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Abstract:

Maternal physical activity during pregnancy has been shown to confer benefits on the brain
functions of offspring. This study investigated the positive effects of maternal exercise during
pregnancy on enhancing hippocampal synaptic plasticity and resilience to stress-induced
depressive behavior in adult murine offspring. Using a mouse model with mother mice engaged in
voluntary wheel running during pregnancy, we assessed changes in long-term potentiation (LTP)
in the hippocampal dentate gyrus, synaptic protein expression, and behavioral responses to chronic
stress in adult male and female offspring from exercised dams compared with those from sedentary
dams. We found that maternal exercise enhanced LTP in offspring of both sexes. Western blot
analysis of hippocampal synaptoneurosome extractions revealed significant main effects of
maternal exercise on increasing the expression of brain-derived neurotrophic factor (BDNF), PSD-
95, synaptophysin, and phosphorylation of N-methyl-D-aspartate receptor subunit GluN2A and a-
amino-3-hydroxy-5-methyl-4-isoxazolepronionic acid receptor subunit GluA 1. Maternal exercise
significantly increased synaptophysin levels in both male and female offspring, with sex-specific
effects on increasing PSD-95 levels in male offspring and increased p-GluN2A levels in female
offspring from exercised dams. Golgi staining revealed a significant increase in hippocampal
dendritic spine density in female offspring only. Maternal exercise-induced improvements in
hippocampal synaptic plasticity were associated with reduced depression-like behaviors in both
male and female offspring exposed to chronic unpredictable stress. Additionally, male offspring
displayed reduced anxiety-like behavior, while female offspring showed no significant anxiolytic
changes. These findings elucidate the sex-specific effects of maternal exercise on enhancing
hippocampal synaptic plasticity, which may contribute to increased resilience against stress-

induced depressive behaviors in adult offspring.
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Introduction

Depression is a leading cause of disability worldwide, imposing a significant economic burden
globally [1-3]. It is well-documented that individuals with major depressive disorders often exhibit
reduced volume of the hippocampus, a brain region crucial for emotion regulation and cognitive
function [4-7]. Preclinical research has established that chronic stress impairs hippocampal
neuroplasticity, manifesting as decreased adult neurogenesis, reduced dendritic complexity and
spine density, impaired synaptic plasticity, and glial function [8-17]. Critically, the integrity of the
hippocampal structure is linked to an individual's capacity for stress resilience [18]. Resilience to
social stress in animal models is associated with increased hippocampal neurogenesis and larger
hippocampal volume [19-21], a correlation was also observed in humans, where greater
hippocampal volume predicts resilience to traumatic stress [22]. These collective findings suggest
that strategies capable of enhancing hippocampal neuroplasticity could bolster stress resilience and
mitigate maladaptive responses to stress-induced depressive disorders.

In this context, physical exercise emerges as a potent non-pharmacological intervention for treating
depression. Preclinical studies have shown that physical exercise elicits antidepressant effects by
enhancing hippocampal structural and functional plasticity [11-15, 23-27]. Notably, emerging
evidence suggests that maternal exercise can exert long-lasting positive effects on both prenatal
and postnatal brain development and improve neurobehavioral outcomes in offspring [28, 29].
Clinical studies indicate that maternal exercise during pregnancy not only supports fetal and
placental growth but also enhances cerebral maturation and language development in children [29-
33]. Likewise, animal studies reveal that maternal exercise during pregnancy reduces depressive

phenotypes, improves hippocampal-dependent memory, and counteracts prenatal stress-induced
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dendritic atrophy in offspring, potentially through increased hippocampal neurogenesis and
elevated brain-derived neurotrophic factor (BDNF) levels [7, 34-41].

We have previously shown that maternal exercise promotes hippocampal adult neurogenesis and
lowers depressive behavior in offspring [7]. Here, we further determine the effects of maternal
exercise on promoting hippocampal synaptic plasticity in offspring, and examine whether adult
offspring with maternal exercise show resilience to chronic stress-induced depression-like
behavior. We hypothesized that maternal exercise during pregnancy confers stress resilience in
adult offspring. The findings could inform the early-life intervention strategies to enhance stress

resilience in adulthood.

Materials and Methods:

Animals and ethical approval

The study was conducted using six-week-old C57BL/6J male and female mice offspring, derived
from mothers that either participated in voluntary exercise or remained sedentary during pregnancy.
Mice of both sexes were housed separately in a controlled environment, maintained at a constant
temperature of 22 + 2 °C, with a 12:12-hour light-dark cycle. They had unrestricted access to food,
chow, and water ad libitum. All experimental procedures were approved and performed in
accordance with the relevant guidelines and regulations established by the Animal Subjects Ethics
Sub-Committee at The Hong Kong Polytechnic University, viz., animal ethics approval number:
16-17/64-RS-R-HMREF, and the experiments conducted were also in compliance with the ARRIVE

guidelines (Animal Research: Reporting of /n Vivo Experiments).

Experimental design
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Two adult female mice were paired with one male following a two-day acclimation period.
Pregnancy was confirmed by the presence of seminal plugs. Upon confirmation, we then perform
pair-housing, with two dams sharing one running wheel per cage, to avoid the confounding effects
of social isolation-induced stress in the dams, as previously described [7, 12, 42]. To minimize
litter effects, we included only one to two offspring from each litter for behavioral testing, and
only one offspring of each sex per litter for molecular and synaptic analyses. The running wheels
were removed once the pups were born. The pups were weaned at three weeks of age and at four

weeks, separated into cages according to sex without running wheels (Figure 4A).

Chronic unpredictable stressors (CUS)

To investigate whether maternal exercise enhances stress resilience in adult offspring, a cohort of
male and female offspring at six weeks of age was subjected to 21 days of chronic unpredictable
stressors (CUS). Non-stressed control offspring mice remained in their home cages without
exposure to stressors. Mice were exposcd daily to one of the following several aversive stressors,
presented in a random and unpredictable order over three weeks (day 1 to day 21; See Table 1 for
details). This well-established chronic stress protocol is known to induce depression-like behavior
[43], successfully elevated blood corticosterone levels in our stressed animals compared to non-

stressed controls (Supplementary Figure 1; p<0.05), thereby validating its efficacy in our study.

Behavioral tasks
Following the final stressor, male and female offspring at the age of 9 weeks were then subjected

to a series of behavioral tests to assess various aspects of their behavior.
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Forced swim test (FST)

To assess behavioral despair, each mouse was placed individually in a transparent cylinder (30 cm
in height, 15 cm in diameter) filled with room temperature tap water to two-thirds of its height, as
previously described [12, 13]. The session was video recorded for six minutes, and a trained
researcher, blinded to the sample identities, analyzed the immobility time during the last four
minutes. Immobility was defined as minimal movement necessary to keep the mouse's head above

water. The immobility time served as an indicator of depression-like behavior, as previously

described [12, 13, 44].

Sucrose splash test (SST)

Conducted under a red light (230 V, 15 W), this test involved squirting a 10% sucrose solution
onto the dorsal coat of a mouse in its home cage. The viscosity of the sucrose solution dirties the
fur, prompting grooming behavior. The time spent grooming was recorded over a five-minute

period as an index of self-care and motivational behavior.

Open field test (OF)

This test evaluates exploratory behavior in a novel environment and screens for anxiety-like
behavior in rodents. Mice were acclimated to the testing room for two hours prior to testing [42,
45]. Each mouse was then allowed to explore an open field (40 cm x 40 cm x 30 cm) for 10 minutes
under dim lighting. Anxiety-like behavior and locomotor activity were analyzed using Any-maze
software version 7.64 (Stoelting Co., IL, USA; https://www.any-maze.com/). Locomotor activity

was quantified as the total distance traveled during the first five minutes.
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Golgi staining and analysis

Golgi staining was performed according to the manufacturer's instructions using the FD Rapid
Golgistain™ Kit (FD Neurotechnologies, MD). Briefly, mice were deeply anesthetized with
isoflurane and perfused with 0.9% saline. The freshly dissected brains were immersed in pre-mixed
impregnation solutions A and B, containing potassium dichromate and chromate, for two weeks
at room temperature. Subsequently, the brains were transferred to solution C for 48 hours at 4°C.
Brain tissues were sectioned into 150 um slices from rostral to caudal (bregma —1.34 to —3.80
mm) using a vibratome (Leica Biosystems, Germany) and mounted on gelatin-coated slides.
Pyramidal neurons were stained using a mixture of solutions D, E, and distilled water (1:1:2 ratio)
for 10 minutes, followed by dehydration in 50%, 75%, 95%, and absolute ethanol. Finally, the
brain sections were cleared in xylene and covered with a coverslip. For analysis, five neurons from
each 150 um-thick section were selected using Neurolucida (MicroBrightField, USA), following
established protocol [11]. Only neurons iocated in the dentate gyrus of the hippocampus were
chosen, ensuring they were relatively isolated from neighboring impregnated neurons to avoid
analytical interference. Neurons were positioned in the middle part of the section thickness to
minimize truncated branch segments and had to be consistently and darkly impregnated along the
entire extent of all dendrites. Granule cells closer to the sub-granular zone typically exhibit simpler
dendritic architecture with one primary dendrite, while those in the outer layer display multiple
primary dendritic extensions and more complex branching. Single-branched granule cells were
selected from the inner cell layer, and multiple-branched granule cells from the outer cell layer, as
previously described [7, 42]. Spine density was measured by randomly selecting high-
magnification tracings of terminal segments (>10 pm) of single and multiple dendritic branches.

Six single and multiple-branched granule cells were selected from each sample. Six segments of
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tertiary or quaternary dendritic branches (longer than 15 um) were chosen from each granule cell
using 400 magnification under a light microscope [7, 42]. Quantification of dendritic spines was
performed at X630 magnification, with visible spines along the branch segment counted and

expressed as number/10 pm.

Isolation of synaptoneurosome and western blotting

For synaptoneurosome extraction, six adult offspring from each group were rapidly sacrificed
using isoflurane. The hippocampi were dissected and homogenized using the Syn-PER synaptic
protein extraction reagent kit (Thermo Fisher Scientific, USA) according to the manufacturer's
protocol. The homogenates were centrifuged at 1200x g for 10 minutes at 4 °C to obtain the
cytosolic fraction, which was further centrifuged at 15,000 g tor 30 minutes at 4 °C. The resulting
synaptosomal fraction was resuspended in Syn-PER reagent as previously performed [42].
Protein concentration of the hippocampal synaptoneurosome homogenates was determined using
the Bradford assay. Samples were diluted to 0.5 pg/ul in a solution containing 0.25 M Tris—HCl
(pH 6.8), 10% glycerol, 10% SDS, and 10 mM DTT, and linearized in 1x Laemmli buffer (Bio-
Rad Laboratories, USA) with 5% B-mercaptoethanol (Abcam, USA) at 95 °C for 10 minutes. Each
lane was loaded with 30 pg of synaptoneurosome protein and separated on a 10% SDS
polyacrylamide gel (Bio-Rad Laboratories, USA), followed by transfer to polyvinylidene fluoride
(PVDF) membranes (Bio-Rad Laboratories, USA). For blocking, 5% non-fat dry milk (Bio-Rad
Laboratories, USA) was used for non-phosphorylated proteins, and 5% bovine serum albumin
(Sigma, USA) in Tris-HCI buffer (pH 8.0) was used for phosphorylated proteins. Membranes were
blocked for 1 hour at room temperature and then incubated overnight with primary antibodies

diluted in blocking solution containing 0.05% Tween-20. The primary antibodies used were: rabbit
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anti-PSD95, rabbit anti-Synaptophysin, rabbit anti-GluN2B, rabbit anti-phospho-GluN2B, rabbit
anti-GluN2A, rabbit anti-phospho-GluN2A, rabbit anti-GluAl, rabbit anti-phospho-GluAl, and
rabbit anti-a-tubulin (all 1:1000, Cell Signaling Technology, USA). After three washes with TBST,
membranes were incubated with horseradish peroxidase-conjugated secondary antibodies for 1

hour at room temperature. Following a final set of three washes with TBST, bands were visualized
using an enhanced chemiluminescent (ECL) detection kit (Santa Cruz Biotechnology, Inc., USA)

and documented using a transilluminator (Bio-Rad Laboratories, USA). Densitometric analysis of

the bands was performed using ImagelJ software (USA).

Enzyme-linked immunosorbent assay (ELISA)
Blood samples were collected by cardiac puncture and centrifuged to harvest the serum. The serum
corticosterone concentrations were then determined using a commercially available ELISA kit

(Enzo, Cat. No. ADI-900-097).

In vitro electrophysiological field recordings

Brain slices were prepared following the protocols described by previous studies [15] and [42].
Briefly, six-week-old male and female offspring were deeply anesthetized with isoflurane and
immediately decapitated. The brains were rapidly immersed in oxygenated (95% 02/5% CO2)
ice-cold artificial cerebrospinal fluid (aCSF), composed of 125 mM NaCl, 2.5 mM KClI, 1.25 mM
NaHPO4, 25 mM NaHCO3, 2 mM CacCl2, 1.3 mM MgCl2, and 10 mM dextrose, pH 7.3. Coronal
hippocampal sections (350 um thick) were cut using a vibratome (Leica, VT2000S) in well-
oxygenated ice-cold aCSF. The slices were then gently transferred to a chamber and continuously

incubated in oxygenated aCSF at 30°C for 1 hour to allow recovery before recordings.
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Field excitatory postsynaptic potentials (fEPSPs) were recorded using a multi-electrode array
system (Alpha MED Scientific Inc., Japan), as previously described [42]. A recording probe with
extracellular electrodes (P515A, Alpha MED Scientific Inc., Osaka, Japan) was used to stimulate
granule neurons in the middle molecular layer of the suprapyramidal blade of the hippocampal
dentate gyrus. The slices were perfused at approximately 2 mL/min, and fEPSPs were acquired
using MED-A64MD1 and MED-A64HEIS recording amplifiers (Alpha MED Scientific Inc.,
Osaka, Japan) and Mobius software. Stimulus intensity (20-30 pA) was adjusted for each slice to
achieve 40-50% of the maximal response slope without population spikes. Stable baseline fEPSP
measurements were obtained by delivering single-pulse stimulation at 15-second interstimulus
intervals. After establishing a steady baseline for at least 30 minutes, high-frequency tetanic
stimulation (HFS) was applied to induce NMDAR-dependent iong-term potentiation (LTP) of
fEPSPs in the DG. This was conducted in the presence of 5 uM bicuculline methiodide (Sigma-
Aldrich, Canada) to inhibit y-aminobutyric acid-A (GABAA) receptors and facilitate LTP
induction [46]. Bicuculline methiodide was bath-applied before recording the baseline. The HFS
protocol consisted of 4 trains of 50 pulses delivered at 100 Hz with a 30-second intertrain interval.
Following field recordings, input/output curves were recorded with increasing stimulation
intensity (10 pA steps) to measure basal dendritic excitation in response to increasing applied
current in aCSF. This was performed using an increasing pulse width from 30 to 300 us with 30
us interstimulus intervals. Paired-pulse recordings were also conducted to assess the probability
of presynaptic release, consisting of 5 sets of two pulses with a 50 ms inter-pulse interval and 20
seconds between paired stimuli, delivered in aCSF. All data were represented as percentage change
from the initial average baseline fEPSP slope, defined as the average slope obtained from the last

20 minutes prior to HFS.
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Statistical analyses

Statistical analyses were conducted using GraphPad Prism 11.0.0 (84) (GraphPad Software, USA;
https://www.graphpad.com/) and SPSS software version 31.0.0 (IBM SPSS Statistics, USA;
https://www.ibm.com/products/spss-statistics). Data were analyzed using one-way or two-way
ANOVA followed by Tukey's post-hoc test when appropriate. Results are presented as means +

standard deviation (SD). A p-value of less than 0.05 was considered statistically significant.

Results:

Maternal exercise during pregnancy enhances hippocampal long-term potentiation
formation in the adult offspring

We investigated the effects of maternal voluntary exercise on long-term potentiation (LTP) in the
hippocampal dentate gyrus (DG) in adult offspring. Electrophysiological field recordings
demonstrated the significant main effects of maternal exercise (Figure 1A-C; maternal exercise
F, 49=54.90, p<0.0001), though no main effects of gender (F(;, 44=0.0063, p=0.9370) and
interaction (F(;, 44=2.334, p=0.1337, two-way ANOVA). Post-hoc test revealed a significant
increase of LTP formation in male and female adult offspring with exercise dams when compared
to their counterparts with sedentary dams (Figure 1C; ***p=0.0009 for males, ****p<0.0001 for

females).

We examined basal synaptic transmission using the input-output (I/O) function. There was
significant main effect of maternal exercise (Figure 1D; maternal exercise F3 103=141.5, p<0.0001;
gender F 103=125.9, p<0.0001 and interaction F4 108=5.68, p<0.0001, two-way ANOVA).

Results revealed an increase in I/O responses in female offspring with exercise dams compared to

11
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sedentary controls (Figure 1D; p<0.0001). Short-term synaptic plasticity, assessed by measuring
changes in paired-pulse ratio, showed no significant main effect of maternal exercise (Figure 1E-
F; maternal exercise F(; 44=1.711, p=0.1976; gender F; 44y=1.241, p=0.2713, and interaction F,
440055, p=0.8155, two-way ANOVA). Together, these results indicate that maternal exercise
enhances LTP formation in males and females and increases basal synaptic transmission in female
offspring only.

Maternal exercise enhances the expression of hippocampal synaptic proteins in adult
offspring

We next examined whether enhanced hippocampal synaptic plasticity is associated with enhanced
synaptic protein expression. Western blot analysis demonstrated a significant main effect of
maternal exercise on the expression levels of BDNF (Figure 2A-B; F(;, 15=7.238, *p=0.0168), but
no main effects of gender (F(;, 15=0.1464, p=0.7074) and interaction (F;, 15=0.3972, p=0.5380,
two-way ANOVA). However, maternal exercise did not show significant effects on BDNF
expression in male (p=0.6333) and {emale (p=0.2050) offspring when compared to their

counterparts with sedentary dams, respectively (Figure 2B).

There was a significant main effect of maternal exercise on the expression of postsynaptic density
protein 95 (PSD-95) (Figure 2C-D; F(;, »7=12.11, **p=0.0017), with no significant main effects
of gender (F(;,27=3.014, p=0.0939) and interaction (F(;, 27=3.268, p=0.0818, two-way ANOVA).
Post-hoc test showed that maternal exercise significantly upregulates PSD-95 expression in male
offspring when compared to their counterparts with sedentary dams (p=0.0062). In contrast, there

was no significant difference detected in female offspring (Figure 2D; p=0.8062).
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Maternal exercise showed a significant main effect on enhancing expression levels of
synaptophysin (Figure 2E-F; maternal exercise F(; 20=65.17, ****p<0.0001; gender F; 20=7.878,
p=0.0109; interaction F(; ,0y=0.0113, p=0.9161, two-way ANOVA). Post-hoc test further revealed
that maternal exercise significantly increased the levels of synaptophysin in adult male
(****p<0.0001) and female offspring (****p<0.0001) when compared to their counterparts with

sedentary dams (Figure 2F).

We further examined the impact of maternal exercise on the expression of hippocampal NMDA
and AMPA receptor subunits in adult offspring. Maternal exercise did not affect the expression of
the NMDA receptor subunit GIuN2B in the hippocampus (Figure 2G-H; maternal exercise F,
20=2.397, p=0.1372; gender F(; 20=2.102, p=0.1626, and interaction F(; 20=1.175, p=0.2913, two-
way ANOVA). Moreover, maternal exercise did not alter expression of GIuN2B in either male
(p=0.9997) or female offspring (p=0.3836) when compared to offspring with sedentary dams
(Figure 2H). In contrast, there were significant main effects of maternal exercise on GluN2A
expression (Figure 2I-J; maternal exercise F( 20=11.48, **p=0.0029), and interaction (F,
20)=5.248, p=0.0330), though no main effects of gender observed (F;, 20=2.611, p=0.1218, two-
way ANOVA). Post-hoc test indicated that maternal exercise significantly increased the
expression levels of phosphorylated GIuN2A subunit in female offspring (**p=0.0041), but has
no effect on male offspring (p=0.9715) when compared to their counterparts with sedentary dams

(Figure 2J).

Western blot analysis also revealed a significant main effect of maternal exercise on

phosphorylated GluA1, an AMPA receptor subunit (Figure 2K-L; maternal exercise F;,20=6.967,

13



294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

*p=0.0157), but no significant main effect of gender (F(;, 20y=0.8333, p=0.3722), and interaction
F(1, 20=0.0298, p=0.8646, two-way ANOVA). Post-hoc tests showed that maternal exercise did
not show a significant effect on the expression level of GluAl (Figure 2L; p=0.4559 for male
offspring; p=0.3128 for female offspring). These findings indicate that maternal exercise enhances
neurotrophic support and synaptic protein expression in offspring hippocampi, with significant
gender specific effects on enhancing PSD-95 and GluN2A expression levels in offspring.
Maternal exercise enhances spine density in female offspring

We further examined whether maternal exercise increases spine density in the offspring
hippocampal neurons. We quantified the spine density of Golgi-stained granule neurons located in
the outer or inner layer of the hippocampal dentate gyrus. There was no significant main effect of
maternal exercise (Figure 3A-B; F(; 20=3.178, p=0.0898) and Gender (F;, 20=0.039, p=0.8454),
but a significant interaction (F(;, 29=12.45, p=0.0021, two-way ANOVA). Post-hoc tests indicated
that maternal exercise significantly increases spine density in granule neurons in the outer granule
cell layer in adult female offspring (Figure 3A-B; **p=0.0074), but not male offspring (p=0.7936)
when compared to female counterparts with sedentary dams. In contrast, no significant differences

were observed between the sedentary and exercise dams, respectively

Similarly, there was no significant main effect of the maternal exercise (Figure 3C-D, F(; 50=2.105,
p=0.1623), gender (F(;, 20)=0.6502, p=0.4295), and interaction (F(;, 205=13.02, p=0.0018, two-way
ANOVA). However, post-hoc test revealed that maternal exercise significantly increased spine
density in single-branched neurons in female offspring (Figure 3D; *p=0.0113), but not male
offspring (p=0.6035) when compared to their sedentary counterparts. These findings suggest that

maternal exercise has a gender-specific effect in enhancing spine density in female offspring only.
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Maternal exercise prevents chronic stress-increased depression-like behavior in offspring

We next investigated whether maternal exercise confers resilience to chronic stress-increased
depressive behaviors in offspring displaying enhanced hippocampal synaptic plasticity (Figure
4A). In the forced swim test, there were significant main effects of treatment (Figure 4B; male
offspring: F(, 21y=26.74, p<0.0001; Figure 4F, female offspring: F(, »1y=9.151, p=0.0014, one-way
ANOVA). Post-hoc test revealed that CUS increased depression-like behavior in male offspring
(Figure 4B; *p=0.0116, Ctrl-Sed vs CUS-Sed), which could be prevented by maternal exercise
(male offspring: **p=0.0014, ****p<0.0001, CUS-Sed vs CUS-MEx) and female offspring
(Figure 4F; *p=0.0498, ***p=0.0010, CUS-Sed vs CUS-MEXx). No difference in CUS-induced
depressive phenotype was observed in female offspring (Figure 4F'; p=0.2174, Ctrl-Sed vs CUS-

Sed).

In the sucrose splash test, there were main effects of maternal exercise (Figure 4C, male offspring:
F2,21y=12.04, p=0.0003; Figure 4G, female offspring: F(, »1y=5.602, p=0.0112, one-way ANOVA).
Post-hoc analysis revealed a significant effect of maternal exercise in restoring a decrease in
grooming time in male offspring (Figure 4C; ***p=0.0003, CUS-Sed vs CUS-MEXx), while CUS
significantly reduced the grooming behavior in males with sedentary mothers (Fig. 4C;
*#p=0.0081, Ctrl-Sed vs CUS-Sed; p=0.3478, Ctrl-Sed vs CUS-MEXx). CUS significantly reduced
grooming time in female offspring with sedentary dams (Figure 4G; *p=0.0471, Ctrl-Sed vs CUS-
Sed), which could be prevented by maternal exercise (Figure 4G; *p=0.0128, CUS-Sed vs CUS-
MEZXx), indicating maternal exercise protects offspring against chronic stress-induced depression-
like behavior. The grooming time didn’t change significantly between control sedentary and

stressed males with maternal exercise (Figure 4G; p=0.8198, Ctrl-Sed vs CUS-MEX).
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In the open-field test, there was a main effect of maternal exercise on time spent in the centre (Fig
4D; male offspring: Fp 21y=10.36, p=0.0007, one-way ANOVA). Post-hoc test revealed that
maternal exercise increased time spent in the center of stressed male offspring when compared to
other groups, indicating reduced anxiety-like behavior (Figure 4D; **p=0.0026, CUS-Sed vs CUS-
MEXx; **p=0.0017, Ctrl-Sed vs CUS-MEXx). While no significant difference was noticed between
the control sedentary and CUS-Sed group (Figure 4D; p=0.9787, Ctrl-Sed vs CUS-Sed). In female
offspring, there were no significant main effects of maternal exercise observed (Fig 4H; F,,
»1)=0.9211, p=0.4136, p>0.05 for all comparisons; one-way ANOVA). Additionally, there was no
significant main effect in total distance traveled, suggesting maternal exercise did not affect
locomotor activity (Figure 4E; male offspring: F» »1y=0.6812, p=0.5168; Fig 41, female offspring:
F2,21y70.9817, p=0.3912, one-way ANOVA).

Together, these data suggested that maternal exercise significantly prevented male and female
offspring from chronic stress-increascd depression behavior, suggesting positive effects in

conferring resilience in oftspring.

Discussion:

In this study, we report that maternal voluntary exercise during pregnancy enhances hippocampal
synaptic plasticity in both male and female offspring, with sex-specific effects on synaptic protein
expression and dendritic spine density. Building on our prior findings that maternal exercise
promotes hippocampal neurogenesis and reduces depression-like behavior in both male and female
offspring [7], current work strengthens the evidence for transgenerational benefits of gestational

physical activity on offspring brain plasticity [34]. Additionally, our behavioral data indicated that
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offspring with dams exercised during pregnancy confer stress resilience to prevent the effects of
chronic stress-increased depression-like behavior, suggesting maternal exercise could be a strategy

to enhance hippocampal plasticity and hence enhance stress resilience of adult offspring.

Voluntary running is well-established, which promotes hippocampal synaptic plasticity and
neurogenesis in the hippocampus, contributing to improved cognitive functions and reduced
depressive phenotypes [7, 47, 48]. Due to this reason, physical exercise can be used as a preventive
measure as well as for the treatment of depression in both adults and adolescents [49-51]. Beyond
mood and cognitive benefits, exercise during pregnancy exerts neuroprotective effects on offspring,
potentially reducing the risk of neurological disorders [52]. Our results extend these benefits to the
prenatal context, showing that maternal exercise upregulates the expression of synaptic proteins
and neurotrophic support in offspring’s hippocampi, as evidenced by significant main effects of
physical exercise on enhancing BDNF and synaptic proteins such as PSD-95, synaptophysin, p-
GluN2B, and GluA1 subunits. These findings align with previous reports linking maternal exercise
to upregulated hippocampal BDNF levels in offspring [38-41, 53]. Maternal exercise during
pregnancy increases BDNF levels and cell numbers in the hippocampal formation of offspring and
subsequently enhances offspring cognitive function [38]. Similarly, Parnpiansil and collaborators
[39] show that physical exercise during gestation in pregnant mothers can increase hippocampal
BDNF mRNA expression of postnatal pups and result in an improvement in cognition in pups
[39]. It was also noted that maternal running on a treadmill during pregnancy resulted in a
significant increase in the expression of BDNF mRNA, enhanced hippocampal cell survival, and
improved the short-term memory of offspring [40]. Additionally, it was shown that both forced

and voluntary maternal exercise during pregnancy increased the level of BDNF protein in the
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hippocampus of the rat pups, and inhibiting BDNF action abolished the exercise-induced cognitive
improvements in offspring [41]. Other work demonstrated that the rat pups born from dams
subjected to swimming exercise during pregnancy showed significantly increased BDNF mRNA
expression, and enhanced hippocampal neurogenesis improved the memory performance in
offspring [53]. In animal models, it has been further shown that increasing BDNF levels in the
hippocampal CA3 or DG region is associated with stress resilience and prevent stress-induced
depressive phenotypes [54, 55], possibly suggesting its function in promoting hippocampal
neuronal survival, neurogenesis, dendritic branching, and synaptic function in both developing and
adult brains [7, 35, 38-41, 53]. Conversely, BDNF knockdown in the hippocampal DG elevates
corticosterone levels and induces depression-like behavior [55]. Therefore, it is reasonable to
propose that increased BDNF expression by gestational exercise may enhance brain function in
offspring [38-41, 53]. Dendritic spines are critical sites for the dynamic structural plasticity of
excitatory transmission [56]. Numerous preclinical studies have shown that chronic stress
exposure leads to spine loss in hippocampal neurons and impaired synaptic transmission, often
accompanied by depressive behaviors [57-64]. We found that maternal exercise significantly
increased hippocampal spine density in the dentate granule neurons of adult female offspring.
Taken together, these findings underscore the positive effects of maternal exercise on enhancing
synaptic changes in the hippocampi of adult offspring, suggesting that maternal exercise during
pregnancy enhances offspring stress resilience that might be linked to up-regulated hippocampal
synaptic plasticity in offspring from exercise dams. The observed synaptic protein upregulation
and increased dendritic spine density in dentate granule neurons of female offspring further suggest
structural adaptations underlying enhanced synaptic plasticity. However, hippocampal

neurogenesis and long-term potentiation were not measured in the CUS-MEx, CUS-sedentary, and
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control groups; therefore, we cannot directly correlate these specific hippocampal neural changes
with the behavioral resilience observed in offspring exposed to chronic stress. Future studies
should examine changes in hippocampal neurogenesis and synaptic plasticity to further elucidate
the critical role these processes may play in enhancing stress resilience in both male and female
offspring.

Moreover, since the pregnant dams were pair-housed with a shared running wheel, our study did
not systematically record or analyze individual variability in maternal exercise behavior among
dams within the exercise group. As a result, it is unknown whether variability in running activity
may have contributed to differential neural or behavioral outcomes in the offspring. Future studies
should incorporate more detailed monitoring and reporting of maternal daily running activity for
each dam, ideally using single housing conditions, to better understand the potential impact on
offspring neurodevelopment and behavior. Furthermoie, as litter effects were not systematically
examined in the current study, it is difficult to fully assess the independence of the observations.
Future studies should address litter effects in conjunction with variation in maternal running

activity to better understand their potential impact on offspring outcomes.

Behavioral data from the present study indicate that male and female offspring with exercised
dams exhibited a significant reduction in immobility time in the forced swim test and increased
grooming time during the sucrose splash test, suggesting that maternal exercise mitigated
depressive-like behaviors induced by chronic, unpredictable stress in adult offspring. Additionally,
young male mice with exercised dams spent more time in the center of the arena, indicating
reduced anxiety-like behavior. Enhanced hippocampal synaptic plasticity may contribute to the

observed improvements in depressive-like behavior in both male and female offspring. These
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findings align with accumulating evidence from preclinical and clinical studies demonstrating that
maternal physical activity enhances neurobehavioral functions in offspring during critical prenatal
and postnatal periods [28, 29]. Clinical research has shown that gestational exercise not only
optimizes fetal-placental development but also accelerates cerebral maturation in neonates and is
associated with superior language acquisition in early childhood [29-33]. Preclinical studies
further reveal that maternal exercise during pregnancy attenuates depressive phenotypes in
offspring [7, 35, 65], by promoting hippocampal neurogenesis [7, 36, 40, 53], and increasing
BDNF levels [38, 39, 41, 65], thereby enhancing mood [7, 35, 65] and cognitive functions in young
adult mice [7, 39-41]. Moreover, maternal wheel running exercise during pregnancy ameliorates
the deleterious effects of prenatal stress on dendritic morphology of pyramidal neurons in layer
II/IIT of the parietal cortex and locomotor behavior in stressed mice [35]. Similarly, other studies
reported that maternal exercise during pregnancy increases hippocampal neurogenesis in the adult
pups and improves cognitive functions [34, 36, 53].

Our findings, along with previous research, suggest that physical exercise counteracts depression
by enhancing hippocampal structural (neurogenesis and dendritic remodeling) and functional
(synaptic plasticity) plasticity [11-15, 23, 24]. Notably, animals that are resilient to social stress
exhibit higher levels of hippocampal neurogenesis [19, 20] and a larger hippocampal volume [21].
In humans, greater prefrontal cortex and hippocampal volumes are predictive of stress resilience
to traumatic stress [22]. Collectively, these findings suggest that maternal exercise enhances
hippocampal synaptic plasticity in adult offspring, which may be important for promoting long-
lasting stress resilience. Of note, maternal exercise could reduce depression-like behavior in

offspring via other biological and behavioral effects of maternal exercise, including alterations in
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maternal behavior, direct neurochemical transfer across the placental or mammary barrier, and

epigenetic mechanisms [37, 66].

In conclusion, our data suggest that maternal exercise is associated with enhanced hippocampal
structural [7] and synaptic plasticity in offspring. This enhancement may contribute to increased
resilience against chronic stress in adulthood. These findings support the potential beneficial
effects of maternal exercise on offspring hippocampal plasticity. Future research should focus on
elucidating the mechanistic insights underlying maternal exercise-induced epigenetic regulation,
as well as determining whether structural and functional remodeling in the hippocampus of

offspring from exercised dams is critical for conferring stress resilience.
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Figure legends

Figure 1. Maternal Exercise Enhances Hippocampal Synaptic Plasticity in Adult Male and
Female Offspring

(A) Representative traces of excitatory postsynaptic potentials (fEPSP) used for long-term
potentiation (LTP) measurement. (B) LTP was induced by high-frequency stimulation, with
maternal exercise significantly increasing the percentage of fEPSP in the hippocampal dentate
gyrus, indicating enhanced LTP formation in offspring from exercised dams (N=4, n=3
slices/mice). (C) Maternal exercise significantly increased the average of the last 5-minute fEPSP
in both male (***p=0.0009) and female offspring (****p<0.0001; N=4, n=3 slices/mice). (D)
Basal synaptic transmission was recorded using input-output (I/O) curve functions, showing that
adult female offspring from exercised dams exhibited significantly higher amplitudes with
increasing stimulation intensity (p<0.0001; N=4, n=3 slices/mice). (E) Representative traces of
paired-pulse ratio. (F) Maternal exercise did not affect the paired-pulse ratio in adult male and
female offspring (N=4, n=3 slices/mice). Statistical analysis was performed using two-way
ANOVA followed by Tukey’s post hoc test. Data are presented as mean = SD. Sed = sedentary;

MEx = maternal exercise; HFS = high-frequency stimulation.

Figure 2. Maternal Exercise Enhances Hippocampal Synaptic Protein Expression

(A, B) A main effect of maternal exercise was observed in increasing BDNF protein expression
levels (p=0.0168; N=4-5/group). (C, D) Maternal exercise significantly upregulated the expression
of the synaptic protein PSD-95 in adult offspring (p=0.0017; N=7-8/group). (E, F) It also
significantly increased synaptophysin expression levels in both male and female offspring
(p<0.0001; N=6/group). (G, H) No significant effects were found on the expression of the p-

GIluN2B subunit of the NMDA receptor (p=0.2913; N=6/group), but (I, J) there was an increase in

27



695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

718

p-GluN2A expression levels in female offspring (p=0.0330; N=6/group). (K, L) Maternal exercise
had a main effect on increasing the expression of GluA1l, an AMPA receptor subunit (p=0.0157;
N=6/group). Protein levels were normalized to a-tubulin, and results are presented as relative
protein expression. Statistical analysis was performed using two-way ANOVA followed by
Tukey’s post hoc test. Loading control in panels C and E was from the same gel. Data are presented

as mean = SD. Sed = sedentary; MEx = maternal exercise.

Figure 3. Maternal Exercise Increases Dendritic Spine Density in Female Offspring

(A) Representative Golgi-stained images of dendritic spines in granule neurons with multiple
primary branches from male and female offspring. (B) Maternal exercise significantly increased
spine density in granule cells with multiple primary dendritic branches in female offspring
(p=0.0074) but had no effect in male offspring (p=0.7936; N=6/group). (C) Representative Golgi-
stained images of dendritic spines in granule neurons with single primary branches from male and
female offspring. (D) Maternal exercise significantly increased spine density in female offspring
(p=0.0113) but showed no cffect in male offspring (p=0.6035; N=6/group). Statistical analysis was
performed using two-way ANOVA followed by Tukey’s post hoc test. Data are presented as mean

+ SD.

Figure 4. Maternal Exercise Confers Stress Resilience In Offspring Exposed to Chronic Stress

(A) Schematic diagram illustrating the experimental timeline for maternal exercise and behavioral
tasks in adult offspring. In male offspring, maternal exercise significantly decreased (B)
immobility time in the forced swim test (p<<0.05) and (C) increased grooming time in the sucrose
splash test (p<0.05). (D) Maternal exercise significantly increased time spent in the center zone

for male offspring exposed to chronic unpredictable stress compared to sedentary counterparts and
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non-stressed controls (p=0.05). (E) No significant effect was observed on total distance traveled
in the open field test (p=0.5168). In female offspring, maternal exercise (F) prevented depressive-
like behavior induced by chronic unpredictable stress (p=0.0014) and (G) increased grooming time
in the sucrose splash test (p<0.05). Maternal exercise did not significantly affect total time spent
in the center (p=0.4136) (H) or total distance traveled (I) by female offspring under chronic
unpredictable stress (p=0.3912). Statistical analysis was performed using one-way ANOVA

followed by Tukey’s post hoc test. Data are presented as mean = SD.
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727  TablesTable 1: Schedule of chronic unpredictable stressors (CUS)

Days

Type of stressors

Treatment frequency/duration

1

restraint stress

(0.5h)

2

inescapable foot shock

(1's, 2mA every 30s for 10 min = 10 shocks)

exposure to the shock apparatus

(without shock- 10min)

restraint stress

(1.5h)

wet bedding

(maximum 24h)

food and water deprivation

(maximum 24h)

Empty bottle exposure

(Th)

inescapable foot shock

(1 s, 2mA every 30s for 10 min = 10 shocks)

exposure to the shock apparatus

(without shock- 10min)

10

restraint stress

(2h)

11

wet bedding

(maximum 24h)

12

food and water depiivation

(maximum 24h)

13

Empty bottle exposure

(Th)

14

inescapable foot shock

(1's, 2mA every 30s for 10 min = 10 shocks)

15

exposure to the shock apparatus

(without shock- 10min)

16

wet bedding

(maximum 24h)

17

Cage tilt at an angle of 45°

cages were tilted at an angle of 45° for one hour

18

food and water deprivation

(maximum 24h)

19

inescapable foot shock

(1's,2mA every 30s for 10 min = 10 shocks)

20

exposure to the shock apparatus

(without shock- 10min)

21

restraint stress

(2.5h)
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