and enhance the reliability of results,

Scientific Reports |

(2025) 15:42160 | https://doi.org/10.1038/s41598-025-26206-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Gestational HTX

Increased IL-6 and IL-17A levels
in maternal serum and
placental tissues

~ @ ol Increased proportion of
006 o os placental DCs, decidual M1
‘ T UL macrophages and monocytes,
and uterine NK cells

Pro-inflammatory

environment in the Increased IL-6 and IL-17A levels

maternal-fetal interface in fetal brain
N2 v =g

il RO .4

. . Mild reduction in Tbr2+ cells [ L AL AA

Reduced spine density and L L \
count of hippocampal Ilncreasegl Tt:)q: celllls / . 9 . Vi 1z

mature-shaped dendritic ncreased Ibal+ cells | 1) I 1AL

~ spines ALW AN LAL
] ) < -~ e svzZ
Gestational HTX leads to ~ s vz

neurodevelopmental
impairments
Male HTX offspring Pax6 cells (radial glia)
__4—Tbr2 cells (intermediate progenitors)
Tbr1 cells (deep-layer neurons)
HTX & T,
supplementation Reduction in IL-6 and IL-17A levels X Ibat cells (micrOQIia)
in serum and placental tissues
(comparable to EUT condition)
Reduced proportion of 0o
placental DCs, decidual M1 e
»> macrophages and monocytes, "‘i/
and uterine NK cells A

Restored immune
homeostasis in the Reduced IL-6 and IL-17A levels

maternal-fetal interface in fetal brain

|

P
I :I%T *T
Normalized spine density and | |

count of hippocampal mature- Ul ) 1Z
shaped dendritic spines | (

i} svz
Restoration of T, levels 2
during HTX prevents a | VZ
neurodevelopmental

Male HTX+T, offspring impairments

ch

Fig. 6. Proposed model of pro-inflammatory responses induced by low maternal T, levels during early
pregnancy Gestational HTX increases circulating levels of IL-6 and IL-17 A, similar to observations in

MIA models. These cytokines are also elevated in placental tissues and embryonic brains. It is postulated

that this pro-inflammatory environment at the maternal-fetal interface activates myeloid cells, including

M1 macrophages, NK cells, and monocytes, thereby contributing to immune imbalance. This immune
dysregulation may impair fetal neural progenitor cells (NPCs), particularly by affecting the proportion of
intermediate progenitors, which could lead to an altered generation of deep-layer cortical neurons relevant for
establishing early cortical circuitry and supporting higher-order cognitive functions. The increased expansion
of microglial pool is also consistent with the pro-inflammatory environment at the embryonic developing
brain that contribute to long-term neurostructural alterations, including reduced dendritic spine density and
a decrease in mature-shaped spines in the hippocampus. These changes are associated with neurocognitive
deficits in the offspring. Interestingly, T4 supplementation during gestation prevents immune imbalance

and mitigates these neurodevelopmental alterations, suggesting a critical role of maternal T, in modulating
maternal-fetal immunity during early embryonic neurodevelopment during early. CP: cortical plate; IZ:
intermediate zone; SVZ: subventricular zone; VZ: ventricular zone. Created with BioRender.

experimental groups were formed by randomly selecting 2-3 mice of each sex from different litters'*’. Mice of
the same sex were housed together in cages (4-5 mice per cage) from weaning until postnatal day (P)55.

Determination of total thyroid hormones and TSH
Blood was collected via cardiac puncture from HTX, HTX + T, and EUT pregnant mice on E14, and via
puncture of the facial vein in the second cohort of dams. The serum was isolated by centrifuging the blood
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samples at 1,000 xg for 15 min at 4 °C. To verify that HTX was properly induced, total (t)TH and TSH levels were
quantified using 100 pL of serum samples. tT, and TSH levels were determined by sandwich ELISA using mouse
CUSABIO’ ELISA kits (catalog N°E05086m and N°E05116m, respectively). tT, serum levels were determined
by chemiluminescence at an external certified veterinary laboratory (LQCE, Santiago de Chile). To evaluate the
thyroid function of the offspring, the levels of tTH and TSH were also quantified in HTX, HTX + T,, and EUT
offspring, using blood samples from the facial vein obtained at P50. The tT, range for HTX dams was established
at 0.1-2.0 (ug/dL), while the range of tT, in euthyroid and HTX + T, dams was established at 2.2-4.0 (ug/dL).
These ranges were determined based on previous publications of TH levels in pregnant mice!>*!1>!.

Isolation of placental tissues and embryonic brains

The maternal-fetal interface tissues were isolated at E14 according to a previous report'>?. Briefly, the lower
abdominal skin and muscular tissues of dams were removed, and the uterine horns with implantation sites
were detached from the mesentery. Each implantation site was dissected individually, and the number of
implantation sites was counted to determine the average per experimental group. The maternal portion of the
placenta (decidua basalis) was carefully separated from the fetal components (the junctional zone and labyrinth)
and referred to as “placenta” across the article. The separation of decidua basalis from placenta was performed
by using fine forceps under a stereoscopic magnifier. Although separation at this stage is technically challenging,
meticulous dissection enabled recovery of decidual tissue suitable for cellular and protein analyses, as previously
described!®3-1%, Uterine tissues were collected from the mesometrial region associated with each embryo,
while embryonic brains were also dissected under magnification. Importantly, E14 corresponds to the end of
the MMI treatment window used to induce HTX, making this time point essential for capturing immune and
neurodevelopmental alterations as the earliest stage to assess how transient HTX impairs maternal-fetal immune
interactions and fetal brain development. Given that each uterine horn contains up to 10 implantation sites,
tissues from each horn were divided approximately in half for separate analyses. One portion was allocated
for protein extraction and subsequent cytokine measurements using ELISA, while the other was used for
cellular analyses by flow cytometry. Fetal brains were also randomly assigned, with half processed for cytokine
measurements by ELISA and the remainder fixed in 4% paraformaldehyde (PFA) for immunofluorescence. To
avoid litter effect in each assay, implantation sites were randomly selected, and measurements from individual
sites were averaged to generate a single representative value per uterine horn for each dam. A total of 11 pregnant
dams per group were analyzed across three independent experiments, employing ~ 5 to 6 sites for ELISA and ~ 3
to 4 sites for cellular assays. This random allocation and averaging strategy ensured equal contribution from each
dam, minimized confounding from litter size or intra-litter variability, and enabled robust statistical analysis at
the maternal level. The approach was designed to assess the global effect of gestational HTX per dam, which is
relevant because humans carry a single implantation per pregnancy.

t152

Quantification of cytokines by sandwich-type ELISA

Maternal-fetal interface tissues (placenta, decidua basalis, and uterus) and embryonic brains were homogenized
in radioimmunoprecipitation assay (RIPA) buffer composed of 50 mM Tris-HCl (pH 8.0), 150 mM NaCl,
0.1% SDS, 0.5% sodium deoxycholate, 0.1% Triton X-100, and supplemented with phosphatase and protease
inhibitors (1 mM Na,VO,, 1 mM NaF, 30 mM sodium pyrophosphate, and 1 mM PMSF). The homogenates
were incubated on ice for 30 min and then centrifuged at 15,000 xg for 15 min at 4 °C. The supernatants were
recovered, and the total protein concentration was quantified using the BCA method (Pierce™, BCA™ 23225).
Cytokines were quantified in 100 pL of maternal serum (obtained as previously described) and in 0.5 mg of
protein extracted from maternal-fetal interface tissues and embryonic brains, using the following ELISA Kkits:
IL-1B (BioLegend, 432601), IL-6 (BioLegend, 431307), IL-17 A (BioLegend, 432501), TNF-a (BioLegend,
430901), and IL-10 (BioLegend, 555252). The detection was conducted by spectrophotometry using a microplate
spectrophotometer (Epoch™). Cytokine levels were normalized to the amount of protein employed for these
measurements. The results are presented as pg/mL for cytokines from the serum samples and as pg/mg for
cytokines from the maternal-fetal interface tissues and embryonic brains.

Leukocyte isolation

Leukocytes were isolated using a standardized protocol'>2. Placentas, decidua basalis, and uterine tissues
designated for this experiment were transferred to 2 mL tubes containing 500 uL of cold accutase solution
(Sigma-Aldrich A6964). First, the tissues were mechanically digested using sterile surgical scissors. Then,
an additional 500 pL of accutase was added to each tube, followed by incubation at 37 °C with gentle orbital
agitation (80 rpm) for 30-35 min. The reaction was halted on ice, and the samples were filtered through a 100 um
cell strainer using 20 mL of cold PBS, followed by centrifugation at 1,250 xg for 10 min at 4 °C. After removing
the supernatants, cells were resuspended in 1 mL of RPMI-1640 medium. Subsequently, 5 mL of fetal bovine
serum (FBS) was slowly added to facilitate phase separation, followed by centrifugation at 1,100 xg for 10 min
at room temperature (RT). The cells were then treated with 3 mL of ammonium chloride potassium buffer (pH
7.2) and incubated for 3 min at RT to lyse the red blood cells (RBCs). The reaction was stopped by adding 10 mL
of cold PBS and then centrifuging at 460 xg for 5 min at 4 °C. The supernatant was discarded, and the cells were
washed with 10 mL of fresh PBS. After centrifugation, the leukocytes were resuspended in 1 mL of PEB buffer
(PBS, 0.5% BSA, 2 mM EDTA) and counted using the Countess 3 Automated Cell Counter (Thermo Fisher
Scientific) employing the trypan blue exclusion test for cell viability!>®.

Immune cell assessment by flow cytometry
Leukocytes from each tissue were divided into three groups for the simultaneous detection of myeloid immune
cell populations by flow cytometry. Cell staining was performed in a 96-well plate using 50 pl of 1.0x 107 cells
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per well. First, the cells were incubated with the fixable viability dye AF700 at a concentration of 0.2 ug/mL
(BD Horizon™ 564997) for 15 min at 4 °C in the dark. Subsequently, the cells were centrifuged at 460 xg for
5 min at 4 °C and washed with 100 pL of PBS. After centrifugation, each group of cells was incubated with a
specific antibody mixture for extracellular staining (all four were prepared in PEB buffer) for 40 min at 4 °C in
darkness. Antibodies are listed in Supplementary Table 1. Antibodies were used at a concentration of 0.2 pg/
mL. Following incubation, the cells were centrifuged at 460 xg for 5 min at 4 °C and washed with 200 uL of PEB
buffer. Subsequently, the cells were fixed with 200 pL of 2% PFA for 10 min at RT. After washing, the cells were
resuspended in 200 pL of PEB buffer for subsequent acquisition in a cytometer. Finally, a total of 250,000 events
per sample were recorded using the BD FACSymphony™ A1 Cell Analyzer from the Facultad de Ciencias de la
Vida, Universidad Andrés Bello. Flow]Jo software (version 10.8) was used to analyze the immune cell populations.

Evaluation of radial glia, deep and upper layer neurons, intermediate progenitors, and
microglia by Immunofluorescence

Immunostaining of embryonic brain tissue sections was performed as previously described!*”!%8. Briefly,
embryonic brains obtained from E14 were submerged in 4% PFA in canonical 50 mL tubes at the time of isolation
and maintained for 24 h at 4 °C to ensure proper tissue fixation. Subsequently, the brains were transferred to
a 20% sucrose solution dissolved in filtered PBS the following day. After 24 h, the sucrose concentration was
increased to 25% and then to 30% 24 h later. The brains were stored at 4 °C for at least seven days until they sank
to the bottom of the tube. Subsequently, the dehydrated tissues were embedded in molds using OCT compound
for the preparation of coronal Sect. (18 pum in thickness) by cryosectioning. The sections were mounted on glass
slides and washed three times with Tris-buffered saline (TBS) for 5 min each. Subsequent permeabilization
was conducted at RT using TBS-0.3% Triton X-100 for 30 min, followed by incubation in a 5% BSA-blocking
solution for 1 h at RT. Next, the sections were separately probed overnight at 4 °C with the following primary
antibodies: anti-Pax6 (2 ug/mL, BioLegend 901301), anti-Tbrl (1 pg/mL, ab31940), anti-Tbr2 (0.75 pg/mL,
ab183991), and anti-Ibal (0.5 ug/mL, Wako 019-19741) to detect radial glia, deep-layer neurons, intermediate
progenitors, and microglia, respectively. The next day, after washing with TBS (six times for 5 min each), the
sections were incubated with the secondary antibodies anti-rabbit AF488 (0.5 pg/mL, Jackson 711545152) and
anti-rabbit AF555 (0.5 ug/mL, Jackson 711165152) for 1 h at RT. After another round of washing, Hoechst
staining was performed in TBS 1 x (1:1,000) for 10 min at RT. Finally, the sections were rinsed twice for 5
min each with TBS and then mounted using Permafluor (ThermoFisher). Image acquisition was performed
using a Nikon Eclipse Ti2-E inverted optical microscope equipped for epifluorescence, from the Advanced
Microscopy Unit (UMA) at the Pontificia Universidad Catdlica de Chile. Quantification was conducted using
three consecutive coronal sections, and the results were averaged to yield a single value per brain. Ibal* cells
were counted within a predefined region of interest in the embryonic cortex that included a substantial portion
of the cortical thickness. The ventral boundary was defined at the tip of the ventricle adjacent to the cortex,
and a perpendicular line was drawn to the cortical plate. The region of interest extended dorsally to the area
corresponding to the continuation of the neuroepithelium, projected from the ventricular zone to the cortical
plate’. This method enabled the inclusion of a sufficient number of microglia, which are relatively sparse in
the embryonic cortex compared with neural progenitors, thereby facilitating robust and consistent comparisons
between experimental groups. Images were captured at a magnification of 20x, with a scale bar set at 200 um.
Image analysis was conducted using FIJI-Image] software (U.S. National Institutes of Health).

Evaluation of the number of CA1 hippocampal dendritic spines by Golgi-cox stain

The morphology and count of hippocampal dendritic spines in the HTX, HTX + T,, and EUT offspring were
evaluated using Golgi-cox stain'®. Mice were euthanized at P55, brains were removed, and the telencephalon
was individually submerged in 10 mL of impregnation solution composed of 5% potassium dichromate
(K2Cr;07), 5% mercuric chloride (HgCl.), and 5% potassium chromate (K,CrO,). After 24 h, the telencephalon
was transferred to a fresh impregnation solution and kept in the dark for two weeks. Subsequently, the tissue was
handled using plastic forceps, and excess solution was blotted with filter paper. It was then transferred into 50
mL of cryoprotection solution (20% sucrose). The cryoprotection solution was replaced 24 h later with a fresh
cryoprotection solution, which was maintained for 4 days until the tissues sank to the bottom. Cryoprotected
brains were then embedded in molds using OCT compound for cryosectioning of sagittal sections at —25
°C (150 um in thickness). Gelatin-coated slides were used as a support medium to enhance the stability and
orientation of the tissue sections during cutting. The hippocampus was identified using anatomical landmarks
such as the lateral ventricles and hippocampal layers, with sections taken 1.5-3.5 mm posterior to bregma and
1.0-2.5 mm lateral to the midline!®!. The slides were then washed with double-distilled water and left to dry
overnight in the dark at RT. The staining procedure was conducted the following day by submerging the slides in
20% ammonia for 10 min in the dark, followed by 1% sodium thiosulfate for 10 min in the dark. After each step,
the slides were washed twice in double-distilled water (4 min each). The slides were dehydrated through a series
of ethanol concentrations: 50%, 75%, 95%, and 100% (four times), each for 4 min. Finally, the slides were cleared
with xylene four times for 4 min each. Permount Mounting Medium (Fisher Scientific, Waltham, MA, USA,
SP15-100) was used to mount the slides, which were kept in darkness at room temperature until microscopic
examination. Images were captured using a Leica DM1000 LED microscope (Leica Microsystems GmbH,
Wetzlar, Germany) equipped with an MC170 HD camera (Leica Microsystems GmbH). Analysis of dendritic
spines focused on pyramidal neurons from the CA1 region, as previously described!'®?. Photographs were taken
of three independent hippocampal sections per slide. For dendritic spine analysis, dendritic segments ranging
from 10 to 20 pm in length were randomly selected and captured using a 100X oil immersion objective, with a
resolution of 1024 x 768 pixels and identical acquisition settings across the compared samples. The total number
of dendritic spines and their classification into different morphologies, along with their respective proportions,
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were analyzed using the Dendritic Spines Counter plugin of Fiji-ImageJ software (NIH, Bethesda, MD, USA,
version 1.54f)!%%. Spine density was defined as the number of spines normalized to 10 pm of dendrite length.
Dendritic spine shapes were classified based on established measurements: filopodia were defined as thin spines
longer than 2 um without head protrusions; mushroom was defined by a wide head (> 1 pm width) and short
protrusions (< 1 pm); stubby were defined by wide heads without neck (length/width ratio < 1 pm); and thin
were identified by thin and short heads (< 2 pm)'¢4,

Statistics and reproducibility

The sample size was determined utilizing G*Power 3.1.9.7 software. For the pregnant mouse groups, one-way
ANOVA F-tests were conducted. The effect size was set to 0.80 and the significance level was set to 0.05. This
calculation resulted in a total sample size of 33, with 11 pregnant mice allocated to each group. For the offspring,
sample size was determined using a two-way model in F-test ANOVA, with an effect size set to 0.5, a set to 0.05,
and considering 3 groups. This resulted in a total sample size of 90, with 30 mice allocated to each experimental
group, evenly distributed with 15 mice per sex. To account for potential litter effects, offspring were selected
from multiple litters, with no more than two animals per litter included in each experimental group. This
strategy reduced bias from litter-specific variability and ensured that observed outcomes reflected the treatment
effect rather than characteristics unique to a single litter*®. Statistical analyses were performed using Prism
9.0.2 software (GraphPad, Inc). Data were assessed for a normal distribution using the Shapiro-Wilk test. For
datasets exhibiting a non-normal distribution, the Kruskal-Wallis test was conducted, followed by Dunn’s post
hoc analysis. Datasets showing a normal distribution were subjected to parametric one-way ANOVA, followed
by Tukey’s post hoc test. Multiple comparisons were evaluated via two-way ANOVA followed by Tukey’s post
hoc test. Results are presented as the mean + SEM. Significance was established at *p < 0.05, **p < 0.01, ***p <
0.001, and ***p < 0.0001.

Data availability

All data generated during this study are included in the published article and Supplementary materials. The
source data can be found in Supplementary Data 1. Additional inquiries can be directed to the corresponding
author.
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