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Abstract

Background Maternal psychological distress during pregnancy can negatively impact fetal development, resulting
in long-lasting consequences for the offspring. These effects show a sex bias. The mechanisms whereby prenatal
stress induces functional and/or structural changes in the placental-fetal unit remain poorly understood. Maternal
circulating small extracellular vesicles (sEVs) are good candidates to act as “stress signals”in mother-to-fetus
communication. Using a repetitive restraint-based rat model of prenatal stress, we examined circulating maternal sEVs
under stress conditions and tested whether they could target placental-fetal tissues.

Results Our mild chronic maternal stress during pregnancy paradigm induced anhedonic-like behavior in pregnant
dams and led to intrauterine growth restriction (IUGR), particularly in male fetuses and placentas. The concentration
and cargo of maternal circulating sEVs changed under stress conditions. Specifically, there was a significant reduction
in neuron-enriched proteins and a significant increase in astrocyte-enriched proteins in blood-borne sEVs from
stressed dams. To study the effect of repetitive restraint stress on the biodistribution of maternal circulating sEVs in the
fetoplacental unit, sEVs from pregnant dams exposed to stress or control protocol were labeled with DiR fluorescent
die and injected into pregnant females previously exposed to control or stress protocol. Remarkably, maternal
circulating sEVs target placental/fetal tissues and, under stress conditions, fetal tissues are more receptive to sEVs.

Conclusion Our results suggest that maternal circulating sEVs can act as novel mediators/modulators of mother-to-
fetus stress communication. Further studies are needed to identify placental/fetal cellular targets of maternal sEVs and
characterize their contribution to stress-induced sex-specific placental and fetal changes.
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Background

Unfavorable prenatal environments, such as maternal
psychological distress -comprising perceived stress and
depressive and anxiety symptoms- during pregnancy
(also known as prenatal stress (PS)), can profoundly
affect fetal development and predispose the offspring
to long-lasting adverse neurodevelopmental outcomes
[1-7]. Given that the overall prevalence of psychological
distress in pregnant women is higher than in the general
population [8-12], understanding the biological mecha-
nisms underlying maternal-fetal communication under
stress conditions is critical for designing ways of prevent-
ing or reducing PS-related adverse outcomes.

Prenatal stress is associated with a range of adverse
perinatal outcomes, including reduced fetal growth
[13], spontaneous abortion, preterm delivery, and pre-
eclampsia [14-16], and is also linked to poor neu-
rodevelopmental outcomes in the offspring, such as
behavioral problems [17, 18], cognitive deficits [19-24],
lower academic performance [25], and increased risks of
neurodevelopmental disorders such as attention deficit/
hyperactivity disorder (ADHD), autism spectrum dis-
order (ASD), and schizophrenia [17-19, 21, 23, 26-28].
Structural and functional brain changes, such as reduced
gray matter volume [29], enlarged amygdala [30, 31], and
decreased hippocampal volume [31], may underlie PS-
related neurodevelopmental outcomes. Interestingly, PS-
dependent neuropathological and/or clinical effects can
vary based on the complex interplay between stressor
type, genetic background, and gestational period of
exposure [6, 32]. Furthermore, several studies in humans
and animal models have revealed sexually dimorphic
responses to PS [33-40]. In this context, the placenta,
with its intrinsic sexual dimorphism, may play a critical
role in mediating, modulating, or potentiating mother-
to-fetus stress-transferring signals with a sexual bias [41].

Despite the associations between maternal psychologi-
cal distress and neurodevelopmental dysfunctions in the
offspring, the mechanisms whereby PS induces func-
tional and/or structural changes in the placenta and fetus
remain poorly understood [41]. Small extracellular vesi-
cles (sEVs) have emerged as complex mediators of inter-
cellular communication, transporting proteins, lipids,
and RNAs between distant cells [42, 43]. These vesicles,
which, according to their size and origin, are classified
in exosomes, microvesicles, and apoptotic bodies, can
modify the physiology of recipient cells [42-45]. Our
previous work using two restraint-based stress protocols
in male rats demonstrated that stress-responsive brain
cells (astrocytes) could undergo stress-induced morpho-
logical changes and modify the cargo of sEVs secreted

into the bloodstream, potentially acting as stress signals
to peripheral tissues [46, 47]. Remarkably, during preg-
nancy, the number of circulating sEVs increases [48, 49],
and emerging evidence suggests that these maternal sEVs
can target placental and fetal tissues [50-52]. This study
aims to explore how PS affects maternal circulating sEVs,
potentially revealing novel mechanisms of maternal-fetal
communication and stress-induced fetal programming.

Animal models of PS vary widely, but the repetitive
restraint stress protocol (i.e., daily exposure to a period of
movement restriction) is commonly used for its simplic-
ity, low cost, and ability to replicate human biochemical
and behavioral changes without causing physical harm
[5, 53-57]. Furthermore, an attractive feature of restraint
stress is that it is primarily a psychological stressor, i.e.,
movement restriction does not produce physical pain
per se but involves anticipation of physical discomfort
[58, 59]. Using this model, we examined stress-induced
changes in maternal circulating sEVs and their potential
impacts on placental/fetal tissues. Considering the poten-
tial role of maternal sEVS as stress-transferring signals to
the placenta/fetus can pave the way for developing novel
diagnostic tools and/or interventions to mitigate adverse
outcomes in offspring.

Materials and methods

Animals

Nulliparous young adult female Sprague-Dawley rats
(7-8 weeks old; 200-250 g body weight) were kept at 2
animals per cage. Once mating was confirmed, they were
single-housed, as described in the stress protocol sec-
tion. Rats were maintained at 22 °C, under a 12 h light/
dark cycle, with ad libitum access to food (LabDiet 5P00
RMH3000) and water. As environmental enrichment, a
cardboard cylinder, shredded paper, and nesting material
were provided. In this study, 30 control rats and 44 rats
subjected to the prenatal stress protocol were used. The
experimental procedures were supervised and approved
by the Scientific Ethics Committee of the Universidad de
los Andes, Santiago, Chile (Folio #: CEC2021036), and
performed following the National Institutes of Health
Guide for the Care and Use of Laboratory Animals (8th
Edition).

Fetal sex determination

Fetal DNA was extracted following the HotSHOT pro-
tocol described by Truett et al. [60]. Sex determination
PCR was performed following Dhakar et al. protocol [61].



Sénchez-Rubio et al. Biological Research (2024) 57:70

Stress protocol

The stress protocol used was previously described in
males [46]. Pregnant rats subjected to control or restraint
stress protocols were single-housed. Rats were habitu-
ated for 5 days (from gestational day GDO0.5 to GD5.5).
During habituation, animals were maintained ad libitum
with freshly prepared 1% sucrose solution and water. At
the end of GD5.5, the water and the sucrose solution
were removed for 12-14 h. After this period, a sucrose
preference test (SPT) was performed to determine the
anhedonic state before the start of movement restric-
tion. SPT consisted in measuring the preference rate of
sucrose vs. water during 1 h-period. From stage GD6.5
to GD15.5, rats in the restraint stress group were con-
fined to a wire box of 8 x8x23 c¢m for a 2 h-period with-
out access to food or water. In parallel, the control group
was subjected to handling and withdrawing water and
food during the same 2 h-period. At GD16.5, a second
SPT was performed. Both groups were euthanized at
GD18.5 by intraperitoneal injection of Ketamine 100 mg/
kg body weight and xylazine 30 mg/Kg body weight and
decapitation.

Isolation of small EVs from maternal plasma

Peripheral blood was obtained by decapitation, collected
in tubes (BD Vacutainer (ACD) solution A, 364606),
and centrifuged at 2000 g for 30 min and 10,000 g for
45 min to obtain cell-free plasma. Pre-processed plasma
was stored at -80 °C until extraction of sEVs. sEVs were
obtained by ultracentrifugation following the protocol by
Thery et al. [62]. In brief, 4-6mL of cell-free plasma were
ultracentrifuged at 150,000 g x 2 h, washed with 10 mL of
cold PBS 1X, and followed by a second ultracentrifuga-
tion at 150,000 g x 2 h. The resulting sEV-enriched frac-
tion was resuspended in 100uL cold 1x PBS.

Nanoparticle tracking analysis (NTA)

The size distribution and concentration of the sEVs were
analyzed with a NanoSight NS-300 equipment (Mal-
vern Instruments), using a green laser. sEVs were diluted
in fresh prepared 0,22 pm filtrated 1x PBS in a range
between 1:100 to 1:1000 (to obtain 20—100 particles per
frame) to a final volume of 1mL. Five 1-min long videos
were recorded per sample under the following condition:
25 °C module temperature, camera level 8, manual sam-
ple injection (NTA 3.2 Software). After capture, videos
were analyzed by in-build Nanosight Software NTA 3.2
with a detection threshold of 3. An average of five videos
was used for analysis.

Western blot analysis

Small EVs samples were resuspended in 50mM HEPES,
0,15% SDS buffer, and protein quantification was mea-
sured using the Bicinchoninic acid method (BCA,
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Pierce’, Thermo Fisher Scientific, 23229), according
to manufacturer instructions. Proteins were separated
using sodium dodecyl sulfate-polyacrylamide gels (SDS-
PAGE) under denaturing conditions and electroblotted
onto Nitrocellulose Membrane (Thermo Fisher Scien-
tific, 88018), which were blocked with 5% w/v skim milk
in PBS tween 0,1% for 1 h at room temperature under
constant agitation. Membranes were probed overnight
at 4 °C with Flotilin-1 (1:500, 610821 BD Transduction
Laboratories), CD63 (1:250, sc-95 15363, Santa Cruz Bio-
technology); TSG101 (1:1000, 612697 BD Transduction
Laboratories); GM130 (1:1000, 610823 BD Transduction
Laboratories); GFAP (1:250, Mab C 2032-28B, US Bio-
logical); Aldolase C (1:250, sc-12065, Santa Cruz Biotech-
nology); EAAT?2 (1:500, AGC-022, Alomone) in 1X PBS.
Next, membranes were incubated for 1 h at room tem-
perature with horseradish peroxidase (HRP)-conjugated
secondary antibodies at 1:5,000. Finally, the blots were
developed with the chemiluminescent reaction solution
(Pierce” ECL Western blotting Substrate) and visualized
using the UVP ChemStudio PLUS equipment. Bands
were quantified by densitometry using Image]J software.

DIR staining of sEVs

Plasma-derived sEVs from control or stressed pregnant
rats (4 animals per condition) were pooled and stained by
incubation at 37 °C for 1 h with 71 pM of DiR® lipophilic
marker (1,1-dioctadecyl-3,3,3,3-tetramethylindotricab-
ocyanine iodide) (Invitrogen D1273), under 600 RPM
shaking in dark conditions. Subsequently, DiR-labeled
sEVs were ultracentrifuged at 120,000 g for 2 h, resus-
pended in sterile PBS pH="7.4, and stored at -80 °C until
later use. As a control, 71 uM DiR in PBS was used fol-
lowing the same procedure. After staining, the size distri-
bution and concentration of DiR-sEVs were analyzed by
NTA in a Nanosight-NS300 equipment. These DiR-sEVs
were used as donor sEVs in biodistribution assays.

Biodistribution assays using DiR-sEVs

Time-mating pregnant rats were divided into two recipi-
ent groups. Recipient control group was subjected to the
control protocol mentioned above, and recipient stress
group to the repetitive restraint stress protocol men-
tioned above. At gestational day 17.5, rats from both
groups were intravenously injected under anesthesia
(Ketamine 90 mg/kg and Xylazine 5 mg/kg) with 5x10°
particles/rat through the lateral tail vein. The scheme of
injection was as follows: Control pregnant dams were
injected with donor sEVs from control pregnant dams
obtained at E17.5 (n=4), and stressed pregnant dams
were injected with donor sEVs from pregnant dams
(E17.5) subjected to the stress protocol (n=4). To further
assess the role of sEVs and/or stressed tissues in biodis-
tribution profile, crossed experiments were performed.
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For this, control pregnant dams were injected with donor
sEVs from pregnant dams subjected to the stress pro-
tocol (n=4), and stressed pregnant dams were injected
with donor sEVs from control pregnant dams (n=4). In
all experimental groups, 24 h after the injection of DIR-
labeled sEVs, the animals were anesthetized and perfused
with 600 mL cold 1X PBS to remove blood. Mother’s
organs (heart, lungs, liver, adrenal glands, and kidneys),
fetuses, and placentas were dissected on ice and imme-
diately transferred into cold 1X PBS in a dark container
for image acquisition. Images were recorded using an
Odyssey — CLx image acquisition equipment at a wave-
length of 700 nm and 800 nm. The images were acquired
and quantified using the Image StudioTM software (ver-
sion 2.1) under the following parameters: image capture
(automatic), depth (u=170 pm), quality (Q=high), focus
(2.0 mm), length of wave (700 and 800 nm).

Statistical analysis

Normality of the data was assessed using the D’Agostino—
Pearson omnibus normality test. Mixed-effects modelling
was used to compare between treatments while account-
ing for litter effects, with treatment as a fixed effect and
litter as a random variable. Differences between two
groups without mixed effects were determined using the
Student’s t-test. Correlation between placental weight
and fetal weight was assessed using Pearson’s correlation
coefficient. The differences were considered statistically
significant with a p-value <0.05.

Results

A reliable model of maternal stress based on repetitive
movement restriction

We used a repetitive restraint stress paradigm (2 h/day
for 10 days, from GD6.5 to GD15.5) to model mild pre-
natal maternal stress during pregnancy, including pla-
cental organogenesis and initial fetal neurogenic period
(Fig. 1A). Sucrose preference test (SPT) was performed
before and after stress protocol to assess the level of
anhedonia. As shown in Fig. 1B, stressed pregnant
dams significantly decreased the preference for sucrose
consumption compared with the non-stressed control
females, indicating that our repetitive restraint stress
protocol can induce stress-related behavior in pregnant
dams. On the other hand, the evaluation of body weight
gain showed no significant differences between stressed
and unstressed animals (Fig. 1C), underscoring the mild
intensity of the stress protocol used. Remarkably, adre-
nal glands weight at GD18.5 (adjusted by female weight
excluding placentas and fetuses) showed significant dif-
ferences between control and stress groups (Fig. 1D).
In addition, histological analyses of adrenal glands
showed: (i) no differences in cortical thickness (Fig. 1E-
F); (ii) increased thickness of the zona reticularis with a
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concomitant reduction of the zona fasciculata thickness
(Fig. 1E, G); and (iii) enlarged/congested cortical and
medullary capillaries (Fig. 1H-I and J-K, respectively).

Repetitive restraint stress is sufficient to produce sex-
biased intrauterine growth restriction

We then evaluated whether repetitive maternal restraint
stress induces changes in perinatal outcomes. No differ-
ences were observed in the number of embryos per lit-
ter, embryo viability, nor sex ratio of embryos between
stressed pregnant and control pregnant dams (Suppl.
Figure 1). We assessed fetal weight and length, and pla-
cental weight and area in fresh tissues at E18.5 control-
ling for fetal/placental sex. Fetal length and placental
area were evaluated in images obtained under Odyssey—
CLx imager. Interestingly, we found a reduction in fetal
weight and length (Fig. 2A) and a reduction in placental
weight in the group exposed to stress (Fig. 2B), suggest-
ing that the repetitive stress protocol induces intrauterine
growth restriction (IUGR). We further analyzed whether
these changes were sex biased. Remarkably, the observed
effect of maternal restraint stress on fetal and placental
weight was greater in males than females. In fact, only
male placentas/fetuses exposed to stress showed a sig-
nificant weight reduction and no significant decrease was
observed in fetal and placental weight of stress-exposed
females (Fig. 2A-B). Similarly, a significant reduction of
fetal length under stress conditions was observed only
in males (Fig. 2A). Finally, no statistically significant dif-
ferences were observed when placental areas were com-
pared, controlling for sex (Fig. 2B) and no changes were
observed in placental efficiency (fetal weight/placental
weight) when comparing stressed and unstressed preg-
nant dams (Fig. 2C), nor when comparing this index in
males and females, separately. On the other hand, linear
regression modelling of fetal weight and placental weight
showed a positive and significant correlation between
both variables in the two groups of animals (Total control
group: y=0.5783x+0.73, r=0.4045, r*=0.1636, p<0.0001;
Total Stress group: y=0.8920x+0.59; r=0.6776,
1?=0.4592, p<0.0001). However, the proportion of the
variance for fetal weight (dependent variable) that is
explained by placental weight (independent variable) was
relatively low in control dams (r*=0.1636) and increased
under stress conditions (r?=0.4592). Furthermore, when
males and females were analyzed separately, we found
that, under control conditions, the proportion of the
variance for fetal weight that is explained by placen-
tal weight was similar in males and females (r*=0.1177
in female control group vs. r*=0.1217 in male control
group). Remarkably, under stress conditions, the r* value
was higher in females (r*=0.58) than males (r*=0.4198)
(Fig. 2D), suggesting that under stress conditions, there
is a higher strength of the relationship between placental
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Fig. 1 Repetitive restraint stress induces changes in maternal behavior and adrenal glands histology. (A) Schematic representation of the experimental
restraint stress protocol. (B) Sucrose preference test (SPT) before (black bars) and after the restraint stress protocol (grey bar: control group; red bar: stress
group). Relative sucrose versus water consumption is expressed as percentage (n=12 control; n =24 stress). (C) Maternal body weight gain expressed as
percentage from gestational day (GD) 0.5. (D) Adrenal glands weight normalized by maternal body weight without uterus, placentas and fetuses/fetal
membranes (n=13 control, =9 stress). (E-K) Histological analysis of adrenal glands. (E) Hematoxylin-eosin staining of histological sections from adrenal
glands. ZG: zona glomerulosa, ZF: zona fasciculata, ZR: zona reticularis, M: medulla. (F-G) Morphometric analysis of adrenal glands. Total cortical thick-
ness (F) and thickness of different cortical layers (G) were measured in adrenal glands from control and stressed dams. (H-K) Representative images and
quantification of the relative area of blood vessels in the adrenal cortex (zona fasciculata, ZF) (H-1) and in the adrenal medulla (J-K). Bars represent mean =
SEM (n=4 control; n=4 stress). * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001 (Student’s t-test). Scale bars: 100 ym
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weight and fetal weight, and it is even higher in females
than males.

Repetitive restraint stress impacts maternal circulating
sEVs

We characterized circulating sEVs from maternal plasma
of unstressed pregnant rats (controls) and pregnant
rats subjected to the restraint stress protocol. Nanopar-
ticle tracking analysis demonstrated an increment in
plasma sEVs concentration (Fig. 3B) with no significant
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differences in the size mode (Fig. 3C) between control
and stressed pregnant rats. Size distribution versus con-
centration plots suggest that the increased concentration
of circulating sEVs is mainly due to smaller sEVs (sEVs of
approximately 50—100 nm). We also characterized circu-
lating plasma-derived sEVs from stressed and unstressed
pregnant dams by Western blot using different markers
known to be cargoes of sEVs, such as CD63, Flotilin-1,
and TSG-101. TG130 was used as a negative control to
exclude highly contaminated samples (Fig. 3D).
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Fig. 3 Repetitive restraint stress induces changes in concentration and cargo of maternal circulating sEVs. (A) Size and concentration distribution profile
of circulating blood plasma-borne sEVs from control and stressed pregnant dams. (B) Concentration (particles/ml) of blood plasma-borne sEVs in control
and stressed pregnant dams. (C) Size (mode) of blood plasma-borne sEVs in control and stressed pregnant dams. Bars represent mean + SEM (Control
group: n=9; Stress group: n=13). (D) Representative images of Western blot analyses for characterization of blood plasma-borne sEVs from control (C)
and stressed (S) pregnant dams. Positive (CD-63, flotillin-1, TSG-101) and negative (GM130) markers for sEVS were used for characterization. Rat brain
protein homogenates were used as positive controls (+). (E-E') Western blot analyses of maternal blood plasma-borne sEVs for brain neuronal-enriched
(synaptophysin, GIUN2A, Glun2B) and astrocyte-enriched (EAAT2, GFAP, Aldolase C) proteins. Representative images of Western blots (E) and densitomet-
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(See figure on previous page.)

Fig. 4 Repetitive restraint stress affect biodistribution of maternal circulating seVS into placental and fetal tissues. (A) Schematic representation of the
experimental design. Plasma-borne sEVs from 4 control rats or 4 stressed rats at GD17.5 were isolated, pooled, and stained with the lipophilic marker DiR.
Labelled-sEVS from both stressed and control rats (Donors) were intravenously (tail vein) injected into pregnant stressed and pregnant control recipient
rats at E17.5 and analyzed after 24 h (at 18.5). (B, D) Representative images of DiR fluorescent signal distribution in placentas (B) and fetuses (D) 24 h after
labelled-sEVs injection. PBS-DIR was used as negative control. (C, E) Quantification of DiR fluorescent signals in placentas (C) and fetuses (E) from Group
CC (control recipients that received control donor sEVs), Group SS (stressed recipients that received donor sEVs from stressed pregnant dams), Group
CS (control recipients that received donor sEvs from stressed dams), and Group SC (stressed recipients that received control donor sEVs). Fluorescence
intensity (arbitrary units, A.U) was normalized by placental and fetal area, respectively. Data shown as scatter dot plots with mean + SEM. n=44 placentas/
fetuses from 4 litters for Group CC; n=36 placentas/fetuses from 3 litters for Group SS; n=50 placentas/fetuses from 4 litters for Group CS; n=62 placen-
tas/fetuses from 4 litters for Group SC. * p <0.05 (Statistical comparisons by mixed-effects modelling to control for litter effects; treatments were used as

fixed effect and litter as random effect)

On the other hand, to test whether our restraint stress
model in pregnant rats induces changes in the cargo of
circulating sEVs, we decided to evaluate changes in the
protein cargo of sEVs under stress. Since we wanted to
test stress-related changes, we focused on evaluating
brain-derived proteins previously described as genes/
proteins associated with stress response [47, 63—68]. For
this purpose, we decided to test proteins of neuronal ori-
gin: synaptophysin, GIuN2A, GIuN2B [63-67], and pro-
teins of astroglial origin: EAAT2, GFAP, and Aldolase-C
[47, 68]. Flotilin-1 was used as a loading control to nor-
malize the levels of other protein cargoes. Interestingly,
a significant reduction in neuron-enriched proteins (syn-
aptophysin and GluN2B) and a significant increase in
astrocyte-enriched proteins (EAAT2) were observed in
blood-borne sEVs from stressed dams (Fig. 3E-E’).

Biodistribution of plasma-derived sEVs in placental tissues

is influenced by PS

Since we identified that repetitive restraint stress (i)
increased the concentration and modified the cargo of
maternal circulating sEVs, and (ii) induced a fetal/placen-
tal growth reduction, we decided to investigate whether
maternal circulating sEVs can target placental and/or
fetal tissues and whether this biodistribution (mother-to-
fetus communication) is affected by repetitive restraint
stress.

Plasma-derived sEVs from pregnant dams previously
exposed to the restraint stress or control protocol (n=4
in each group) were obtained at E17.5, pooled, and
stained with DiR (Donor sEVs). To assess biodistribution,
each DIR-stained pool of sEVs was characterized by NTA
and injected intravenously (tail vein) into E17.5 pregnant
females previously exposed to the control or restraint
stress protocol (Recipients; n=4 in each group) (Fig. 4A).
Biodistribution of DiR signals was assessed in maternal
organs as a technical control. Interestingly, no differences
were observed in the biodistribution profile of DiR-sEVs
in maternal organs, and, in all experimental groups, the
liver was the organ with the higher relative accumulation
of DiR +signals (Suppl. Figure 2 A-B).

Remarkably, when biodistribution was assessed in pla-
centas (Fig. 4B-C) and fetuses (Fig. 4D-E), we found that

placentas and fetuses from stressed dams injected with
sEVs from stressed dams (SS) showed increased DiR +sig-
nals compared with control dams injected with control
sEVs (CC); however, these differences were statistically
significant only in fetuses (Fig. 4C, E; compare Group
CC vs. Group SS). These results suggest that under stress
conditions, maternal circulating sSEVs can distribute more
efficiently and/or accumulate in placental/fetal tissues
than under control conditions. To investigate whether
this phenomenon is due to stress-induced changes in
circulating sEVs (making them target placental/fetal tis-
sues more efficiently) and/or stress-induced changes in
placental/fetal tissues (making them more receptive to
circulating sEVs), we performed crossed experiments as
shown in Fig. 4A (ie., control dams injected with donor
sEVs from stressed pregnant rats (Group CS) and stressed
dams injected with sEVs from control pregnant animals
(Group SC). The results showed a trend towards a higher
distribution/accumulation of control sEVs in stressed
placentas and fetuses (Group CS) than control placentas/
fetuses (Group CC); however, no statistical significance
was observed (Fig. 4C, E). Interestingly, no changes were
observed in the biodistribution of sEVs from stressed
dams in control placentas/fetuses (Group CS) when
compared with the biodistribution of sEVs from control
dams in control placentasl/fetuses (Group CC) (Fig. 4C,
E). On the other hand, when sEVs from stressed pregnant
dams were injected in control animals (Group CS), we
found that they distribute/accumulate less in placentas/
fetuses from control dams than in placentas/fetuses from
stressed dams (Group SS), being statistically significant
only in fetuses (Fig. 4C, E). No statistical differences were
observed in biodistribution of sEVs from stressed dams
and sEVs from control dams when they were injected in
stressed dams (Fig. 4C, E; compare Group SS with Group
SC). Remarkably, in all the experiments, DiR+signals
were more intense in placentas than in fetuses (Suppl
Figure 2 C-D).

Discussion

The crosstalk between the mother and the fetus across
the placenta plays a critical role in the success of preg-
nancy and the developmental outcome of the offspring.
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Here, we report that maternal circulating sEVs change
their concentration and cargo after repetitive restraint
stress exposure. We also demonstrate that maternal cir-
culating sEVs target placental and fetal tissues. Further-
more, placentas and fetuses from stressed dams appear
more receptive to maternal circulating sEVs. Together,
these results suggest that maternal sEVs could mediate
and/or modulate stress signals from the mother to the
fetus, thus acting as relevant actors in stress-mediated
fetal programming.

As stated previously, among the different types of
stressors used in rodents [55, 56], the restraint stress pro-
tocol is a preferred method of stressing rodent pregnant
dams [54, 56, 57] and is particularly appealing because (i)
even though it involves a physical component, it is pri-
marily a psychological stressor [58, 59], and (ii) the off-
spring of rodents subjected to paradigms that involve
restraint stress during pregnancy show a higher risk
for developing adverse neurodevelopmental outcomes
in postnatal life, such as anxiety-like behavior [69-72],
depressive-like symptoms [70, 72-74], and cognitive
impairment [75-77]. In our model, pregnant dams sub-
jected to repetitive restraint stress showed increased
anhedonic behavior and increased adrenal weight, along
with in our model, pregnant dams subjected to repeti-
tive restraint stress showed increased anhedonic behav-
ior and increased adrenal weight, along with increased
relative thickness of the cortical zona reticularis, and
congestive cortical and medullary vessels of these glands.
Remarkably, those histological changes have been previ-
ously described in the adrenal glands of rats chronically
exposed to different stressors [78—82]; thus, suggesting
that our protocol is effective. On the other hand, body
weight gain was not significantly different across groups
after stress protocol, suggesting that our stress protocol
is mild and does not affect food intake in pregnant dams
[83].

Several studies have demonstrated that prenatal stress
and/or increased maternal glucocorticoids negatively
affect fetal and/or placental growth [84, 85]. Further-
more, these responses appear to be dependent not only
on the stressor’s severity but on exposure timing (gesta-
tional age) and fetal sex [25, 32, 86—89]. In our model,
male fetuses and placentas were more significantly
affected than females. These results agree with other
studies, suggesting that, in our stress-exposure timing,
male fetuses/placentas are less adaptable or more sus-
ceptible to maternal stress signals than female fetuses/
placentas [34, 36]. In this context, even though maternal
stress “signals” such as glucocorticoids can potentially
cross the placenta and directly impact developing fetal
tissues, placental cells appear to be involved in mediat-
ing or communicating maternal milieu changes to fetal
developing tissues [90-93]. The placenta resides at the
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maternal-fetal interface, so it is uniquely positioned to
mediate interactions within an adverse intrauterine envi-
ronment. Impairment of placental organogenesis [94] or
disruption of its critical functions can broadly impact
fetal development, conferring lasting effects on develop-
ing organs [6, 95]. Placental function is regulated by the
collective response of its cells to the local environment
[96]; thus, a disruption of the maternal milieu by stress
or other stimuli can adversely influence placental struc-
ture and function. Furthermore, as the placenta is formed
by cells (trophoblasts) derived from the fetus, it expresses
the fetal genetic sex [97], which determines sex-depen-
dent differences in size and gene expression [91, 98—101].
Such basal placental sex differences likely enable sex-spe-
cific responses to normal and pathologic environments.
In this context, exposing pregnant mice to stress at early
gestational stages induces a pro-inflammatory response
within the placenta, that mainly affects males [102]. Dif-
ferent levels of evidence are in line with these findings.
For instance, the expression of several genes that regu-
late placental function, nutrient transport, and gluco-
corticoid metabolism, is more severely affected in males
than females placentas after PS [93, 103-105]. Also, PS
can produce sex-specific changes (male placentas more
affected than females) that are also observed in placen-
tas from aged rats [106], including a reduced expression
of growth-regulatory genes [104], increased placental
oxidative stress [106, 107], increased mRNA levels of
the pro-apoptotic genes, and specific histopathological
changes [102, 106, 108]. Together, all these data support
that the placenta is a crucial target of maternal stress and
can mediate, at least in part, lasting sex-specific conse-
quences in offspring development.

The mechanisms by which PS induces functional and/
or structural changes in the placenta and/or the fetus
remain poorly understood. Small EVs are now recognized
as potent mediators of intercellular communication,
capable of transferring various cellular components from
donor to recipient cells through paracrine and endocrine
pathways [44]. Several articles suggest that maternal cir-
culating sEVs increase in number [48, 49] and change
their composition with pregnancy (i.e., comparing sEV
cargo of pregnant versus non-pregnant women) [109]
and with pregnancy progression (i.e., with gestational
age) [49, 110]; thus, suggesting a relevant role of mater-
nal circulating sEVs in the physiology of pregnancy.
Furthermore, maternal circulating sEVs may also reflect
pregnancy-related disorders and be used as biomark-
ers [111, 112]. These data, emphasizes that sEVs could
act as a potential bidirectional maternal-fetal commu-
nication mechanism. In this sense, it has been proposed
that a significant fraction of the changes in maternal cir-
culating sEVs during pregnancy are originated by pla-
centa-derived sEVs [49, 113]. In fact, a growing body of
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evidence suggests that placental sEVs can modulate the
maternal immune system during pregnancy [114]. On
the other hand, maternal-derived sEVs can communi-
cate signals from maternal tissues to the placenta and/
or the fetus. Consistent with this, here we showed that
maternal circulating sEVs target placental and fetal tis-
sues, thus potentially acting as mediators or modulators
of mother-to-fetus communication. Interestingly, we also
showed that maternal stress during pregnancy increased
the arrival and/or retention of maternal sEVs in the pla-
centa and the fetus, suggesting that under chronic stress
conditions, these tissues are more receptive to mater-
nal circulating sEVs. As stated before, several studies in
experimental animals have addressed molecular, histo-
logical, and functional changes in the placenta of stressed
pregnant dams [102, 106, 108]. These changes could
explain an increased receptiveness of placental and fetal
tissues to maternal sEVs; however, further studies should
be performed to determine the precise relationship
between maternal sEVs and placental/fetal changes under
stress conditions.

In addition to the increased distribution of maternal
sEVs in stressed placental/fetal tissues, we also observed
that repetitive restrain stress increased the concentration
of circulating sEVs, notably smaller sEVs. Together, these
changes could reflect modifications in the release and/
or uptake of sEVs by maternal and placental/fetal tissues
under stress conditions; and highlight the role of circu-
lating sEVs as potential stress signals. Small EVs carry a
set of proteins, RNAs, and lipids unique to the cells that
secrete them and unique to the physiological or patho-
logical context of these cells [115-117]. In this context,
several authors have proposed that sEVs can be relevant
in the pathophysiology of several disorders and valuable
as biomarkers for the diagnosis and/or prognosis of those
disorders [118, 119]. Consistent with this, our research
group have previously showed that circulating sEVs in
the peripheral blood carried a particular protein cargo
composition that reflected the exposure to different
stress conditions [47].

In the present study, we demonstrate that maternal
circulating sEVs include brain astrocyte-derived sEVs
(ADEVs) that contain a specific cargo of astrocyte-
enriched proteins, such as the glycolytic enzyme Aldol-
ase C, GFAP, and the astroglial glutamate transporter
EAAT?2 [47, 120, 121], and neuron-derived sEVs (NDEVs)
that contain, among others, synaptic proteins (synapto-
physin, glutamate receptor subunits). Remarkably, under
restraint stress conditions, we found increased levels of
astrocyte-enriched proteins such as EAAT2, compared
to control pregnant dams. These results are in agreement
with previous studies in adult male rats, which described
that astrocyte-enriched proteins were increased in cir-
culating sEVs after restraint stress [47] and suggest that,
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under chronic repetitive stress conditions, ADEVs are
either increased in number or contain a higher cargo of
proteins selectively expressed in astrocytes.

On the other hand, it is well-documented that chronic
stress modifies neuronal (synaptic) activity in several
brain regions, leading to stress-induced changes that gen-
erate local and systemic outputs [122, 123]. For instance,
chronic stress or dexamethasone exposure decreases
the protein expression of the post-synaptic NMDA-
type ionotropic glutamate receptor (NMDAR) subunit
GluN2B in the hippocampus of mice [63, 64]. Similarly,
Yuen et al. observed that five consecutive days of stress
exposure were enough to decrease the total and surface
amount of GluN1, GluN2A, and GluN2B subunits in the
prefrontal cortex of stressed brains via a glucocorticoid
receptor-dependent process [65]. On the other hand,
several studies have demonstrated that chronic (repeti-
tive) restraint stress leads to reduced synaptophysin
expression (mMRNA and protein) in the hippocampus of
stressed rats [66, 67]. In the present study, we observed
that circulating sEVs from pregnant stressed dams
showed decreased levels of neuron(synapsis)-enriched
proteins such as synaptophysin and GIuN2B. To our
knowledge, the present study is the first to demonstrate
such changes in the cargo of circulating sEVs in response
to maternal stress during pregnancy. Furthermore, these
results strongly suggest that changes in the protein cargo
composition of circulating sEVs reflect stress-induced
biochemical changes in the maternal brain and, conse-
quently, could act as “stress signals” able to target periph-
eral tissues. This phenomenon has also been proposed by
a study showing that repetitive restraint stress provoked a
downregulation of miR-26a in brain hippocampal tissue
and blood-borne sEVs concomitantly [124].

Finally, in line with our findings, recent evidence sug-
gests that maternal-fetal communication may be medi-
ated in part by sEVs. In this context, Sheller-Miller et
al. demonstrated in a clever experiment using a Cre-
reporter mouse model that placental cells can uptake
maternal sEVs. In addition, they also demonstrate that
maternal sEVs can cross the placenta, traffic into fetal
tissues, and induce functional changes in these tissues
[50]. On the other hand, using a strategy similar to the
one used in our study, two independent studies isolated
sEVs from maternal sources (blood and adipose tissue) of
pregnant mice, labeled them with fluorescent dyes, and
injected them back intravenously (tail vein) into pregnant
mice [51, 52]. Remarkably, they found fluorescent signals
in the placenta and fetal tissues, suggesting that circulat-
ing maternal sEVs target the placenta and cross the pla-
cental barrier to be delivered into fetal tissues [51, 52].
In this context, our results advance the understanding of
maternal-fetal communication, adding novel and relevant
data to stress-dependent changes in circulating sEVs and
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their targeting to placental/fetal tissues, and highlight-
ing the role of maternal sEVs as signals that can mediate,
modulate and/or potentiate stress-induced changes in
those tissues.

One limitation of this study is that it is conducted in a
rodent model, which may not fully replicate the complex-
ities of human pregnancy and stress responses. On the
other hand, while it identifies PS-induced changes in sEV
concentration, composition, and biodistribution, it does
not fully elucidate the specific molecular mechanisms by
which these vesicles influence placental and fetal tissues,
nor the cumulative effect of sEVs at different gestational
stages.

Future research is needed to identify the cellular targets
of maternal circulating sEVs in placental/fetal tissues,
as well as the specific cargo within maternal sEVs that
mediates their effects under stress conditions. Focusing
on stress-induced changes in ADEVs within this frame-
work could serve as a good starting point. Additionally,
expanding this research to human studies will be crucial
for translating these findings into clinical applications.
Future studies should explore the potential for using
sEVs as biomarkers for early detection of stress-related
pregnancy complications. Also, investigating therapeutic
interventions that can modulate sEV release or function
may offer new avenues for preventing PS-related adverse
developmental outcomes.
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