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The impact of musical intervention during fetal and infant
stages on social behavior and neurodevelopment in mice
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The potential benefits of music in prenatal and early childhood education are widely acknowledged, yet the neurobiological
mechanisms underlying its effects on social behavior, particularly during early development, remain underexplored. This study
investigated the impact of musical intervention on social behavior and neurodevelopment in mice, focusing on mechanisms at
various developmental stages. Pregnant mice were exposed to music starting at embryonic day 13 (E13) and continuing until
postnatal weeks 1, 3, or 5. Behavioral tests, including three-chamber social task and social interaction assays, revealed that musical
exposure significantly enhanced social interaction in adult mice. mRNA sequencing revealed notable changes in the expression of
genes associated with social behavior in both the medial prefrontal cortex (mPFC) and the amygdala. Additionally, Golgi staining
demonstrated increased dendritic complexity, spine density, and dendritic length in these regions following music exposure.
Elevated MAP2 expression was observed in the mPFC and amygdala, whereas GFAP expression was reduced in the amygdala.
These findings provide valuable insights into the neurobiological mechanisms by which music affects early development and
underscore its potential as a noninvasive tool to promote social and emotional well-being. This research has implications for

therapeutic interventions in individuals with neurodevelopmental disorders, including autism spectrum disorder (ASD).
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INTRODUCTION

Social interaction is essential for human development and influences
cognitive, emotional, and behavioral outcomes across the lifespan
[1]. Early social experiences, especially in childhood, are crucial for the
formation of neural circuits that support communication, empathy,
and social bonding. These early interactions shape not only
individual behavior but also long-term emotional health, influencing
how individuals engage with others throughout their lives [2, 3]. The
development of social behavior is linked to brain regions such as the
medial prefrontal cortex (mPFC), amygdala, and superior temporal
gyrus, which regulate emotion, social cognition, and reward
processing [4, 5]. These regions, especially during critical develop-
mental windows, are highly responsive to sensory and social stimuli,
providing a foundation for future social functioning. Disruptions
during early neural development can lead to long-lasting deficits in
social behavior, as observed in neurodevelopmental disorders such
as autism spectrum disorder (ASD) [6-8]. Social interactions extend
beyond individual development, affecting societal outcomes such as
academic achievement, career success, and mental health. Studies
have shown that individuals with strong social connections
experience better emotional regulation, reduced stress, and
enhanced cognitive function, whereas social isolation increases the

risk of depression and anxiety [9, 10]. These findings underscore the
need for early interventions that foster social development. Among
such interventions, music has emerged as a unique tool to enhance
social connections and emotional regulation [11, 12].

Music, a universal language that transcends cultural and
temporal boundaries, not only serves as a medium for emotional
expression but also exerts distinct neurobiological effects that
promote social abilities, cognitive development, and emotional
regulation [13]. Recent research in music neuroscience has
highlighted the profound impact of music interventions, particu-
larly prenatal and infant music exposure, on shaping social
behavior in adulthood. Studies have shown that fetuses, starting
at 27 weeks of gestation, can perceive pitch, and by 33 weeks,
they respond physiologically to complex sounds such as rhythm
and melody [14, 15]. Prenatal music exposure can transmit sound
vibrations through the placenta, impacting fetal neurodevelop-
ment. For example, rhythmic classical music stabilizes the fetal
heart rate, and the mother's voice, combined with melody,
enhances the fetus’s ability to recognize speech patterns [16].
These early sensory stimuli may modulate functional connectivity
in brain regions related to social behavior, such as the prefrontal
cortex (PFC) and superior temporal gyrus, through synaptic
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plasticity or epigenetic modifications [17]. Additionally, music
therapy in neonatal intensive care units (NICUs) has been shown
to improve neurodevelopmental outcomes in preterm infants.
Customized music that simulates in utero sounds, such as the
mother's heartbeat with soothing melodies, reduces stress,
promotes weight gain, and regulates sleep patterns [18]. These
interventions likely increase vagal nerve activity, improving social
vigilance and adaptability. music-based interventions (MBI) are
increasingly used in therapeutic and educational settings,
particularly for individuals with neurodevelopmental disorders
such as ASD [19, 20]. However, despite the widespread recognition
of music’s role in fostering social interaction, the mechanisms
underlying these effects remain poorly understood.

Compared with other sensory-based interventions such as tactile
stimulation or language exposure, music provides a temporally
structured, multisensory stimulus that simultaneously engages the
auditory, emotional, and motor systems. Recent studies have
begun to illuminate how music influences brain networks involved
in social processing, including the dopaminergic reward pathway,
mirror neuron systems, and prefrontal regulatory regions. Music
has been shown to activate the reward system, particularly regions
such as the ventral striatum and nucleus accumbens, which are key
to motivation and social behavior. Listening to pleasant music
increases dopamine release in these areas, promoting social
engagement [4, 21, 22]. Music exposure also stimulates the mirror
neuron system, which is important for empathy and understanding
others’ actions, fostering emotional synchronization and strength-
ening social bonds [23]. Additionally, music enhances PFC activity,
which regulates emotional control, social cognition, and decision-
making [24]. Despite these advances, significant gaps remain in
understanding how early music interventions, particularly during
fetal and infant development, influence social behavior into
adulthood [25-27]. The long-term impact of early music expo-
sure—particularly during prenatal and early postnatal periods—on
social behavior and the development of neural circuits remains
largely unexplored. In particular, molecular pathways such as
synaptic plasticity, neuroimmune signaling, and dopaminergic
regulation are still insufficiently studied. Understanding how music
modulates these mechanisms during sensitive developmental
windows may offer a neurobiological foundation for early
interventions aimed at improving social functioning.

MBI have gained increasing attention in clinical settings,
especially for autism spectrum disorder (ASD). However, findings
remain mixed. Some studies report improvements in social
communication, while others show only modest or short-lived
benefits—often depending on factors such as patient age,
baseline cognitive function, or treatment duration. These incon-
sistencies underscore the need for well-controlled preclinical
models to define optimal exposure timing and duration, as well as
to identify the underlying biological mechanisms. To address this
gap, we employed a longitudinal mouse model with graded music
exposure beginning at embryonic day 13 (E13) and continuing
through postnatal weeks 1, 3, and 5. Behavioral assessments and
molecular analyses will be conducted in adulthood to evaluate the
long-term impact of music on social behavior and its underlying
neurobiological mechanisms. By examining the dose-response
relationship between music exposure and social behavior, this
study aims to provide valuable insights into the neurobiological
effects of music during early development. These findings may
provide scientific support for noninvasive, music-based strategies
to enhance social functioning and inform the development of
music therapy approaches in clinical settings.

MATERIALS AND METHODS

Animal preparation

Pregnant C57BL/6 mice were obtained from SPF (Beijing) Biotechnology
Co., Ltd. on gestational day 13 and housed under controlled environmental
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conditions (23 £ 1°C, 50 £ 1% humidity, with a 12-h light/dark cycle, lights
on from 8a.m. to 8 p.m.). The mice had ad libitum access to standard
rodent chow and water. All groups were maintained in identical housing
environments, and aside from the music exposure applied to intervention
groups, no additional variables were introduced. All the experimental
procedures were conducted in accordance with the NIH Guide for the Care
and Use of Laboratory Animals (NIH Publication No. 80-23) and were
approved by the Animal Care and Use Committee of Minzu University of
China.

Experimental procedure

Eight pregnant female C57BL/6 mice (gestational day 13) were randomly
assigned to four groups: control, Music-1, Music-2, and Music-3 (n =2 per
group). The music intervention schedule was as follows: Music-1 from
gestational day 13 to postnatal day 7; Music-2 from gestational day 13 to
postnatal day 21; and Music-3 from gestational day 13 to postnatal day 35.
The control group consisted of 7 males and 6 females; the Music-1 group
included 6 males and 7 females; the Music-2 group included 7 males and 8
females; and the Music-3 group included 8 males and 6 females. For the
experiments, 6 males and 6 females were selected from each group
(n=12 per group). All mice were from the inbred C57BL/6 strain to
minimize genetic variability; however, future research may benefit from
incorporating genetically diverse or phenotypically characterized mouse
populations to explore individual differences in music responsiveness and
potential personalized interventions.

Music intervention
The mice in the music groups were exposed to nightly 1.5-h music sessions
from 20:30 to 22:00. The music was played in a sequential manner,
simulating a CD playback pattern, with the speaker positioned 2 m from
the mouse. A curated collection of 25 musical pieces, each averaging
2-3 min in length, was used for auditory stimulation. The music featured
high-pitched instruments such as piano, violin, and flute, with rhythmic
patterns ranging from cheerful to lyrical. Selections were chosen for their
cyclical repetition, dynamic contrast, and rich auditory texture. The specific
frequencies of the musical pieces are listed in Supplementary Table 1.
To ensure environmental control, sound levels were measured
consistently using a sound level meter and background noise was
minimized. While our musical selections focused on high-frequency
instrumental music for experimental consistency, we acknowledge the
importance of exploring a broader range of auditory stimuli—including
low-pitched instruments, vocal music, and mixed-genre compositions—in
future studies to better understand differential effects.

Behavioral tests

Three-chamber social interaction test. The three-chamber social interac-
tion test was performed as previously described [28] to assess social
behavior in the mice. The experimental apparatus consisted of three
rectangular chambers (19 x45cm each) connected by passageways. A
metal cage, large enough to house a single mouse, was placed in the
center of each of the two side chambers. The experiment was conducted
in two phases.

In Phase 1, the test mouse was placed in the center chamber and
allowed to acclimate for 5min. A stranger mouse (Mouse-A) was then
randomly placed in one of the side chambers, while the other side
remained empty. After the partition was removed, the test mouse was
allowed to explore all three chambers freely for 10 min. The number of
direct contacts and the duration of interaction between the test mouse
and Mouse-A or the empty cage were recorded.

In Phase 2, the empty cage was replaced with a second stranger mouse
(Mouse-B). The interaction time and frequency between the test mouse
and both Mouse-A and Mouse-B were recorded.

Social interaction test. The experiment was designed to assess the social
interaction abilities of the test mice by allowing them to interact with a
novel stranger mouse, as previously described [29]. Before the experiment,
the test mice were acclimated to the behavioral testing room for at least
30 min. The plants were subsequently placed in a clean cage lined with
fresh bedding and allowed to explore the environment freely for 15 min
under low light conditions as an adaptation period. A stranger mouse of
similar age or slightly younger was subsequently introduced into the cage,
and the two mice were allowed to interact freely for 10 min. Interactions
were recorded via video, and the direct contact behaviors of the test
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mouse toward the stranger mouse, including body sniffing, following, and
climbing, were observed.

Elevated plus maze. The elevated plus maze (EPM) test was employed to
assess exploratory behavior and anxiety levels in mice on the basis of their
entry into the open arms and the time spent there [30]. Prior to testing, the
mice were allowed to acclimate to the experimental environment for 2 h.
At the beginning of the experiment, each mouse was gently placed at the
center of the maze, facing the open arms. The number of entries into the
open arms and the time spent in these areas were recorded over a 5-min
period. An entry was defined as when both forepaws of the mouse crossed
into the open arm. After each trial, the maze was cleaned with a 75%
ethanol solution to eliminate olfactory cues and allowed to dry before the
next trial.

Quantitative real-time polymerase chain reaction (qPCR)

Total RNA was extracted from the mPFC and amygdala TRIzol reagent
(Invitrogen, #15596026). qPCR was performed via 2xSYBR Green qPCR
Master Mix (Genestar, #A301-10) on a StepOnePlus instrument (Applied
Biosystems) [30]. The specific primers used in the gPCR analysis are listed in
Supplementary Table 2. Relative mRNA expression levels were quantified
via the 2A—AACt method.

Immunofluorescence

After the completion of the MBI and behavioral testing, the animals were
euthanized on day 80. The mice were perfused intracardially with saline,
followed by 4% paraformaldehyde. The brains were then dehydrated by
immersion in 20% sucrose in PBS for 24 h, followed by immersion in 30%
sucrose in PBS for 48 h. Coronal sections (35 um) were rinsed with PBS and
blocked for 10 min with QuickBlock™ Immunostaining Blocking Buffer
(Beyotime Biotechnology, P0260). The sections were incubated overnight
at 4°C with the following primary antibodies: rabbit anti-glial fibrillary
acidic protein (GFAP, ABclonal, #A0237, 1:200), rabbit anti-ionized calcium-
binding adapter molecule 1 (IBA1, Wako, #019-19741, 1:1000), and rabbit
anti-microtubule-associated protein 2 (MAP2, Cell Signaling Technology,
#14082, 1:400). The following day, the sections were incubated for 2 h with
a secondary antibody: goat anti-rabbit IgG Alexa Fluor® 594 (Invitrogen,
#A11008, 1:1000). After washing, the sections were counterstained with
DAPI and imaged using a Leica TCS SP8 confocal microscope [31].

Golgi-cox staining

Golgi-Cox staining was performed via the FD Rapid GolgiStain™ Kit (FD
NeuroTechnologies) to visualize the dendritic spines. Fresh rostral and mid-
brain tissues were immersed in a 1:1 mixture of Solution A (potassium
dichromate and mercuric chloride) and Solution B (potassium chromate)
for 2 weeks, with the solution replaced after 24 h. The tissues were then
transferred to Solution C and incubated for 1 week, with another solution
change after 24 h. Following incubation, the tissues were frozen in
powdered dry ice, sectioned into 100 um slices, mounted on slides coated
with 0.5% gelatin, and then air-dried. The sections were stained for 5 min
in a mixture of Solutions D, E, and distilled water, followed by rinsing,
dehydration in ethanol, clearing in xylene, and coverslipping.

Six staining sessions were conducted for each condition, with four mice
per session. Images of the mPFC and amygdala were captured via a Leica
TCS SP8 confocal microscope. ImageJ software was used to analyze 30-36
neurons per condition. Dendritic branching was assessed using Sholl
analysis, with individual neurons from the mPFC and amygdala imaged at
20x magnification. Concentric circles were drawn at 10 pm intervals from
the cell body, and the number of intersections with dendrites was
quantified. Dendritic spine density was measured via a 63x oil immersion
lens, and the spines per 10 um of dendrite were counted. All analyses were
conducted in a blinded manner with respect to the treatment conditions.

mRNA sequencing (RNA-seq) and bioinformatics analysis
Total RNA was extracted from the mPFC and amygdala tissues of mice in
the control, Music-1, Music-2, and Music-3 groups (n = 6 per group, with an
equal distribution of males and females). The RNA samples were then sent
to Novogene (Beijing, P. R. China; https://cn.novogene.com/) for mRNA
library preparation and sequencing.

Following sequencing, transcripts with counts greater than 10 per million
reads in all samples were selected for further analysis. Differential gene
expression between the music and control groups was assessed via edgeR.
Genes with a log2(fold change) >=1 and p<=0.05 were considered
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differentially expressed. Heatmaps of gene expression were generated via a
bioinformatics platform (http://www.bioinformatics.com.cn/). Pathway enrich-
ment analysis of differentially expressed genes (DEGs) was performed via
Metascape (https://Metascape.org/gp/index.html#/main/step1).

RESULTS

The positive impact of music on social behavior in mice

This study examined the effects of prenatal and early childhood
music interventions on adult social behavior, modeling three MBI
phases corresponding to the neonatal, infant, and preschool
stages (Fig. 1A). Social novelty preference was assessed using the
three-chamber social interaction test (Fig. 1B), and a social
preference index was calculated to compare social behaviors
across groups. Both the music and control groups showed a
preference for exploring Mouse-A over the empty cage. Further-
more, the music group spent significantly more time exploring
Mouse-A the control group. Music-3 group (exposed to music
from prenatal week 1 to postnatal week 5) a significantly social
preference index (Fig. 1C).

In the social novelty test, Mouse-B replaced the empty cage,
and all groups preferentially explored Mouse-B over Mouse-A.
Notably, the music exposure group spent more time exploring
Mouse-B than the control group. Further analysis revealed that the
duration of music exposure influenced the social preference index.
Specifically, the Music-2 group (exposed to music from prenatal
week 1 to postnatal week 3) and the Music-3 group significantly
social preference indices the control group (Fig. 1D).

To further assess social behavior, a separate social interaction
assay was conducted. Compared with control mice, mice in the
music-exposed groups, particularly Music-2 and Music-3, pre-
sented a stronger preference for interacting with unfamiliar mice
(Fig. 1E, F). To control for potential confounding effects of
locomotor activity, behavior in the EPM was also examined. No
significant differences were observed between groups in terms of
time spent in the open arms, distance traveled in the open arms,
or total distance traveled (Fig. 1G-J), indicating that music
exposure did not influence general motor activity.

Sex-specific analyses revealed no significant differences
between male and female mice in response to musical interven-
tion across all behavioral tests, suggesting a robust and consistent
effect of music exposure on neurodevelopment regardless of sex
(Figs. S1-S2). Moreover, a positive correlation was observed
between the duration of music exposure and social behavior
performance. In the three-chamber test, the sociability index
(Phase 1) was positively correlated with intervention duration
(r=0.1724, p = 0.0033), as was the social novelty index (Phase 2;
r=0.2678, p =0.0002). In the social interaction test, a stronger
correlation was found (r=0.3848, p <0.0001), indicating a dose-
dependent relationship between music exposure and enhanced
social functioning (Figs. S2E-G). In summary, these findings
demonstrate that prenatal and early postnatal music exposure
enhances social behaviors—particularly social novelty recognition
and interaction—without affecting general locomotor activity. The
most pronounced effects were observed in the groups with
extended postnatal music exposure (3-5 weeks).

MBI alters mPFC gene expression to facilitate social behavior
in mice

The mPFC is essential for emotion regulation, social behavior, and
decision-making [32]. To investigate the molecular mechanisms
underlying early MBI in the mPFC, we performed RNA-seq on
tissue samples from the mPFC of mice exposed to either music or
control conditions. Bioinformatics analysis revealed 1,283 DEGs
between the music-exposed and control groups (Fig. 2A),
suggesting that music exposure significantly mPFC gene expres-
sion. Specifically, the Music-1 group (exposed to music from
prenatal week 1 to postnatal week 1) presented 276 upregulated
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and 131 downregulated genes; the Music-2 group (exposed from
prenatal week 1 to postnatal week 3) presented 404 upregulated
and 371 downregulated genes; and the Music-3 group (exposed
from prenatal week 1 to postnatal week 5) presented 239
upregulated and 104 downregulated genes (Fig. 2B). These

findings indicate that the duration of music exposure differentially
affects mPFC gene expression.

Venn diagram analysis revealed 36 overlapping DEGs across all
three music-exposed groups (Fig. 2C), suggesting that MBI
influences shared molecular pathways, despite variations in
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Fig. 1 Positive impact of music on social behavior in mice. A. Timeline of experimental procedures. B. Three-chamber social test.
C. Sociability session. Left: Both music-exposed and control mice spent significantly more time sniffing the cage containing Mouse-A the
empty cage. Right: No significant difference was observed in the social preference index (ratio of time spent sniffing Mouse-A vs. the empty
cage) between music-exposed and control mice. D. Social novelty session. Left: Both music-exposed and control mice spent significantly more
time sniffing the cage containing Mouse-B the cage containing Mouse-A. Right: The preference index (ratio of time spent sniffing Mouse-B vs.
Mouse-A) revealed a significantly preference for Mouse-B in the Music-2 and Music-3 groups. E. Social test. F. Music-exposed mice exhibited a
significantly stronger preference Stranger mice. G-J. Effect of music exposure on anxiety-like behavior in the EPM. No significant differences
were found between the music-exposed and control groups in the time spent in the open arms, distance traveled in the open arms, or total
distance. (control, n=12; Music-1 group, n=12; Music-2 group, n=12; Music-3 group, n=12; one-way ANOVA; *P <0.05, **P<0.01,

**¥P < 0.001, ****P < 0.0001; values are the means + SEM).

exposure duration. Functional enrichment analysis via Metascape
revealed several significantly enriched pathways in the mPFC,
including neuroactive ligand-receptor interactions, regulation of
nerve impulse transmission, synaptic signaling, and dopaminergic
responses (Fig. 2D). These pathways are critical for neural
development and synaptic plasticity [4, 33]. Cluster analysis of
the top 20 enriched pathways revealed high intracluster similarity,
indicating closely associated molecular complexes, with multiple
subclusters sharing common signaling mechanisms (Fig. 2E). This
finding suggests that while specific molecules modulated by
different durations of music exposure may vary, the underlying
molecular pathways exhibit significant overlap.

To validate these findings, we selected representative genes
from four critical pathways—neuroactive ligand—-receptor interac-
tions, the regulation of nerve impulse transmission, synaptic
signaling, and dopaminergic signaling—for further analysis. These
pathways were specifically chosen because of their well-
established roles in modulating neural circuits that are involved
in social behavior, emotional regulation, and cognitive processing.
Neuroactive ligand-receptor interactions, for example, are crucial
for neurotransmission and synaptic plasticity, both of which are
essential for the brain’s response to social stimuli [34]. The
regulation of nerve impulse transmission and synaptic signaling
are directly involved in synaptic communication and plasticity,
processes that are central to learning and social interactions
[35, 36]. Finally, dopaminergic signaling has long been associated
with reward-based learning and motivation, both of which are
critical for social behavior and the regulation of emotions [37].
gPCR was performed to confirm the expression patterns of
12 selected genes (three genes from each pathway). The results
were highly consistent with the RNA-seq findings (Fig. 2F-I). These
findings suggest that the upregulation of genes involved in
neurotransmitter regulation, synaptic transmission, and dopami-
nergic signaling in the mPFC may contribute to the enhanced
social behavior observed in music-exposed mice through the
modulation of these molecular pathways.

Music intervention alters molecular pathways in the amygdala
link to social behavior

The amygdala plays a pivotal role in emotion processing and
social behavior, particularly in regulating fear responses, emo-
tional memory, and social interactions [38]. Alterations in gene
expression within the amygdala, especially DEGs, can reflect
changes in how social signals—such as facial expressions and
social exclusion—are processed, influencing adult social behaviors
such as social anxiety, social acceptance, and emotional resonance
[39]. This study aimed to investigate the molecular impact of early
MBI on these processes.

Bioinformatics analysis revealed a total of 1542 DEGs in the
amygdala between the music-exposed and control groups
(Fig. 3A). Specifically, the Music-1 group (exposed from prenatal
week 1 to postnatal week 1) presented 644 DEGs, with 457
upregulated and 187 downregulated genes. The Music-2 group
(exposed from prenatal week 1 to postnatal week 3) presented
694 DEGs, including 373 upregulated and 321 downregulated
genes, and the Music-3 group (exposed from prenatal week 1 to
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postnatal week 5) presented 507 DEGs, with 225 upregulated and
282 downregulated genes (Fig. 3B). Venn diagram analysis
revealed that 47 DEGs were shared across all three music-
exposed groups (Fig. 3C), suggesting that MBI modulates core
molecular pathways that are conserved across different exposure
durations.

Functional enrichment analysis via Metascape revealed several
key pathways that were significantly enriched in the amygdala,
including Rho protein signaling, A/1 class receptors (rhodopsin-
like receptors), endocrine processes, and positive regulation of
peptide hormone metabolism (Fig. 3D). These pathways are
essential for neural development, synaptic function, and hormonal
regulation, which are crucial for shaping social behaviors [40, 41].
Notably, Rho protein signaling, which is involved in neuronal
plasticity and synaptic connectivity, and A/1 class receptors, which
regulate emotional and sensory processing, are both significantly
affected by MBI [42]. Endocrine processes are critical in modulat-
ing hormones associated with social behavior, whereas peptide
hormone metabolism plays a key role in emotional resonance and
social behavior modulation [43-45]. Cluster analysis of the top 20
enriched pathways revealed high intracluster similarity, indicating
that these pathways are tightly connected within molecular
complexes, with several subclusters sharing common signaling
mechanisms (Fig. 3E). These findings suggest that MBI induces
overlapping molecular effects in the amygdala, irrespective of the
exposure duration.

We selected genes from four key pathways—Rho protein
signaling, A/1 class receptors, endocrine processes, and peptide
hormone metabolism—to further analyze the molecular mechan-
isms underlying the observed effects. The interactions between
these pathways are likely complementary, working together to
modulate emotional and social responses [21]. To confirm these
findings, we performed gPCR on 12 selected genes, with three
genes from each pathway. The gPCR results were in strong
agreement with the RNA-seq data, confirming that these path-
ways are actively modulated by MBI. These findings further
support the molecular basis for the observed improvements in
social behavior in music-exposed mice (Fig. 3F-I). These findings
highlight the integrated role of these molecular pathways in
promoting social and emotional responses, underscoring the
therapeutic potential of MBI in enhancing neuroplasticity and
improving social behavior.

Effects of MBI on synaptic plasticity in the mPFC and
amygdala
We assessed the impact of MBI on synaptic plasticity via Golgi
staining, with a focus on dendritic structures in the mPFC and
amygdala. Dendritic complexity was quantified via Sholl analysis,
which measures the number of dendritic intersections at
increasing distances from the cell body [46]. A standardized
termination radius of 270 um was applied for the mPFC (Fig. 4A).
Compared with the controls, the music-exposed groups
presented significant increases in dendritic intersections, length,
branching, and spine density (Fig. 4B-D). These changes were
positively correlated with the duration of music exposure,
suggesting that longer exposure enhances dendritic growth.
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Specifically, the Music-2 group (exposed from prenatal week 1 to
postnatal week 3) presented significant increases in both dendritic
length and branching, whereas the Music-3 group (exposed from
prenatal week 1 to postnatal week 5) presented the most
pronounced increase in dendritic branching. These findings
indicate that prolonged music exposure enhances dendritic
growth and synaptic plasticity in the mPFC, which may contribute
to improvements in cognitive and social behaviors.

Similar trends were observed in the amygdala. Golgi staining
revealed that MBI promotes synaptic plasticity in this region as
well. Sholl analysis with a 200 um termination radius revealed a
significant increase in the number of dendritic intersections in the
music-exposed groups, although no significant differences were
found in the dendritic spine length (Fig. 4E-F). Notably, dendritic
branching and spine density were significantly greater in the
music-exposed groups, particularly in the Music-2 and Music-3
groups (Fig. 4G-H).

In summary, these results demonstrate that MBI enhances
dendritic branching and spine density in both the mPFC and
amygdala, suggesting that music exposure promotes synaptic
plasticity in key brain regions involved in social and cognitive
functions. The observed cumulative effects, with increased
dendritic complexity associated with longer exposure, highlight
the potential long-term benefits of sustained music intervention
on brain function. These findings underscore the promise of music
as a noninvasive intervention to increase neuroplasticity, with
potential therapeutic applications in neuroprotection and mental
health.

Music intervention enhances the number of mature neurons
in the mPFC and amygdala

Neurons play a pivotal role in regulating social and emotional
behaviors by integrating sensory input and modulating neural
circuits, particularly in brain regions such as the mPFC and
amygdala [47]. MAP2 is a marker of mature neurons and is crucial
for stabilizing dendritic structures and supporting synaptic
plasticity [48].

To investigate the effects of MBI on mature neurons, we
performed MAP2 immunofluorescence staining in the mPFC and
amygdala. The MAP2 levels in the Music-1 group (exposed to music
from prenatal week 1 to postnatal week 1) and the Music-2 group
(exposed to music from prenatal week 1 to postnatal week 3) were
significantly greater than those in the control group (Fig. 5A, B), with
p values of 0.0096 and 0.0019, respectively. Similarly, MAP2
expression in the amygdala was significantly greater in both MBI
groups than in the control group (Fig. 5C, D), with p values of 0.0045
for the Music-1 group, 0.0267 for the Music-2 group, and 0.0189 for
the Music-3 group. These results suggest that MBI enhances the
expression of mature neurons in the mPFC and amygdala.

Interestingly, the duration of music intervention did not exhibit
a dose-dependent relationship with the increase in mature
neurons. These findings suggest that short-term interventions
(e.g., Music-1) may strongly stimulate early neural development,
whereas longer interventions (e.g., Music-2 and Music-3) may
induce more complex long-term adaptive responses. These
changes may not be directly reflected in the number of MAP2-
labeled mature neurons but could influence neuronal function or
synaptic plasticity through other mechanisms. This interpretation
is consistent with our Golgi staining data, which revealed that MBI
enhanced dendritic branching and spine density in the mPFC and
amygdala.

In conclusion, the increase in mature neurons, particularly in
brain regions critical for social behavior, such as the mPFC and
amygdala, may increase the number of neural circuits involved in
emotional regulation, social interaction, and cognitive processing.
These findings suggest that MBI could promote the maturation of
neural networks that support social behavior, providing new
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insights into the neurobiological mechanisms underlying social
cognition.

Impact of MBI on glial cell activation

Glial cells, including astrocytes and microglia, are essential
nonneuronal cells distributed throughout the brain. These cells are
involved in neuronal development, synapse formation, and the
regulation of brain function [49, 50]. They participate in processes
such as neuronal migration, differentiation, and positioning during
neurodevelopment, as well as in the regulation of synaptic activity
[49]. Additionally, glial cells produce neurotrophic factors and
signaling molecules that modulate neuronal growth and connectiv-
ity [51-53]. In addition to supporting neuronal functions, glial cells
influence metabolism, immune responses, and behavior by regulat-
ing the neuroendocrine system and the neuroendocrine-immune
axis [54].

To assess the impact of MBI on neuroimmune function, we
investigated the activation of microglia and astrocytes, two key
glial cell types that regulate neuronal activity and neuroimmune
interactions. Microglia, as resident immune cells of the central
nervous system, play crucial roles in synaptic plasticity through
cytokine release and the clearance of neurotransmitters from
synaptic spaces, thereby influencing neuronal communication
[55, 56]. Following music intervention, we performed immuno-
fluorescence staining for IBA1, a marker of mature microglia, to
examine the distribution in the mPFC and amygdala. Compared
the control group, IBA1 expression was in both regions of the
music-exposed group (Fig. 6A-D). This reduction in IBA1 expres-
sion suggests that music intervention may modulate microglial
activity, potentially reducing neuroinflammation or promoting
alterations in the neuroenvironment. These changes could
underlie the positive effects of MBI on emotional and cognitive
functions.

Astrocytes, another key glial cell type, are vital for supporting
and maintaining neuronal function [57, 58]. Their activation is
typically observed following central nervous system injury and is
characterized by increased expression of GFAP, a reliable marker
for astrocyte activation [59, 60]. To assess astrocyte activation in
the amygdala after MBI, we performed GFAP immunofluorescence
staining on brain slices (Fig. 6E). Quantitative analysis of GFAP
expression revealed a reduction in the music-exposed groups,
with the Music-3 group (exposed from prenatal week 1 to
postnatal week 5) showing a marked decrease in GFAP activation
compared with the control group (Fig. 6F). In summary, the
reduction in GFAP expression observed in adult mice following
early music exposure may reflect astrocyte deactivation or
functional recovery. This shift could indicate a more homeostatic
state and a healthier neuroenvironment. These changes in glial
cell activity, alongside the modulation of microglial function,
suggest that early music exposure promotes neuroplasticity and
reduces neuroinflammation. This, in turn, may enhance synaptic
activity and contribute to the improved cognitive and social
behaviors observed in the music-exposed groups.

DISCUSSION

The present study provides compelling evidence that prenatal and
early postnatal music exposure enhances social behavior in mice,
with concomitant molecular, synaptic, and cellular changes in
brain regions critical for social cognition. Our findings that MBI
induces neuroplasticity in the mPFC and amygdala, modulates
neuroimmune responses, and promotes synaptic and neuronal
maturation, collectively supporting improved social novelty
recognition and interaction. These results align with translational
psychiatry frameworks by bridging behavioral outcomes with
neurobiological mechanisms, offering insights into noninvasive
interventions for neurodevelopmental and psychiatric disorders,
such as ASD and schizophrenia [4].
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The behavioral improvements observed in music-exposed mice
—particularly enhanced social novelty preference and interaction
—mirror findings in human studies where early musical training
correlates with improved social communication and emotional
regulation [61]. Notably, the duration-dependent effects of MBI
(with the Music-2 and Music-3 groups showing the most
pronounced benefits) suggest a critical window for neurodevelop-
mental plasticity, similar to the sensitive periods identified in
human neurodevelopment [33]. The lack of locomotor differences
in the EPM confirms that these behavioral enhancements are

SPRINGER NATURE

specific to social cognition rather than generalized activity
changes, ruling out potential confounding variables. These
findings parallel clinical observations in children with ASD, where
music therapy improves social engagement and communication,
further underscoring the translational relevance of our model
[62, 63].

At the molecular level, our RNA-seq data revealed that MBI
induces widespread transcriptional changes in the mPFC and
amygdala, two regions integral to social decision-making and
emotional processing [64]. The upregulation of pathways such as
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microglial activation in the mPFC. C. Representative images of IBAT immunofluorescence in the amygdala. D. Quantification of microglial
activation in the amygdala. E. Representative images of GFAP immunofluorescence in the amygdala. F. Quantification of astrocyte activation
in the amygdala (n = 6; one-way ANOVA; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; values are the means + SEM).

Translational Psychiatry (2025)15:408 SPRINGER NATURE

11



R. Qiu et al.

12

neuroactive ligand-receptor interactions, synaptic signaling, and
dopaminergic responses in the mPFC aligns with their established
roles in social reward processing and cognitive flexibility.
Dopaminergic signaling, in particular, modulates motivation and
reward-seeking behaviors, which may drive the increased social
exploration observed in music-exposed mice [65, 66]. Similarly,
Rho protein signaling and endocrine pathways enriched in the
amygdala are known to regulate synaptic connectivity and stress
responses, mechanisms implicated in social anxiety and emotional
resonance [4]. The overlap of 36 DEGs in the mPFC and 47 DEGs in
the amygdala across all MBI groups suggests conserved molecular
targets of music exposure, irrespective of duration, pointing to
core pathways that may be leveraged for therapeutic
interventions.

The Golgi staining results indicate that MBI enhances dendritic
complexity and spine density in the mPFC and amygdala, which
are structural correlates of synaptic plasticity. Furthermore, the
duration-dependent increases in dendritic branching and spine
density further support the hypothesis that sustained auditory
enrichment strengthens the neural circuits underlying social
cognition. Notably, the absence of a linear dose-response
relationship in MAP2 expression suggests that early exposure to
MBI may prime neuronal maturation, whereas prolonged exposure
may refine synaptic networks through activity-dependent
mechanisms. This form of neuroplasticity is likely to enhance the
integration of sensory and emotional inputs, thereby facilitating
adaptive social behaviors. This concept aligns with findings from
other models of neuroplasticity and enriched environments, which
have demonstrated similar enhancements in brain structure and
function [46].

In mice exposed to MBI, the reduced expression of microglial
and astrocytic markers suggests a neuroprotective effect, poten-
tially mediated by attenuated neuroinflammation. Microglial
deactivation has been linked to enhanced synaptic pruning and
circuit refinement during critical developmental periods, whereas
astrocyte homeostasis supports neurotrophic signaling and
balance [67]. These glial changes may create a permissive
environment for synaptic plasticity, complementing the observed
upregulation of neurodevelopmental genes. This finding aligns
with emerging evidence suggesting that neuroimmune modula-
tion contributes to the benefits of environmental enrichment in
neuropsychiatric models, where neuroinflammation is often
dysregulated [68-70].

Building on our previous work showing that music alleviates
stress-induced affective disturbances in adult mice via modulation
of the HPA axis, oxidative stress, and neuroinflammation, the
present study shifts focus to a critical early developmental window
—starting at embryonic day 13—and examines long-term effects
on social behavior. Unlike prior adult-targeted interventions, our
findings reveal that early music exposure induces preventive
neuroplasticity in key social brain regions, including enhanced
dendritic architecture, increased synaptic gene expression, and
reduced glial activation in the mPFC and amygdala. Transcrip-
tomic profiling further supports a distinct mechanism of action,
highlighting neurodevelopmental pathways such as synapse
assembly and axon guidance, rather than the inflammatory
signatures observed in adult models. These results underscore a
mechanistically distinct and developmentally timed effect of
music, offering translational potential as a noninvasive early-life
intervention for disorders marked by social deficits.

While this study provides mechanistic insights, several limita-
tions warrant consideration. First, although our study focuses on
early-life passive exposure to music, we acknowledge that this
approach does not fully replicate active musical engagement in
humans, which involves motor, cognitive, and emotional compo-
nents such as instrument playing or singing. Despite this
limitation, passive auditory stimulation remains a valid and
controllable model for investigating fundamental neural and
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behavioral effects of music in early development. To better
simulate human music-based interventions, future studies could
incorporate interactive or socially contingent auditory paradigms,
particularly those engaging sensorimotor systems. Second, the
translational relevance of mouse social behavior assays to human
social cognition remains indirect; cross-species validation via
electrophysiological or functional connectivity measures would
strengthen these links. Finally, the precise temporal dynamics of
MBI-induced molecular changes—particularly how acute versus
chronic exposure differentially regulates gene networks—require
further investigation to optimize therapeutic approaches. Third,
although our study examined three early developmental time
windows, the long-term or cumulative effects of musical exposure
across the lifespan remain unexplored. Extending MBI into
adolescence, adulthood, or even aging periods may offer richer
insight into how timing influences the durability and reversibility
of neurobehavioral adaptations.

In conclusion, early music exposure enhances social behavior in
mice through multilevel neuroadaptations, including transcrip-
tional reprogramming, synaptic remodeling, neuronal maturation,
and neuroimmune modulation. These findings underscore the
potential of MBI as a noninvasive strategy to promote neurode-
velopmental resilience, with implications for individuals with
disorders characterized by social dysfunction, such as ASD and
schizophrenia [33, 71, 72]. Future research should explore the
translational efficacy of music-based therapies in at-risk popula-
tions, leveraging our mechanistic insights to optimize timing,
duration, and delivery modalities to maximize therapeutic benefit.
In parallel, future work will incorporate protein-level validation and
circuit-level interrogation—such as Western blotting, ELISA, and
calcium imaging—to further elucidate the molecular and systems-
level mechanisms underlying music-induced neuroplasticity.
Additionally, introducing interactive paradigms that model active
musical engagement, expanding validation across multiple
species, and investigating individual variability will be critical to
advancing personalized and clinically relevant music-based
interventions. These approaches will strengthen causal links
between gene expression changes and functional outcomes,
ultimately enhancing our understanding of how music promotes
neurodevelopmental resilience.
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