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Early life experience modulates resilience to stress in later life. Previous
research implicated maternal care as a key mediator of behavioral responses to
the adversity in adolescence, but details of molecular mechanisms remain
elusive. Here, we show social stress activates transcription factor C/EBPf in
mPFC neurons of adolescent mice, which transcriptionally upregulates Dnm1!
and promotes mitochondrial dysfunction, thereby conferring stress suscept-
ibility in adolescent mice. Moreover, different maternal separation differen-
tially regulates adolescent stress susceptibility. Mechanistically, this
differential effect depends on maternal behavior-stimulated IGF-1, which
inhibits neuronal C/EBPp through mTORCI-induced C/EBPB-LIP translation.
Furthermore, we identify maternal behavior-stimulated IGF-1 is mainly
released from mPFC microglia. Notably, increased maternal care under an
environmental enrichment condition or maternal behavior impairment
induced by repeated MPOA™™ cells inhibition in dams prevents or promotes
stress susceptibility via microglial-to-neuronal IGF-1-C/EBP-DRP1 signaling. In
this work, these findings have unveiled molecular mechanisms by which
maternal behavior promotes stress resilience in adolescents.

Adolescence is a unique period of growth and turmoil'. Adolescent
stress and trauma (including bullying and a range of family events) are
associated with the onset of psychiatric disorders such as major
depressive disorder (MDD)>’. The onset of depression peaks in
adolescence* ™, with 34% of the world’s population aged 10-19 years at
risk of clinical depression’. Depression is a leading cause of disability in
adolescents, but the effectiveness of treatments for adolescent

depression is limited due to a lack of understanding of the neurobio-
logical mechanisms of the disease®.

Notably, some adolescents maintain normal physiological and
behavioral functioning in the face of extraordinary stress, a process
known as resilience’. Currently, there are fewer studies on adolescent
animal models of resilience compared to those conducted on adult
models'®", but there is an urgent need to determine the detailed
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mechanisms of adolescent resilience in order to understand the
pathogenesis of adolescent psychiatric disorders and to identify
therapeutic targets and approaches.

Epidemiological and preclinical studies have shown that adoles-
cents’ resilience to stressful events in later life can be impaired by
severe early life stressors, such as an adverse postnatal
environment>™, Thus, a “two-hit” stress model has been linked to the
development of depression by suggesting that environmental insults
during the postpartum period (the first hit) prime an individual's
psychopathology after subsequent insults later in life (the second
hit)*". However, the molecular mechanisms by which early life
experiences, particularly during the postpartum period, influence
stress resilience in adolescents remain unclear. The postpartum period
is the most critical stage in an individual’s life and the time when the
offspring is most in need of maternal care’. In rodents, maternal
behavior alters the offspring epigenome in the hippocampus?, affects
the offspring hippocampal transcriptome?, and drives somatic varia-
tion in the offspring genome®. Importantly, mice that experience
disrupted maternal care in a model of maternal separation (MS) are
more susceptible to late-life chronic stress and developed depression-
like behaviors'®**%, indicating that maternal care is important for
behavioral responses to the late-life adversity. These findings suggest
that maternal care affects the offspring behavioral and socioemotional
outcomes. However, due to the lack of effective approaches to pre-
cisely modulate maternal behavior, it is inconclusive whether and how
changes in the level of maternal behavior during the postnatal period
affect the vulnerability of offspring to stress in adolescence.

Regarding mechanistic studies, mitochondrial dysfunction has
been identified as a risk factor for both adult and adolescent MDD**"%%,
There is evidence for reduced mitochondrial oxidative phosphoryla-
tion in the glutamatergic neurons of patients with depression®. In
addition, increased mitochondrial fission has been observed in adult
mice susceptible to chronic social defeat stress (CSDS), resulting in a
large number of tiny mitochondria with low ATP production®.
Although the role of mitochondrial dysfunction in adult stress sus-
ceptibility is becoming clearer’**, to our knowledge there is little
preclinical research that mechanistically explains the link between
adolescent stress susceptibility and mitochondrial dysfunction.

In this work, we show that neuronal Dynamin-Related Protein 1
(DRP1, gene name Dnmlil), which mediates mitochondrial fission, is
transcriptionally upregulated by the transcription factor CCAAT/
enhancer binding protein 3 (C/EBPB) in the medial prefrontal cortex
(mPFC) in a mouse model of adolescent stress vulnerability. Further-
more, using a combination of chemogenetic modulation of maternal
behavior and specific targeting of microglia and neurons, we demon-
strate that maternal behavior promotes the release of insulin-like
growth factor-1 (IGF-1) from microglia in pups, which in turn inhibits
the transcriptional activity of C/EBP( through the IGF-1 receptor (IGF-
1R)/mTORCI1 pathway-stimulated C/EBPB-LIP (liver inhibitory protein)
translation in the neuron and promotes resilience to stress in adoles-
cent mice, indicating a significant protective effect of maternal beha-
vior during postpartum period against adolescent depression.

Results

Social defeat stress induces mitochondrial dysfunction in the
mPFC of the adolescent susceptible mice

To investigate the pathogenesis of adolescent depression, we used the
accelerated social defeat stress (AcSD) paradigm in C57BL/6) wild-type
(WT) mice, a well-established model to allow exposure during discrete
periods of adolescence for both male and female (Fig. 1a, b, Supple-
mentary Fig. 1a)'"**. Given that the prevalence of adolescent
depression typically peaks in mid-adolescence®~¢, we performed AcSD
and the social interaction test (SIT) on WT mice aged 35-44 days.
Through the AcSD and SIT experiments, we identified susceptible
(n=37) and resilient (n=38) mice, with 49% susceptible and 51%

resilient in male mice (Fig. 1c-e). Importantly, susceptible mice had a
lower sucrose preference compared to control and resilient mice, with
no significant differences in basal measurements or total fluid intake
(Fig. 1f-g). Similar results were observed in female mice (Supplemen-
tary Fig. 1b-d).

Since mitochondrial dysfunction is one of the key mechanisms in
adult depression®, we measured mitochondrial function in WT mice
after exposure to AcSD or control to determine the relevance of
mitochondrial damage to adolescent stress susceptibility (Fig. 1h). The
results showed that mitochondrial membrane potential (MMP) and
ATP levels in the mPFC were significantly decreased in susceptible
male and female mice, whereas they were not significantly decreased
in the hippocampus (Fig. 1i, j, Supplementary Fig. 1e, f). The above
results suggest that stress induces mitochondrial dysfunction in the
mPFC of adolescent depression-like mice with no sex difference.

Subsequently, we asked which aspect of mitochondrial dysfunc-
tion was responsible for adolescent depression. To answer this ques-
tion, we injected two mitochondrial modulators, the mitochondrial
fission inhibitor Mdivil and the peroxisome proliferator-activated
receptor-8 (PPAR-6) agonist GWO0742, into susceptible mice
(Fig. 1k)***". The placement of cannula was shown in Supplementary
Fig. 2a. Interestingly, Mdivil effectively alleviated both social avoid-
ance and anhedonia behaviors induced by AcSD, whereas GW0742 did
not produce similar effects (Fig. 11-n). Additionally, we performed
open-field test and elevated plus maze test in control and susceptible
mice after injection, and showed that manipulation of Mdivil or
GWO0742 did not affect locomotion and anxiety-related behaviors in
adolescent mice (Supplementary Fig. 2b, c). We further tested the
MMP and mitochondrial ATP levels in mPFC of control and susceptible
mice injected with ACSF, Mdivil, or GW0742. The results showed that
AcSD-induced mitochondrial dysfunction was rescued by Mdivil, but
not GW0742, indicating Mdivil restored AcSD-induced social interac-
tion and sucrose preference through affecting MMP and mitochon-
drial ATP levels (Supplementary Fig. 2d, e). In addition, electron
microscope images showed a bimodal distribution of mitochondrial
fission sites. In the mPFC of susceptible mice injected with ACSF, the
relative distance from fission sites to the tip of mitochondria was about
25%, whereas the relative distance was ~-50% in the mPFC of control
mice injected with ACSF (Supplementary Fig. 2f, h). Only Mdivil sig-
nificantly improved mitochondrial morphology, that is, the relative
distance from the mitochondrial fission point to the tip was similar in
Mdivil-injected control and Mdivil-injected susceptible mice (Sup-
plementary Fig. 2f, h). Besides, the number of tiny mitochondria in the
mPFC of susceptible mice injected with ACSF or GW0742 was
increased, whereas the number of tiny mitochondria in the mPFC of
susceptible mice injected with Mdivil did not change significantly
(Supplementary Fig. 2g, i). These results suggest that Mdivil but not
GWO0742 affects mitochondrial fission. Considering that Mdivil is a
proven inhibitor of mitochondrial fission that prevents mitochondrial
division by blocking DRP1 self-assembly*®, we further assessed whether
Mdivil or GW0742 had an effect on DRP1 expression in mPFC. The
results showed that Mdivil (but not GW0742) significantly suppressed
the elevated levels of p-DRP1 and DRP1 in susceptible mice (Supple-
mentary Fig. 2j, k). This result suggests that Mdivil attenuates the
expression of DRP1 in mPFC of adolescent susceptible mice, whereas
GW0742 does not.

To clarify the role of DRP1 in the adolescent stress susceptibility,
we further examined the protein expression and mRNA levels of DRP1
in AcSD mice. The results from male mice showed that both phos-
phorylated and total DRP1 protein expressions were upregulated in the
mPFC of susceptible group after AcSD, whereas no significant upre-
gulation was seen in the hippocampus (Fig. 2a, b, Supplementary
Fig. 3a, b). Moreover, DnmI1l mRNA levels were also elevated only in the
mPFC of susceptible mice (Fig. 2c left, Supplementary Fig. 3c). Inter-
estingly, increased Dnmi1l mRNA levels in the mPFC were negatively
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correlated with the social interaction ratio (Fig. 2c right). Similar
changes in DRP1 levels were observed in female mice, indicating that
the observed effect is not sex-specific (Supplementary Fig. 3d-f).
Furthermore, to confirm the link between DRP1 and depression-
like behaviors in adolescent mice, we performed 1-, 2-, 3- and 4-day
AcSD, which resulted in an increase in protein expression and mRNA
levels of DRP1 in a time-dependent manner (Supplementary Fig. 3g—j).

Notably, only a 4-day AcSD (standard course) resulted in a reduction in
the social interaction ratio in adolescent mice (Supplementary Fig. 3k).
Additionally, the classic antidepressant fluoxetine (FLX) effectively
reversed the AcSD-induced increase in DRP1 protein expression and
mRNA levels, and restored the social interaction ratio (Supplementary
Fig. 3I-p). In another depression paradigm, chronic unpredictable
stress (CUS), there was also an increase in DRP1 protein expression and
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Fig. 1| Social defeat stress induces mitochondrial dysfunction in the mPFC of
the adolescent susceptible mice. a Schematic representation of the AcSD
experimental course and behavioral test process for C57BL/6) male mice. SPT,
sucrose preference test; AcSD, accelerated social stress defeat; SIT, social interac-
tion test. b Graphic representation of AcSD stress paradigm for adolescent mice.
c Scatter plot depicting the distribution of social interaction ratio for control
(without experiencing AcSD), susceptible (ratio <100), and resilient (ratio >100)
after the AcSD paradigm. The white, red, and blue dots represent the control,
susceptible, and resilient groups, respectively. d Measurement of the time in
interaction zone of the above mice without or with target. e The percentages of
susceptible (red) and resilient (blue) mice exposed to AcSD. Measurement of the
total liquid intake (f) and the percentage of sucrose consumption (g) in SPT. Data in
(c-g) are presented as the mean + SEM (n =30 mice for the control group, n=37
mice for the susceptible group, n = 38 mice for the resilient group; one-way ANOVA
and Bonferroni’s multiple comparison test). h Graphic representation of

mitochondrial membrane potential (MMP) and ATP levels in the mPFC and the
hippocampus of adolescent mice. Measurement of mitochondrial MMP (i) and ATP
levels (j) in the mPFC and the hippocampus from WT male mice exposed to AcSD or
control. Data in (i, j) are presented as the mean + SEM (n = 6 for each group; one-
way ANOVA and Bonferroni’s multiple comparison test). k Schematic representa-
tion of the experimental procedure for AcSD paradigm and behavioral test process
for C57BL/6) male mice with administration of Mdivil, GW0742 or ACSF (Artificial
Cerebrospinal Fluid). I-n Behavioral tests of WT male mice exposed to AcSD
paradigm with administration of Mdivil, GW0742 or ACSF. Measurement of social
interaction ratio (I), time in interaction zone without or with target (m), and the
percentage of sucrose preference (n) in WT male mice with indicative treatments.
Data in (I-n) are presented as the mean + SEM (n =12 mice for each group; one-way
ANOVA and Bonferroni’s multiple comparison test). See also Supplementary Figs. 1,
2. Source data are provided as a Source Data file.

mRNA levels (Supplementary Fig. 3q-s). These results demonstrate
that DRP1 is closely associated with adolescent depression-like beha-
viors in mice. Taken together, we conclude that DRP1 plays a crucial
role in mediating mitochondrial function in the mPFC and promoting
depression-like behaviors in adolescent mice following social defeat
stress. To further determine the relationship between Dnm1l level and
MDD in human samples, we screened dorsolateral prefrontal cortex
samples from patients with MDD in the GEO database and selected the
dataset GSE54568, which consists of 15 samples from MDD patients
and 15 samples from non-psychiatric controls. The results showed a
higher relative expression of Dnmll in the dorsolateral prefrontal
cortex of depressed patients compared to controls (p=0.0633)
(Supplementary Fig. 4a).

Neuronal DRP1 in the mPFC contributes to stress susceptibility
in adolescent mice

We further asked that DRP1 contribute to adolescent depression in
which cell type of mPFC. We performed co-immunostaining of DRP1
with neuronal (NeuN), microglial (Ibal) and astrocytic (GFAP) markers
on brain slices of WT mice undergoing AcSD paradigm, respectively.
DRP1 was observed to be highly co-localized with NeuN in the mPFC of
adolescent susceptible mice (Fig. 2d-i). Importantly, DRP1 intensity in
NeuN+ cells was negatively correlated with the social interaction ratio,
highlighting the involvement of neuronal DRP1 in the mPFC for
depressive-like behavior in adolescent mice (Fig. 2e, right). Next, to
further understand the causal effect of DRP1 on depressive-like beha-
vior in adolescents, we injected AAV-hSyn-shDnm1l-EGFP or AAV-hSyn-
shControl-EGFP into the mPFC of WT mice at PND 29 to knockdown
neuronal DRP1 (Fig. 2j). Immunostaining and Western blotting con-
firmed the validity of viral knockdown (Fig. 2k, 1, Supplementary
Fig. 5a-c). Notably, specific reduction of DRPI not only restored
mitochondrial function disrupted by AcSD, but also significantly
improved social interaction ratio and sucrose preference without
affecting basal measurements (Fig. 2m, n, Supplementary Fig. 5d, e). In
addition, to assess the effect of DRP1 upregulation, we applied AAV-
hSyn-Dnmil-EGFP or AAV-hSyn-EGFP to specifically overexpress neu-
ronal DRP1 in the mPFC with a subthreshold social defeat stress (SSD)
paradigm (Fig. 20). Immunostaining and Western blotting also con-
firmed the viral efficiency (Fig. 2p, q, Supplementary Fig. 5f-h). Neu-
ronal overexpression of DRP1 induced mitochondrial dysfunction in
the mPFC of SSD mice, suggesting that upregulated DRP1 confers
mitochondrial disturbances (Fig. 2r). Unsurprisingly, SSD was not
sufficient to induce behavioral deficits in social interaction and sucrose
preference in control mice. However, mice overexpressing DRP1 in the
mPFC neurons showed significantly reduced social interactions and
sucrose preference after SSD, indicating that increased DRP1 in the
mPFC neurons exacerbates stress susceptibility in adolescent mice
(Fig. 2s, Supplementary Fig. 5i, j). These results illustrate that DRPI-

related mitochondrial dysfunction in the mPFC neurons is required for
stress susceptibility in adolescent mice.

Neuronal C/EBP acts as a transcription activator for Dnm1il and
regulates stress susceptibility in adolescent mice

Why is neuronal DRP1 expression upregulated in mPFC neurons
under adolescent stress? We hypothesized that there may be
transcriptional regulation of DRP1 based on previously observed
changes in Dnmll mRNA levels. Using the ChIP-Atlas data pro-
vided by the Signaling Pathways Project (SPP), we screened sev-
eral transcription factors based on their binding scores in HeLa S3
cells, including Gabpa, Ctcf, Rest, and Cebpb (Fig. 3a). Subse-
quently, we assessed the mRNA levels of these four transcription
factors in control and susceptible mice, and the results showed
that only Cebpb mRNA levels were significantly elevated in sus-
ceptible mice compared to control mice (Fig. 3b). Notably, this
increase in Cebpb mRNA levels was unique to the susceptible
mice, and no similar changes were observed in the control or
resilient groups (Supplementary Fig. 6a). Furthermore, an inverse
correlation was found between Cebpb mRNA levels and social
interaction ratios (Fig. 3c). Consistently, protein analysis of mPFC
revealed parallel increases in both phosphorylated and total C/
EBPp exclusively in the susceptible mice (Fig. 3d, Supplementary
Fig. 6b). Further analyses utilizing fluorescence in situ hybridi-
zation (FISH) with immunostaining revealed that both p-C/EBP(
and DnmIl mRNA levels were elevated at cellular level in the
mPFC of susceptible mice and that there was a significant nega-
tive correlation between the intensity of p-C/EBPf and the rate of
social interaction (Fig. 3e, f, Supplementary Fig. 6c, d). Our
results indicated p-C/EBP is highly correlated with Dnmil mRNA
as a high intensity of p-C/EBPB with more Dnmil mRNA was
detected in solid-lined circles, and there was a low intensity of p-
C/EBPp with little DnmIl mRNA in dotted-lined circles (Fig. 3e, g).
Immunostaining further confirmed that C/EBPJ intensity was
significantly increased in susceptible mice and positively corre-
lated with DRP1 intensity (Fig. 3h-j). Moreover, we have further
analyzed Cebpb mRNA levels in the dataset used in the manu-
script and showed that Cebpb mRNA levels tended to be elevated
in postmortem depressed brains, which was similar to the Dnm1il
mRNA trend (Supplementary Fig. 6e). These findings indicate C/
EBPB may act as a transcriptional regulator of DRP1 in the mPFC
of susceptible mice.

Subsequently, to substantiate the transcriptional role of C/EBPf,
we analyzed ChiIP-seq data from Cistrome, which revealed that C/EBP[3
had high binding scores in the Dnm1il promoter region in different cell
lines (Fig. 3k). After DNA sequence analysis reported several possible
C/EBPB-binding motifs, we conducted full-length and different trun-
cations of the Dnmil promoters and co-transfected them with GST or
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GST-C/EBP(3 for luciferase assay (Fig. 31). The results showed that the activity was significantly repressed when the truncated -2000 to -1061
truncated -1060 to +99 fragment displayed the lowest promoter fragment and full-length promoter were co-transfected with small
activity, whereas the -2000 to -1061 and -1369 to +99 fragments interference si-C/EBPB (Fig. 3n). Based on the motifs of C/EBPJ, we
showed enhanced activities, suggesting the site within the -1369 to  confirmed the homology of the human and mouse Dnm1il promoter
-1060 fragment (Site 4) might serve as the major positive C/EBPB  sequences (Fig. 30). Next, to further explore whether C/EBP( directly
binding site (Fig. 31). Western bolting showed a consistent expression interacts with the DNA sequence of the Dnm1il promoter, we designed
of GST-C/EBPB (Fig. 3m, Supplementary Fig. 6f). Then, promoter hot, cold, and mutant probes based on Site 4, and performed
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Fig. 2 | Neuronal DRP1 in the mPFC contributes to stress susceptibility in
adolescent mice. a Western blotting showing the levels of p-DRP1 and DRP1
expression in the mPFC of adolescent mice after AcSD. Data are representative of
three independent experiments. b Quantification of p-DRP1/DRP1, DRP1/Tubulin
protein levels in the mPFC of adolescent mice after AcSD. ¢ Measurement of Dnm1l
mRNA levels in the mPFC of the above mice; Correlation analysis between social
interaction ratio and relative Dnmil mRNA levels in the mPFC of the above mice.
The white, red, and blue dots represent the control, susceptible, and resilient
groups, respectively. The Spearman correlation coefficient 2 and p value are
shown. Data in (b, c) are presented the mean + SEM (n = 5 for each group; one-way
ANOVA and Bonferroni’s multiple comparison test). d Immunofluorescence co-
staining of NeuN (green) and DRP1 (Red) on the brain sections of the mPFC from
indicative mice exposed to AcSD. Scale bars: 20 pm. e Quantification of DRP1
intensity in NeuN+ cells in the mPFC from indicative mice exposed to AcSD; Cor-
relation analysis between social interaction ratio and DRP1 intensity in NeuN+ cells
in the above mice. The white, red, and blue dots represent the control, susceptible,
and resilient groups, respectively. The Spearman correlation coefficient r* and p
value are shown. Data are presented the mean + SEM (n = 8 for each group; one-way
ANOVA and Bonferroni’s multiple comparison test). f Inmunofluorescence co-
staining of Ibal (green) and DRP1 (Red) on the brain sections of the mPFC from
indicative mice exposed to AcSD. Scale bars: 20 pm. g Quantification of DRP1
intensity in Ibal+ cells in the mPFC from indicative mice exposed to AcSD.

h Immunofluorescence co-staining of GFAP (green) and DRP1 (Red) on the brain
sections of the mPFC from indicative mice exposed to AcSD. Scale bars: 20 pm.

i Quantification of DRP1 intensity in GFAP+ cells in the mPFC from indicative mice
exposed to AcSD. Data in (g, i) are presented the mean + SEM (n = 8 for each group;
one-way ANOVA and Bonferroni’s multiple comparison test). j Schematic repre-
sentation of the experimental procedure for AcSD paradigm and behavioral test
process for WT mice, with virus injection of AAV-hSyn-shControl-EGFP or AAV-

hSyn-shDnm1I-EGFP. k The location of the cannula tips and fluorescence micro-
scopy image of representative field showed GFP expression in the mPFC injected
with AAV-hSyn-shDnm1I-EGFP. Scale bar: 500 pm. n =3 mice for each group.

I Representative immunoblots of p-DRP1 and DRP1 protein levels in the mPFC
neurons of WT mice exposed to Control or AcSD paradigm with virus injection of
AAV-hSyn-shControl-EGFP or AAV-hSyn-shDnm1I-EGFP. Data are representative of
three independent experiments. m Measurement of mitochondrial MMP and ATP
levels in the mPFC of WT mice with indicative treatments. Data are presented the
mean = SEM (n = 6 for each group; one-way ANOVA and Bonferroni’s multiple
comparison test). n Measurement of social interaction ratio and the percentage of
sucrose preference in WT mice with indicative treatments. Data are presented the
mean = SEM (n =10 mice for each group; one-way ANOVA and Bonferroni’s mul-
tiple comparison test). 0 Schematic representation of the experimental procedure
for SSD paradigm and behavioral test process for WT mice, with virus injection of
AAV-hSyn-EGFP or AAV-hSyn-Dnm1I-EGFP. p The location of the cannula tips and
fluorescence microscopy image of representative field showed GFP expression in
the mPFC injected with AAV-hSyn-Dnm1I-EGFP. Scale bar: 500 pm. n =3 mice for
each group. q Representative immunoblots of p-DRP1 and DRP1 protein levels in
the mPFC neurons of WT mice exposed to Control or SSD paradigm with virus
injection of AAV-hSyn-EGFP or AAV-hSyn-Dnml1l- EGFP. Data are representative of
three independent experiments. r Measurement of mitochondrial MMP and ATP
levels in the mPFC of WT mice with indicative treatments. Data are presented the
mean + SEM (n = 6 for each group; one-way ANOVA and Bonferroni’s multiple
comparison test). s Measurement of social interaction ratio and the percentage of
sucrose preference in WT mice with indicative treatments. Data are presented the
mean + SEM (n = 9 mice for each group; one-way ANOVA and Bonferroni’s multiple
comparison test). See also Supplementary Figs. 3-5. Source data are provided as a
Source Data file.

electrophoretic mobility shift assay (EMSA). The EMSA result showed
that hot probe specifically bound to the nuclear extract containing C/
EBPp, which was stripped by the cold probe or the mut probe, and this
binding could be recognized by anti-C/EBPB antibody and showed
super shift (Fig. 3p). In addition, we performed a chromatin immuno-
precipitation (ChIP) assay to ensure that C/EBPJ specifically binds to
the Dnm1Il promoter in vivo, significantly more than the IgG control
(Fig. 3q). Moreover, C/EBPpB has three different protein isoforms by
substituting translation initiation sites), LAP* (liver activating protein),
LAP and LIP (liver inhibitory protein)*. The isoforms LAP* and LAP are
transcriptional activators consisting of a transcriptional activation
domain and a DNA binding domain. The truncated isomer LIP lacks the
N-terminal transcription activation domain but still has a DNA-binding
domain and can act as a competitive inhibitor of LAP* or LAP
function®. Therefore, we utilized the C/EBPB LAP Tg mice by over-
expressing LAP isoform with a Thyl promoter*’, to mimic the over-
activated C/EBPB in the neurons. Western blotting showed that LAP
mice mainly expressed human LAP isoform and to a lesser extent LIP
(Supplementary Fig. 6g). HEK293 cell lysates were used as positive
controls. Furthermore, in mouse primary cortical neurons, mouse C/
EBPpB knockout reduced the mRNA and protein levels of DRP1, which
were increased in C/EBP LAP Tg mice, as demonstrated by Western
blotting and immunostaining (Fig. 3r-w). Importantly, mRNA levels of
DnmIl and Cebpb increased in a time-dependent manner during brain
development in adolescent mPFC (Supplementary Fig. 6h). In con-
clusion, these data support that C/EBP selectively binds and activates
the Dnm1Il promoter, confirming its role as a transcriptional activator
for Dnmlil.

Since C/EBP exerts a positive transcriptional effect on DRP1, we
next investigated in which cell type this effect is exerted. Co-
immunostaining showed that the intensity of C/EBP[3 was strongly co-
localized with NeuN, especially in the mPFC of susceptible mice,
where NeuN+ cells exhibited the highest C/EBPf intensity (Fig. 4a, b).
Furthermore, C/EBPp intensity in NeuN+ cells was negatively corre-
lated with the social interaction ratio (Fig. 4c). These results suggest
that C/EBPP acts as a transcription factor for DRP1 mainly in mPFC

neurons. To further elucidate the effects of neuronal C/EBPJ on
depressive-like behaviors in adolescence, we bred WT (C/EBPB+/+),
C/EBPJ heterozygous knockout (C/EBPB+/-) mice and Thyl-human C/
EBPB LAP transgenic (LAP Tg) mice which express human C/EBPf
LAP, the main active isoform, specifically in neurons. First, AAV-hSyn-
EGFP or AAV-hSyn-Dnm1I-EGFP was injected into the mPFC of C/EBP[3
+/-and WT mice, followed by AcSD paradigm, behavioral assessment,
and mitochondrial function assays (Fig. 4d). Viral and genetic
manipulations were verified by immunostaining and Western blot-
ting (Fig. 4e-g, Supplementary Fig. 7a, b). Consistent with these
results, neuronal DRP1 protein levels were significantly reduced in C/
EBPB+/- mice mPFC (Fig. 4f, g right). Compared to WT mice, C/EBPf3
+/- mice showed improved mitochondrial membrane potential and
mitochondrial ATP levels after exposure to AcSD, but these
improvements were reversed by overexpression of neuronal DRP1,
highlighting the fact that knockdown of C/EBPf in the mPFC alle-
viates AcSD-induced mitochondrial dysfunction by down-regulating
DRP1 expression (Fig. 4h, i). Moreover, C/EBPB+/- mice exhibited
increased social interaction ratio and sucrose preference, which was
absent when neuronal DRP1 was overexpressed, indicating that
reducing C/EBPJ in the mPFC diminishes stress susceptibility in
adolescent mice (Fig. 4j, k). Next, AAV-hSyn-shDnm1l-EGFP or AAV-
hSyn-shControl-EGFP was administered into the mPFC of LAP Tg and
WT mice, followed by SSD or control treatment (Fig. 4m). Virus and
genetic efficiencies were confirmed viaimmunostaining and Western
blotting (Fig. 41, n, o, Supplementary Fig. 7c, d). As expected, SSD
upregulated DRP1 protein expression in LAP Tg mice but not in WT
mice (Fig. 4n, o right). Furthermore, SSD-induced mitochondrial
dysfunction in the LAP Tg mice was alleviated by DRP1 knockdown in
the mPFC neurons, implicating that neuronal C/EBPJ exacerbates
mitochondrial dysfunction by upregulating DRP1 (Fig. 4p, q). Simi-
larly, deficits in social behavior and sucrose preference were only
observed in the SSD-treated LAP Tg mice, suggesting overexpression
of neuronal C/EBPJ increases the susceptibility of depressive-like
behaviors in adolescent mice (Fig. 4r, s). We further performed
in vivo ChIP assays in the mPFC of WT, LAP Tg and C/EBPB +/-
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adolescent mice using the same primers as in Fig. 3q. The results
showed that compared with WT mice, C/EBPJ binding to the Dnm1I!
promoter was increased in the mPFC of LAP Tg mice, while sig-
nificantly decreased in that of C/EBPB knockdown mice with or
without AAV-Dnmll injection (Supplementary Fig. 7e). These results
demonstrated the binding of C/EBPp to the Dnmil promoter gene is
similar under different conditions in vivo. Together, these data

C/EBPB/DRP1/DAPI

C/EBPB KO WTLAP

demonstrate that C/EBPB enhances DRP1 expression in mPFC neu-
rons and contributes to depressive-like effects in adolescent mice.

Different patterns of maternal separation trigger different out-
comes in stress susceptibility via IGF-1-mediated C/EBP activity
In Figs. 1-4, we focus on adolescent stressors and mitochondrial
function with adolescent chronic social defeat paradigm and

Nature Communications | (2025)16:2333


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-57810-w

Fig. 3 | Neuronal C/EBPP acts as a transcription activator for Dnm1il gene.

a Binding score of transcription factors bound to the Dnmil promoter region
determined by ChIP assays (ChIP-Atlas MACS2) in HeLa S3 cells obtained from the
Signaling Pathway Project. b Measurement of mRNA levels of Gabpa, Ctcf, Rest,
Cebpb in the control and susceptible mice. Data are presented the mean + SEM
(n=6 for each group; two-sided unpaired t-test with Welch’s correction).

c Correlation analysis between social interaction ratio and relative Cebpb mRNA
levels in WT mice exposed to AcSD or control. The white, red, and blue dots
represent the control, susceptible, and resilient groups, respectively. The Spear-
man correlation coefficient r? and two-sided p value are shown (n=6 for each
group). d Representative immunoblots of p-C/EBPP and C/EBPf protein levels in
the mPFC of WT mice exposed to AcSD or control. Data are representative of three
independent experiments. e The immunostaining of p-C/EBP@ (Red) with Dnm1l
mRNA (Green) in situ hybridization on the mPFC sections of WT mice exposed to
AcSD or control. Scale bar: 10 pm. Correlation analysis between relative p-C/EBPf3
intensity and social interaction ratio (f), or relative Dnmil mRNA intensity (g) in WT
mice exposed to AcSD or control. The white, red, and blue dots represent the
control, susceptible, and resilient groups, respectively. The Spearman correlation
coefficient r* and two-sided p value are shown (n =8 for each group).

h Immunofluorescence co-staining of C/EBPp (green) and DRP1 (Red) on the brain
sections of the mPFC in WT mice exposed to AcSD or control. Scale bars: 20 pm.
i Quantification of C/EBP intensity in the mPFC from WT mice exposed to AcSD or
control. Data are presented the mean + SEM (n = 8 for each group; one-way ANOVA
and Bonferroni’s multiple comparison test). j Correlation analysis between relative
DRPI1 intensity and relative C/EBP intensity in WT mice exposed to AcSD or con-
trol. The white, red, and blue dots represent the control, susceptible, and resilient
groups, respectively. The Spearman correlation coefficient * and two-sided p value
are shown (n = 8 for each group). k Snapshots of C/EBP ChIP-Seq at locus of Dnmil
gene in Hela cells, HepG2 cells, HCT116 cells and MSCs cells. I Luciferase assays
with different truncates of Dnmil promoter in HEK293 cells co-transfected with
GST or GST-C/EBP. Data are presented the mean + SEM (n = 6 for each group; one-
way ANOVA and Bonferroni’s multiple comparison test). m Representative immu-
noblots of C/EBPP protein expressions in HEK293 cells co-transfected with variants
lengths of Dnmil promoter and GST-C/EBPp. Data are representative of three

independent experiments. n Luciferase assays with different truncates of Dnm1il
promoter and representative immunoblotting bands of C/EBP protein expres-
sions in HEK293 cells co-transfected with different truncates of Dnm1il promoter
and si-control or si-C/EBP. Data are representative of three independent experi-
ments. Data are presented the mean + SEM (n =5 for each group; one-way ANOVA
and Bonferroni’s multiple comparison test). 0 The consensus C/EBPB-binding motif
and sequence comparison of human and mouse Dnmil promoters. p EMSA assay
demonstrates that C/EBPP binds the Dnm1il promoter. Nuclear extract proteins (NE)
are isolated from HEK293 cells transfected with GST-C/EBPf for 48 h. EMSA assay is
recruited to detect the C/EBPp binding ability on site 1369 to -1060 of Dnm1l
promoter with probe (GTGGCGCAATC), mutation probe (GTGTATCAATC). Data
are representative of three independent experiments. Probe bands indicate probe
without binding of C/EBPp protein. Shift bands indicate the C/EBPf protein—Probe
complex. Super-shift band indicates the C/EBP antibody—C/EBPJ protein—Probe
complex. q ChIP-PCR assays demonstrate C/EBP specifically binds to Dnmlil pro-
moter binding motif of genomic DNA. The C/EBPB—DNA crosslinking ChIP samples
are obtained from HEK293 cells and immunoprecipitated with anti-C/EBPp or IgG
antibodies. After reversing crosslinks, PCR are performed by using primer pairs at
-1404 to -1195 of Dnm1Il promoter. PCR assay also include each input sample. The
positive control is demonstrated with anti-Histone H3 antibody coupling with
GAPDH primers. Data are representative of three independent experiments.

r, s Representative immunoblots and quantification of human and mouse C/EBPj
and DRP1 protein expressions in primary mouse neurons. Data are representative of
three independent experiments. Data are presented the mean + SEM (n =5 for each
group; one-way ANOVA and Bonferroni’s multiple comparison test).

t Measurement of DnmIl mRNA levels in primary mouse neurons. Data are pre-
sented the mean + SEM (n = 6 for each group; one-way ANOVA and Bonferroni’s
multiple comparison test). u Immunofluorescence co-staining of C/EBPp (green)
and DRP1 (Red) in primary mouse neurons. Scale bars: 10 pm. Quantification of C/
EBP intensity (v) and DRP1 intensity (w) in primary mouse neurons. Data in (v) are
presented the mean + SEM (n =10 for each group; ND not detected; two-sided
unpaired t-test with Welch’s correction). Data in (w) are presented the mean + SEM
(n=10 for each group; one-way ANOVA and Bonferroni’s multiple comparison
test). See also Supplementary Fig. 6. Source data are provided as a Source Data file.

demonstrate that hyperactivation of C/EBP promotes stress sus-
ceptibility in adolescent mice, but the upstream mechanisms of
C/EBPB activation remain elusive. Given that C/EBPB is an
inflammation-related transcription factor**>, we have further investi-
gated IL-6 and TNF-« levels in the mPFC of adolescent mice exposed to
AcSD. Our results showed that only IL-6 level increased in the mPFC of
susceptible adolescent mice (Supplementary Fig. 7f). However,
blockade of IL-6 did not effectively inhibit neuronal C/EBPf activity in
the mPFC neurons of adolescent susceptible mice (Supplementary
Fig. 7g, h)*>. Thus, there may be another upstream mediating neuronal
C/EBP activity in the adolescent susceptibility.

It is necessary to investigate this upstream signaling pathway
because transcription factors are conventionally thought not to be
pharmacological targets due to their mode of action and diverse
physiological effects* and the upstream regulators of transcription
factors are more “druggable” and worth to be investigated. Elucidating
the upstream mechanisms driving C/EBPf activation may provide
preclinical evidence for the treatment of adolescent depression.

Epidemiological and preclinical studies suggest that adolescents’
resilience to stressful events later in life is affected by severe early life
stressors such as an unfavorable postnatal environment>™. Thus, the
“two-hit” model provides valuable insights into the upstream
mechanisms that influence stress susceptibility in adolescents (Fig. 5a).
Maternal separation (MS), a classic paradigm in the “two-hit” hypoth-
esis, has been shown to modulate adolescent stress susceptibility
(Supplementary Fig. 8a-g)*>*. Therefore, we switch from adolescent
chronic social defeat to maternal separation, to investigate the
upstream signaling pathway that promote neuronal C/EBPf activity in
adolescent mice exhibiting depressive-like behaviors.

Our results show that MS alters adolescent mPFC neuronal
C/EBPp activity and C/EBPB LAP/LIP ratio (Fig. Sb-f, Supplementary

Fig. 8h). Consistent with this finding, we observed that C/EBP[3 LAP/LIP
ratio is increased in the mPFC of adolescent stress-susceptible mice
with no postnatal stress (Supplementary Fig. 8i). These results suggest
that the LAP/LIP ratio may be involved in the activation of C/EBP( in
adolescent depression, and further indicate that this ratio may play a
role in the modulation of adolescent depression by early-life events.
Previous studies have shown that the C/EBP(3 LAP/LIP ratio is primarily
modulated by mTORC1*’, which is regulated by IGF-1*". Thus, IGF-1 may
regulate the C/EBPB LAP/LIP ratio through IGF-IR/mTORC1 signaling
pathway (Fig. 5g). Importantly, low IGF-1 levels have been detected in
the brains of MS-exposed adolescents*® and in the mPFC of adolescent
stress-susceptible mice with no MS experience (Supplementary
Fig. 8j). These results indicate that IGF-1 might be a “consistent reg-
ulator” under both MS and adolescent stress conditions, linking the
two stressors in the different timelines.

Next, based on previous studies, we proposed an IGF-1-induced
pathway (Fig. 5h). To test this hypothesis, we treated IGF-1 to primary
mouse cortical neurons and found that IGF-1 treatment increased the
phosphorylation of the IGF-1 receptor (IGF-IR), Akt and Sé kinase 1
(S6K1) in relation to the total ratio (Fig. 5i, Supplementary Fig. 8k).
Importantly, this signaling cascade was associated with a reduced LAP/
LIP ratio, suggesting that IGF-1, binding its receptor, activates
mTORCI signaling to suppress the LAP/LIP ratio (Fig. 5i, Supplemen-
tary Fig. 8k). Furthermore, although IGF-1 downregulated C/EBPJ
activity, it did not alter total protein or mRNA levels of C/EBP( (Sup-
plementary Fig. 8l, k, 8m). This modulation of C/EBPJ activity coin-
cided with a decrease in DnmIl mRNA levels, which could be due to a
competitive inhibitory effect exerted by the LIP isoform (Supplemen-
tary Fig. 8m). These results suggest that IGF-1 binding to its receptor
activates mTORCI signaling, leading to a decrease in the LAP/LIP ratio
and thus affecting the neuronal stress susceptibility pathway.
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Subsequently, to explore the role of IGF-1in stress susceptibility in
adolescent mice, we used a protocol of 10 min x 2 MS and AcSD with
simultaneous injections of anti-IGF-1 or anti-IgG to block brain IGF-1
levels (Fig. 5j). The placement of cannula was shown in Supplementary
Fig. 8n. The results showed that anti-IGF-1 restored the neuronal LAP/
LIP ratio as well as the mRNA and protein levels of DRP1 compared to
anti-IgG, while anti-IGF-1 reduced the social interaction ratio, time

spent in the interaction zone, and sucrose preference in stressed
adolescent mice (Fig. Sk-m, Supplementary Fig. 80o-q). To assess the
individual versus additive effects of stress, we performed the experi-
ments with more groups (Supplementary Fig. 9a). The placement of
cannula was shown in Supplementary Fig. 9b. The groups include no
MS+Control+Anti-IgG, no MS+Control+Anti-IGF-1, no MS+AcSD+Anti-
IgG, no MS+AcSD+Anti-IGF-1, 10 x 2 MS+Control+Anti-IgG, 10 x 2 MS+

Nature Communications | (2025)16:2333


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-57810-w

Fig. 4 | Neuronal C/EBPf acts as a transcription activator for Dnm1l and reg-
ulates stress susceptibility in adolescent mice. a Immunofluorescence co-
staining of NeuN (green) and C/EBP{ (Red) on the brain sections of the mPFC in WT
mice exposed to AcSD or control. Scale bars: 20 um. b Quantification of C/EBPB
intensity in NeuN+ cells on the brain sections of the mPFC in WT mice exposed to
AcSD or control. ¢ Correlation analysis between social interaction ratio and C/EBPJ
intensity in NeuN+ cells in WT mice exposed to AcSD or control. The white, red, and
blue dots represent the control, susceptible, and resilient groups, respectively. The
Spearman correlation coefficient * and p value are shown. Data in (b, c) are pre-
sented the mean + SEM (n = 8 for control group, n=9 for susceptible group, n=9
for resilient group; one-way ANOVA and Bonferroni’s multiple comparison test).
d Schematic representation of the experimental procedure for AcSD paradigm and
behavioral test process for WT or C/EBPB+/- mice, with virus injection of AAV-hSyn-
EGFP or AAV-hSyn-Dnm1l-EGFP. e The location of the cannula tips and fluorescence
microscopy image of representative field showed GFP expression in the mPFC
injected with AAV-hSyn-Dnm1I-EGFP. Scale bar: 500 pm. n =3 mice for each group.
f, g Representative immunoblots and quantification of C/EBP and DRP1 protein
expressions in the mPFC neurons of WT and C/EBPB+/- mice with indicative
treatments. Data are representative of three independent experiments. Data are
presented the mean + SEM (n =5 for each group; one-way ANOVA and Bonferroni’s
multiple comparison test). Measurement of mitochondrial MMP (h) and ATP levels
(i) in the mPFC of WT and C/EBPB+/- mice with indicative treatments. Data in (h, i)
are presented the mean + SEM (n = 6 for each group; one-way ANOVA and Bon-
ferroni’s multiple comparison test). j, k Behavioral tests of WT and C/EBPB+/- mice
exposed to AcSD paradigm with virus injection of AAV-hSyn-EGFP or AAV-hSyn-
shDnm1l-EGFP. Measurement of social interaction ratio, time in interaction zone
without or with target (j), and the percentage of sucrose preference (k) in WT and

C/EBPB+/- mice with indicative treatments. Data in (j, k) are presented as the
mean = SEM (n =10 mice for WT + GFP + AcSD group; n =9 mice for C/EBPB

+/-+ GFP + AcSD group; n =9 mice for C/EBPB+/-+ Dnmll + AcSD group; one-way
ANOVA and Bonferroni’s multiple comparison test). I The location of the cannula
tips and fluorescence microscopy image of representative field showed GFP
expression in the mPFC injected with AAV-hSyn-shDnm1I-EGFP. Scale bar: 500 pm.
n =3 mice for each group. m Schematic representation of the experimental pro-
cedure for SSD paradigm and behavioral test process for WT or LAP Tg mice, with
virus injection of AAV-hSyn-EGFP or AAV-hSyn-shDnm1l-EGFP. n, o Representative
immunoblots and quantification of human and mouse C/EBP( and DRP1 protein
expressions in the mPFC neurons of WT and LAP Tg mice with indicative treat-
ments. Data are representative of three independent experiments. Data are pre-
sented the mean + SEM (n =5 for each group; ND, not detected; one-way ANOVA
and Bonferroni’s multiple comparison test). Measurement of mitochondrial MMP
(p) and ATP levels (q) in the mPFC of WT and LAP Tg mice with indicative treat-
ments. Data in (p, q) are presented the mean + SEM (n = 6 for each group; one-way
ANOVA and Bonferroni’s multiple comparison test). r, s Behavioral tests of WT and
LAP Tg mice exposed to SSD paradigm with virus injection of AAV-hSyn-shControl-
EGFP or AAV-hSyn-shDnm1l-EGFP. Measurement of social interaction ratio, time in
interaction zone without or with target (r), and the percentage of sucrose pre-
ference (s) in WT and LAP Tg mice with indicative treatments. Data in (r, s) are
presented as the mean + SEM (n =11 mice for WT + shControl + Control group,
n=11 mice for WT + shControl + SSD group, n =11 mice for LAP Tg+ shControl +
Control group, n =10 mice for LAP Tg + shControl + SSD group, n =11 mice for LAP
Tg+shDnmll + Control group, n =10 mice for LAP Tg + shDnml1l + SSD group; one-
way ANOVA and Bonferroni’s multiple comparison test). See also Supplementary
Fig. 7. Source data are provided as a Source Data file.

Control+Anti-IGF-1, 10 x 2 MS+AcSD+Anti-IgG, 10 x 2 MS+AcSD+Anti-
IGF-1. The results showed that anti-IGF-1 antibody alone or AcSD alone
promoted mPFC neuronal C/EBPB/DRP1 signaling pathway, and
induced social avoidance and sucrose preference deficits in adolescent
mice (Supplementary Fig. 9c-f). These changes were exacerbated by
the additive effects of anti-IGF-1 antibody and AcSD (Supplementary
Fig. 9c-f). However, 10 min x 2 MS suppressed C/EBP3/DRP1 axis and
restored behavioral performance in adolescent mice received anti-IGF-
1antibody treatment or AcSD or both them (Supplementary Fig. 9c-f).
This suggests that 10 min x2 MS-induced upregulation of IGF-1 is
important for maintaining stress resilience in adolescent mice. In
addition, after screening susceptible adolescent mice by social inter-
action test, we treated them with IGF-1 or vehicle, and found that IGF-1
reduced LAP/LIP ratio and DRP1 protein expression in MS-free ado-
lescent mice (Fig. 5Sn—p, Supplementary Fig. 10i, j). IGF-1 treatment also
ameliorated social avoidance and sucrose preference deficits in these
mice (Fig. 5q, r, Supplementary Fig. 10k). Furthermore, prolonged IGF-
1 treatment in adolescent mice undergoing 180 min MS reversed the
increased LAP/LIP ratio and C/EBPJ activity, and subsequently reduced
DRP1 mRNA and protein levels, significantly alleviating social avoid-
ance and depressive-like behaviors (Supplementary Fig. 10a-h). These
results highlight that brain-specific IGF-1is a key molecular mediator in
mediating stress vulnerability in adolescent mice experiencing MS and
social defeat, and C/EBPB-DRP1 axis is an important downstream
pathway through modulation of the LAP/LIP ratio (Supplementary
Fig. 101).

Maternal behavior protects against stress vulnerability via
upregulating mPFC IGF-1 levels in adolescent mice

MS might lead to changes in maternal behavior. To further understand
the reason why different MS leads to different outcomes, we quantified
maternal behaviors, such as nursing postures (NP), licking/grooming,
and nest building for MS (Fig. 6a). The results showed that maternal
behavior sample points increased in the 10 min x2-MS group but
decreased in the 180 min x 1-MS group compared to the control group
(Fig. 6a). In addition, maternal behavior sample points were positively
correlated with both social interaction ratios and mPFC IGF-1 levels,
suggesting that maternal care is an important mediator of MS-induced

social avoidance and IGF-1 downregulation (Fig. 6b, ¢). Notably, there
was also a positive correlation between mPFC IGF-1 levels and social
interaction ratios (Fig. 6d). These findings suggest that maternal
behavior is important in regulating mPFC IGF-1 levels and protecting
adolescent mice from stress susceptibility.

To further elucidate the relationship between maternal behaviors
and stress susceptibility in adolescent mice, we employed LnL (Lac-
tating, and non-Lactating mothers) model to increase maternal beha-
viors for pups, and conducted 180 minx1 MS and following AcSD
paradigm (Fig. 6e)*. The results showed that the sample points of
maternal behavior in the LnL group were higher than those in the L
group in both the 180 min x1 MS and control conditions, suggesting
that the LnL model was effective in enhancing maternal care (Fig. 6f).
Besides, increased maternal care induced elevated IGF-1 levels in the
mPFC, but not in the hippocampus or blood, suggesting that local IGF-
1 levels in the mPFC are regulated by maternal behaviors (Fig. 6g).
Further, we isolated mPFC from pups and found that LnL decreased
LAP/LIP ratio and DRP1 protein expression, as well as Dnmil mRNA
levels, suggesting that increased maternal care induced elevated IGF-1
levels in the mPFC and suppressed the C/EBPB-DRP1 axis (Fig. 6h,
Supplementary Fig. 11a, b). Consistently, long MS-induced social
avoidance and sucrose preference deficits were ameliorated by LnL,
resulting from decreased C/EBP3/DRP1-mediated mitochondrial dys-
function (Fig. 6i, j, Supplementary Fig. 11c). Additionally, compared
with those in the L group, the pups in the LnL groups did not show
obvious changes on the body weight during the experimental process,
indicating the improved maternal care did not result in better nurture
(Supplementary Fig. 11d).

Next, we asked whether IGF-1is responsible for the antidepressant
role of maternal behavior in LnL-treated offspring, we injected either
an anti-IGF-1 antibody or an anti-IgG antibody into adolescent mice
treated with LnL (Supplementary Fig. 12a). The placement of cannula
was shown in Supplementary Fig. 12b. Although neither treatment
affected maternal behavior, blockade of IGF-1 increased the LAP/LIP
ratio, which in turn increased DRP1 mRNA and protein levels, sug-
gesting that IGF-1 is important for inhibiting the role of the C/EBPp-
DRP1 axis in AcSD-induced stress susceptibility in adolescents (Sup-
plementary Fig. 12c-e). Behavior tests showed that mice receiving the
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anti-IGF-1 antibody exhibited social avoidance, reduced time in inter-
action zone and deficits in sucrose preference, suggesting blocking
IGF-1 diminished the protective effects of LnL against AcSD-induced
stress susceptibility (Supplementary Fig. 12f, g). These results indicate
that maternal behavior upregulates IGF-1 levels to inhibit C/EBPf
activity, thereby bolstering stress resilience in adolescent mice under
stress. Furthermore, we treated both WT and LAP Tg mice with LnL,

and observed increased maternal behavior in both groups (Supple-
mentary Fig. 13a-c). However, in LAP Tg adolescent mice, the increase
in maternal behavior did not inhibit C/EBP{ transcription of Dnmi!
mRNA even after injection of additional IGF-1 (Supplementary Fig. 13d,
e). Additionally, unlike in WT mice, LnL treatment failed to improve
social behavior and sucrose preference deficits in LAP Tg mice, which
was still not restored by supplemental injection of IGF-1
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Fig. 5 | Different patterns of maternal separation trigger different outcomes in
stress susceptibility via IGF-1-mediated C/EBPp activity. a Schematic repre-
sentation of the upstream signaling pathway of early life experience affecting C/
EBPB/DRP1 axis, contributing to adolescent depression. b Schematic representa-
tion of the experimental procedure for maternal separation on different durations,
and AcSD paradigm. ¢ Measurement of C/EBPJ activity in the mPFC neurons of WT
mice exposed to different maternal separations and AcSD. d Measurement of
Cebpb mRNA levels in the mPFC neurons of WT mice exposed to different maternal
separations and AcSD. Data in (c, d) are presented as the mean + SEM (n =4 for each
group; one-way ANOVA and Bonferroni’s multiple comparison test). e, f. Repre-
sentative immunoblots and quantification of LAP/LIP ratio in the mPFC neurons of
WT mice from (b). Data are representative of three independent experiments. Data
are presented the mean + SEM (n =4 for each group; one-way ANOVA and Bon-
ferroni’s multiple comparison test). g Schematic representation of molecular
pathway hypothesis that IGF-1 induces inhibition of neuronal C/EBPJ activity.

h Measurement of the IGF-1 levels in the blood, the mPFC and the hippocampus of
WT mice from (b). Data are presented the mean + SEM (n = 6 for each group; one-
way ANOVA and Bonferroni’s multiple comparison test). i Representative immu-
noblots of LAP/LIP ratio, p-IGF-1R/IGF-1R, p-Akt/Akt and p-S6K1/S6K1 in the primary
mouse cortex neurons with vehicle or IGF-1. Data are representative of three
independent experiments. j Schematic representation of the experimental proce-
dure for maternal separation for 10 min x 2, and AcSD paradigm and behavioral
tests with the mPFC infusion of anti-IgG or anti-IGF-1. k Representative immuno-
blots of LAP/LIP ratio and DRP1 expressions in the mPFC neurons of WT mice
exposed to maternal separation for 10 min x 2, and AcSD paradigm with the mPFC

infusion of anti-IgG or anti-IGF-1. Data are representative of three independent
experiments. I, m Behavioral tests of WT mice exposed to maternal separation for
10 min x 2, and AcSD paradigm with the mPFC infusion of anti-IgG or anti-IGF-1.
Measurement of social interaction ratio, time in interaction zone with target (I), and
the percentage of sucrose preference (m) in WT mice with indicative treatments.
Datain (I, m) are presented as the mean + SEM (n = 8 mice for anti-IgG group, n=10
mice for anti-IGF-1 group; unpaired t-test with Welch’s correction). n Schematic
representation of the experimental procedure for AcSD paradigm and behavioral
tests with the mPFC infusion of vehicle or IGF-1. o Representative immunoblots and
quantification of LAP/LIP ratio, and p-DRP1 and DRP1 expressions in the mPFC
neurons of WT susceptible mice exposed to AcSD paradigm with the mPFC infusion
of vehicle or IGF-1. Data are representative of three independent experiments. Data
in (0) are presented as the mean + SEM (n = 6 for each group; two-sided unpaired ¢-
test with Welch’s correction). p Scatter plot depicting the distribution of social
interaction ratio for susceptible (ratio <1), and resilient (ratio >1) after the AcSD
paradigm. The red, and blue dots represent the susceptible, and resilient groups,
respectively. Data in (p) are presented as the mean + SEM (n =22 for susceptible
group; n =26 for resilient group; two-sided unpaired ¢-test with Welch’s correction).
q, r Behavioral tests of WT susceptible mice exposed to AcSD paradigm with the
mPFC infusion of vehicle or IGF-1. Measurement of social interaction ratio, time in
interaction zone with target (q), and the percentage of sucrose preference (r) in WT
susceptible mice with indicative treatments. Data in (q, r) are presented as the
mean = SEM (n=9 mice for each group; two-sided unpaired t-test with Welch’s
correction). See also Supplementary Figs. 8-10. Source data are provided as a
Source Data file.

(Supplementary Fig. 13f, g). These results show that maternal behavior-
elevated IGF-1levels prevents stress susceptibility through modulation
of LAP/LIP ratio.

The medial preoptic area (MPOA) has been reported to be an
important brain region for maternal behavior, and in particularly Esr1+
cells in MPOA are naturally and preferentially activated during
maternal behaviors®* >, To further explain the relationship between
maternal care in early period and stress susceptibility in adolescence,
we utilized chemogenetic method to abolish the activities of MPOAS™
cells of dams at PND 0-8, in order to decrease maternal behavior in
early period, and performed 10 min x2 MS or control and following
AcSD paradigm (Fig. 6k, 1). CNO-treated dams exhibited reduced
maternal behaviors sample points for both 10 min x 2 MS and control
pups, compared with saline-treated dams which showed increased
maternal behavior sample points in 10 min x 2 MS (Fig. 6m). Similarly,
CNO treatment in dams reduced the IGF-1 levels in the mPFC of both
10 min x2 MS and control pups, whereas IGF-1 levels in the hippo-
campus or blood of pups were unchanged (Fig. 6n). Further analysis of
the pups’ mPFC revealed an increased LAP/LIP ratio and elevated
mRNA and protein levels of DRP1, which were associated with maternal
behavioral deficits (Fig. 60, Supplementary Fig. 14a, b). Behavior
assessments indicated that the reduction in maternal behaviors led to
social avoidance and sucrose preference deficits in adolescent off-
spring, suggesting the lack of early maternal behavior contributes to
stress susceptibility during adolescence (Fig. 6p, q, Supplementary
Fig. 14c). Additionally, compared with the pups with saline-treated
dams, those with CNO-treated dams displayed no changes on the body
weight until PND 21, suggesting the decreased maternal behavior did
not lead to poor nurture (Supplementary Fig. 14d).

Furthermore, we supplemented pups lacking early maternal
behavior with IGF-1 during puberty (Supplementary Fig. 15a-d). The
results showed that IGF-1 supplementation reduced Dnmil mRNA
levels in WT pups, suggesting that maternal behavior suppresses the C/
EBPB-DRP1 axis mainly through IGF-1 levels. However, this suppression
of Dnmi1l mRNA was not observed in LAP Tg pups, indicating that the
LAP/LIP ratio is a key downstream of maternal behavior-mediated IGF-1
(Supplementary Fig. 15e, f). Consistently, IGF-1 supplement improved
social behavior and sucrose preference in WT mice, but not in LAP Tg
mice (Supplementary Fig. 15g, h). In addition, Dnm1l mRNA levels were
not increased in C/EBPB+/- pups despite the absence of maternal

behavior early in life (Supplementary Fig. 16a-e). Consequently, as a
result of reduced C/EBPp activity, C/EBPB+/- pups showed increased
social interaction ratios, longer interaction times, and stronger sucrose
preference in behavioral tests, suggesting that inactivation of the
C/EBPB-DRP1 axis improves stress resilience in adolescent mice (Sup-
plementary Fig. 16f, g). Overall, these results suggest that early
maternal behavior in young mice is important for fostering stress
resilience and preventing depressive-like behaviors by regulating
mPFC IGF-1 levels during puberty (Fig. 6r).

Microglial-derived IGF-1 inhibits neuronal C/EBPB-DRP1 axis to
prevent stress susceptibility in adolescent mice

The above data suggest that maternal behavior-stimulated IGF-1 inhibit
the C/EBPB-DRP1 axis in the mPFC neurons, thereby preventing stress
susceptibility in adolescent mice. To further elucidate the source of
maternal care-induced IGF-1, we performed two experiments: in the
first experiment pups were treated with L or LnL, and in the second
experiment dams were treated with saline or CNO, and assessed IGF-1
levels in the unstressed pups of both experiments (Fig. 7a). Immu-
nostaining confirmed hM4Di expression in the second experiment
(Fig. 7b). Consistent with our previous findings, maternal behavior
sample points increased in the LnL group and decreased in the CNO-
treated group (Fig. 7c). In addition, IGF-1 levels in the mPFC were
positively correlated with changes in maternal behavior, whereas IGF-1
levels in blood or hippocampus were not (Fig. 7d, Supplementary
Fig. 17a, b). Given that IGF-1 can act through autocrine or paracrine
mechanisms®, we measured the mRNA levels of /gfI in the mPFC and
found that /gfl mRNA levels were correlated with maternal behavior
tendencies, suggesting increased IGF-1 levels might be due to local
protein synthesis (Fig. 7e). To identify the cell type primarily respon-
sible for maternal behavior-mediated IGF-1 synthesis, we stained /gf1
mRNA with neuronal marker (NeuN), but there was no significant co-
localization between /gfl mRNA and NeuN intensities in the mPFC,
irrespective of maternal care levels (Supplementary Fig. 17¢c, d). Fur-
ther analysis showed that /gfl mRNA levels in NeuN+ cells were similar
in pups, whereas /gfl mRNA levels in NeuN- cells varied according to
maternal behavioral tendencies, suggesting non-neuronal cells such as
glial cells might be the primary source for maternal behavior-mediated
IGF-1 synthesis (Supplementary Fig. 17e, f). Subsequent co-
immunostaining with microglial marker (Ibal) revealed high
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colocalization with /gfl mRNA, consistent with the observation that
microglia are the major source of IGF-1 in the early period of pups
(Fig. 7f, g)*. Further analysis demonstrated that /gfl mRNA levels in
Ibal+ cells increased in the LnL group but a decreased in the CNO-
treated dams’ group, with no difference in Ibal- cells among all groups
(Fig. 7f, g). These results support that the microglia are the main source
of IGF-1 in the mPFC of pups in response to maternal behavior.
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susceptibility

Additionally, isolated CD11b+ cells (microglia) from the mPFC of PND
35 mice showed a corresponding increase or decrease, consistent with
the immunostaining results (Supplementary Fig. 17g). Notably,
maternal care-induced microglial IGF-1 elevation was present from the
time of weaning at PND 21 until PND 35, which is accordance with those
exposed to 10 min x 2 or 180 min x 1 MS, demonstrating the impact of
maternal care was microglia-specific (Supplementary Fig. 17h, i). We
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Fig. 6 | Maternal behavior protects against stress vulnerability via upregulating
mPFC IGF-1 levels in adolescent mice. a Graphic representation of maternal
behavior in mice; Measurement of maternal behavior sample points in WT mice
exposed to maternal separation for 0, 10 min x 2, and 180 min x 1. Data are pre-
sented the mean + SEM (n = 11 mice for no maternal separation group, n = 8 mice for
maternal separation on 10 min x 2 group, n = 8 mice for maternal separation on
180 min x 1 group; one-way ANOVA and Bonferroni’s multiple comparison test).

b Correlation analysis between social interaction ratio and maternal behavior
sample points in WT mice experiencing maternal separation. The white, red, and
blue dots represent 0, 10 min x 2, and 180 min x 1 groups, respectively. The
Spearman correlation coefficient 2 and two-sided p value are shown (n =8 mice for
no maternal separation group, n =8 mice for 10 min x 2 group, n =10 mice for
180 min x 1 group). Correlation analysis between mPFC IGF-1 levels and maternal
behavior sample points (c), or social interaction ratio (d) in WT mice experiencing
maternal separation. The white, red, and blue dots represent 0, 10 min x 2, and
180 min x 1 groups, respectively. The Spearman correlation coefficient r* and two-
sided p value are shown (n =6 mice for each group). e Graphic representation of L
and LnL treatment; Schematic representation of the experimental procedure for
maternal separation on 180 min x 1 or not, and AcSD paradigm and behavioral tests
with L or LnL dams. f Measurement of maternal behavior sample points in WT mice
exposed to maternal separation for 180 min x1 or O, with L or LnL dams. Data are
presented the mean + SEM (n = 6 mice for 180 x 1 +L group, n=6 mice for

180 x 1+ LnL group, n=6 mice for 0 + L group; n="7 mice for O + LnL group; one-
way ANOVA and Bonferroni’s multiple comparison test). g Measurement of IGF-1
levels in the mPFC, in the hippocampus, and in the blood in WT mice exposed to
maternal separation for 180 min x 1or O, with L or LnL dams. Data are presented the
mean = SEM (n =5 for each group; one-way ANOVA and Bonferroni’s multiple
comparison test). h Representative immunoblots of LAP/LIP ratio and DRP1
expressions in the mPFC neurons of WT mice exposed to maternal separation for
180 min x 1 or O, with L or LnL dams. Data are representative of three independent
experiments. i, j Behavioral tests of WT mice exposed to maternal separation for

180 min x 1or O, with L or LnL dams. Measurement of social interaction ratio (i), and
the percentage of sucrose preference (j) in WT mice with indicative treatments.
Data in (i, j) are presented as the mean + SEM (n =13 mice for 180 x 1 groups, n=15
mice for O groups; one-way ANOVA and Bonferroni’s multiple comparison test).
k Schematic representation of the experimental procedure for maternal separation
on 10 min x 2 or not, and AcSD paradigm and behavioral tests with saline- or CNO-
treated dams. 1 The location of the cannula tips in Esr-2A-Cre female mice; Fluor-
escence microscopy image of representative field showed mCherry expression in
the MPOA injected with AAV-DIO-hM4Di-mCherry. Scale bar: 100 pm. n =4 dams
for each group. m Measurement of maternal behavior sample points in WT mice
exposed to maternal separation for 10 min x 2 or 0, with saline- or CNO-treated
dams. Data are presented the mean + SEM (n =6 mice for O + Saline group, n=6
mice for 10 x 2 + Saline group, n =5 mice for 0 + CNO group; n =6 mice for

10 x 2 + CNO group; one-way ANOVA and Bonferroni’s multiple comparison test).
n Measurement of IGF-1 levels in the mPFC, in the hippocampus and in the blood in
WT mice exposed to maternal separation for 10 min x 2 or 0, with saline- or CNO-
treated dams. Data are presented the mean + SEM (n =5 for each group; one-way
ANOVA and Bonferroni’s multiple comparison test). 0 Representative immunoblots
of LAP/LIP ratio and DRP1 expressions in mPFC neurons of WT mice exposed to
maternal separation for 10 min x 2 or 0, with saline- or CNO-treated dams. Data are
representative of three independent experiments. p, q Behavioral tests of WT mice
exposed to maternal separation for 10 min x 2 or 0, with saline- or CNO-treated
dams. Measurement of social interaction ratio (p), and the percentage of sucrose
preference (q) in WT mice with indicative treatments. Data in (p, q) are presented as
the mean + SEM (n =14 mice for 0 + Saline group, n =14 mice for 10 x 2 + Saline
group, n =13 mice for 0 + CNO group; n =14 mice for 10 x 2 + CNO group; one-way
ANOVA and Bonferroni’s multiple comparison test). r. Schematic representation of
molecular pathway that various maternal behavior levels mediate stress suscept-
ibility via the “two-hit” hypothesis. See also Supplementary Figs. 11-16. Source data
are provided as a Source Data file.

further tested the /gfl mRNA levels in microglia in the mPFC from the
PND 60 mice (Supplementary Fig. 17h, i). The results showed that until
PND 60, there was a sight but not significant increase in the level of IGF-
1 in mice with LnL or exposed to 10 minx2 MS (Supplementary
Fig. 17h, i). Moreover, we examined microglial /gfI mRNA levels in the
mPFC of mice exposed to 180 minx1 MS which resulted in less
maternal care, and the results showed mPFC microglial /gfI mRNA level
was decreased in the offspring experiencing low maternal care at PND
60 (Supplementary Fig. 17i). Thus, our findings support that maternal
care-induced IGF-1 microglial dysfunction persists into adulthood.

Microglia are the only cell type in the brain that expresses CSFIR,
which is critical for microglia survival. Administration of the CSFIR
inhibitor PLX3397 effectively depletes microglia®. To investigate the
role of microglia in maternal behavior-mediated antidepressant-like
effects of IGF-1 in adolescent mice, we administered PLX3397 to pups
after L or LnL treatment and AcSD paradigm (Fig. 7h). The placement
of cannula was shown in Fig. 7i. The results showed that PLX3397
treatment blocked LnL-induced IGF-1 elevation and C/EBP(3-DRP1
activation in the mPFC, consequently inducing DRPI1-related mito-
chondrial dysfunction (Fig. 7j-n). These results suggest that microglia
depletion diminishes IGF-1 levels, which then activates the C/EBP(
transcriptional activity for DnmIl, leading to mitochondrial dysfunc-
tion. Behavior tests showed PLX3397 treatment abolished the pro-
tective effects of increased maternal behavior in response to AcSD,
resulting in reduced social interaction, decreased time in the interac-
tion zone, and impaired sucrose preference (Fig. 70, p).

Activated microglia can be categorized into pro-inflammatory and
anti-inflammatory phenotypes, with neurotoxic or neuroprotective
effects in the brain. To further investigate the protective role of
microglia in adolescent depressive-like behavior, we injected MCLs, an
inhibitor of anti-inflammatory phenotype of microglia, into the mPFC
of pups to decrease neuroprotective microglia expression (Supple-
mentary Fig. 18a). The placement of cannula was shown in Supple-
mentary Fig. 18b. Similar to PLX3397, MCLs treatment decreased the

IGF levels, and induced C/EBPJ activation and following DnmiIl mRNA
levels in the LnL groups subjected to the AcSD paradigm (Supple-
mentary Fig. 18c-f). Moreover, MCLs injection diminished the mito-
chondrial function improvements associated with increased maternal
behavior, indicating that IGF-1 mainly originates from anti-
inflammatory microglia (Supplementary Fig. 18g). Behavior test
results confirmed the anti-depressive-like effects of anti-inflammatory
microglia, with MCLs treatment leading to social avoidance and
sucrose preference deficits (Supplementary Fig. 18h, i). Collectively,
these results suggest that anti-inflammatory microglia in the mPFC are
activated by maternal care to produce and secrete IGF-1, which pre-
vents depressive-like behaviors by improving neuronal mitochondrial
function in adolescent mice.

To gain insight into the interplay between microglia and neurons,
we manipulated microglia-derived IGF-1 levels using Cx3crl-Cre mice
and AAV-MG1.2-DIO viruses’™’, and overexpressed C/EBP isoforms
specifically in neurons using AAV-hSyn viruses. First, we selectively
inhibited microglia-derived IGF-1 levels and overexpressed the LIP
isoform in LnL-treated pup mPFC neurons (Fig. 8a). The efficacy of
viruses was validated through the immunostaining and the IGF-1
measurement in the mPFC (Fig. 8b, Supplementary Fig. 19a-c). Wes-
tern blotting analysis further confirmed the virus expression and
showed that microglial IGF-1 knockdown increased the LAP/LIP ratio
and DRPI1 protein expression, however, neuronal overexpression of
the LIP isoform reversed this increase (Fig. 8c, d). Importantly, there
were no differences in maternal behaviors of dams among all the
groups (Fig. 8e). The increased DRP1 protein expression was attributed
to upregulated Dnmil mRNA levels, and promoted mitochondrial
dysfunction, which was also diminished by LIP overexpression in
neurons (Fig. 8f, g). Notably, depletion of microglia-derived IGF-1
induced social avoidance and sucrose preference deficits even under
LnL conditions, yet neuronal LIP overexpression attenuated
depressive-like behaviors in adolescent mice (Fig. 8h, i, Supplementary
Fig. 19d).
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On the other hand, we specifically supplemented IGF-1 in micro-
glia and overexpressed the LAP isoform in neurons of the mPFC in
pups with CNO-treated dams (Fig. 8j). Immunostaining and ELISA
confirmed virus expression (Fig. 8k, Supplementary Fig. 19e-g). Wes-
tern blot analysis demonstrated that supplementation of microglia
with IGF-1 suppressed LAP/LIP ratios and thus reduced DRP1 protein
expression, whereas overexpression of neuronal LAP restored these

reductions (Fig. 8I, m). The IGF-1 supplement and LAP overexpression
did not impact maternal behaviors in dams (Fig. 8n). qPCR analysis
revealed that Dnmil mRNA levels were decreased by IGF-1 supplement
in microglia, but increased by neuronal LAP overexpression (Fig. 80).
Similarly, mitochondrial MMP and ATP levels were upregulated by
microglial IGF-1 supplement, but were impaired by neuronal LAP
overexpression (Fig. 8p). Behavior tests results indicated that
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Fig. 7| Microglia are primary source of maternal behavior-mediated IGF-1levels
in the mPFC of adolescent mice. a Schematic representation of the experimental
procedure for WT mice with L or LnL dams in group 1, and saline- or CNO-treated
dams in group 2. b The location of the cannula tips in Esr-2A-Cre female mice;
Fluorescence microscopy image of representative field showed mCherry expres-
sion in the MPOA injected with AAV-DIO-hM4Di-mCherry. Scale bar: 100 pm. n=3
dams for each group. ¢ Measurement of maternal behavior sample points in WT
mice with L or LnL dams, and saline- or CNO-treated dams. Data are presented the
mean + SEM (n =3 mice for each group; two-sided unpaired ¢-test with Welch’s
correction). d Measurement of IGF-1 levels in the mPFC of WT mice with L or LnL
dams, and saline- or CNO-treated dams. Data are presented the mean + SEM (n=8
for L group; n=8 for LnL group; n =8 for Saline group; n=7 for CNO group; two-
sided unpaired t-test with Welch’s correction). e Measurement of /gfI mRNA levels
in the mPFC of WT mice with L or LnL dams, and saline- or CNO-treated dams. Data
are presented the mean+ SEM (n =8 for L or LnL group, n=9 mice for Saline or
CNO group; two-sided unpaired ¢-test with Welch’s correction). The immunos-
taining of Ibal (Green) with /gfI mRNA (Red) in situ hybridization on the mPFC
sections of WT mice with L or LnL dams (f), and saline- or CNO-treated dams (g).
Scale bar: 10 um (f), 10 pm (g); Quantification of /gfl mRNA intensity in Ibal+ cells,
and Ibal—cells. Data in (f, g) are presented the mean + SEM (n=10 for L or LnL
group, n =12 for Saline or CNO group; two-sided unpaired t-test with Welch’s
correction). h Schematic representation of the experimental procedure of PLX3397
treatment, and AcSD paradigm and behavioral tests for WT mice with L or LnL
dams. i The image of cannula placements for injection of PLX3397. White arrow

indicates cannula target region and dotted line regions correspond to the position
of the cannula. Bregma: -0.22 mm, Scale bar: 500 um. n =3 mice for each group.
jMeasurement of maternal behavior sample points in WT mice exposed to L or LnL
dams, and AcSD paradigm with PLX3397 treatment. Data are presented the

mean = SEM (n =5 mice for each group; one-way ANOVA and Bonferroni’s multiple
comparison test). k Measurement of IGF-1 levels in the mPFC from WT mice with
indicative treatments. Data are presented the mean + SEM (n =5 for each group;
one-way ANOVA and Bonferroni’s multiple comparison test). | Measurement of C/
EBP activity in the mPFC neurons from WT mice with indicative treatments. Data
are presented the mean + SEM (n = 6 for each group; one-way ANOVA and Bon-
ferroni’s multiple comparison test). m Measurement of Dnm1il mRNA levels in the
mPFC neurons from WT mice with indicative treatments. Data are presented the
mean + SEM (n = 6 for each group; one-way ANOVA and Bonferroni’s multiple
comparison test). n Measurement of mitochondrial MMP and ATP levels in the
mPFC of WT mice with indicative treatments. Data are presented the mean + SEM
(n =6 for each group; one-way ANOVA and Bonferroni’s multiple comparison test).
o, p Behavioral tests of WT mice exposed to L or LnL dams, and AcSD paradigm with
PLX3397 treatment. Measurement of social interaction ratio and time in interaction
zone without or with target (0), and the percentage of sucrose preference (p) in WT
mice with indicative treatments. Data in (o, p) are presented as the mean + SEM
(n =10 mice for each group; one-way ANOVA and Bonferroni’s multiple comparison
test). See also Supplementary Figs. 17, 18. Source data are provided as a Source
Data file.

microglial IGF-1 supplementation ameliorated social avoidance and
sucrose preference deficits in response to social stress, which was
reversed by neuronal LAP overexpression in pups under conditions of
decreased maternal behavior (Fig. 8p, r, Supplementary Fig. 19h).
Above all, these results highlight that microglia-to-neuron crosstalk
plays an important role in mediating stress susceptibility through IGF-
1-C/EBP3-DRPL.

Discussion

Our study provides evidence that maternal behavior-mediated IGF-1-C/
EBPB-DRP1 signaling is important for the development of adolescent
depression by modulating mitochondrial dysfunction (Fig. 9). Neuro-
nal C/EBP( activity in the mPFC of adolescent mice is markedly
enhanced in response to AcSD, and this activated C/EBPf3 transcription
upregulates DRP1 expression, induces mitochondrial dysfunction and
confers stress susceptibility. Importantly, this study demonstrates that
maternal care for pups triggers elevated levels of microglia-derived
IGF-1, which suppresses the neuronal C/EBPB-DRPI1 axis by modulating
the LAP/LIP ratio, protecting the offspring from the “second hit” in the
adolescence.

Firstly, utilizing a mouse model of accelerated social defeat-
induced depression, we observed a significant association between
stress susceptibility and mitochondrial dysfunction in the mPFC of
adolescent mice. This association was effectively disrupted by a well-
established DRP1 inhibitor, Mdivil.We conducted further research into
the protein expression and mRNA levels of DRP1 in adolescent mice
subjected to the AcSD paradigm. Furthermore, immunostaining ana-
lysis revealed that social defeat-induced DRP1 expression was pre-
dominantly located in neurons of mPFC, rather than microglia or
astrocytes. Next, we validated several transcription factors screened
through ChlIP-Atlas data in the susceptible mice, and found that C/
EBPB might be the transcription factor for Dnmil. The results of luci-
ferase assays, EMSA and ChIP experiments confirmed C/EBPB as a
transcriptional activator for Dnmil. Notably, activated C/EBPf3 was also
localized in mPFC neurons, suggesting that the neuronal C/EBP(3-DRP1
axis is crucial for the development of adolescent depression. More-
over, specific overexpression or suppression of neuronal C/EBP(3-DRP1
in the mPFC effectively conferred or rescued stress susceptibility. MS,
aclassic early stress model, is closely related to adolescent depression.
Our findings indicate that the C/EBPB-DRP1 axis was inhibited in brief
MS, but activated in prolonged MS, whereas IGF-1 levels in the mPFC

showed the opposite tendency. Further analysis confirmed that IGF-1
suppressed the neuronal C/EBPB-DRP1 axis by activating the mTORC1
signaling, leading to a decreased LAP/LIP ratio. Additionally, the
blockade or supplementation of IGF-1 regulated the C/EBPB-DRP1 axis
and AcSD-induced stress susceptibility in adolescent mice exposed to
brief or prolonged MS. To better understand the association between
different MS durations and stress susceptibility, we quantified mater-
nal behavior in MS and control conditions, and found that brief MS
increased maternal behavior while prolonged MS decreased it. This
resulted in corresponding changes in IGF-1 levels in the mPFC of
adolescent mice. Furthermore, we utilized LnL treatment or repeated
inactivation of MPOA®™ cells in dams to enhance or diminish maternal
behavior. The results indicated the levels of maternal behavior in the
early period impacted the neuronal C/EBPB-DRP1 axis to prevent
depressive-like behavior via IGF-1-mediated LAP/LIP ratio in the mPFC
of adolescent mice. Since IGF-1 is a growth factor synthesized intra-
cellularly and released outside the cell, we further measured and
analyzed the /gfl mRNA levels in the mPFC. Our results demonstrated
that /gfl mRNA levels also varied with changes in maternal behavior
and were mainly produced from microglia in the mPFC. This suggests
an important microglial-to-neuronal crosstalk in maternal behavior-
mediated stress susceptibility. Thus, we used Cx3crl-Cre mice and
AAVs to specifically manipulate microglia-derived IGF-1 levels and
neuronal C/EBP activity. The results of mitochondrial function assays
and behavioral tests corroborate the assertion that microglial-to-
neuronal IGF-1-C/EBPB-DRP1 signaling plays a pivotal role in mediating
stress susceptibility in the mPFC of adolescent mice.

Social defeat stress has been established as a reliable mouse
model for studying adult depression, but a comparable experimental
paradigm for adolescent depression has yet to be been widely recog-
nized. Recently, Flores et al. reported an AcSD model that is effective in
both adolescent male and female C57BL/6) mice'*"**. In our study,
screening of susceptible and resilient adolescent mice using the AcSD
paradigm revealed mitochondrial dysfunction in the mPFCs of sus-
ceptible mice in both sexes. Mitochondrial dysfunction represents a
significant mechanism in the pathogenesis of adult depression®**"°°,
However, the association between adolescent depression and mito-
chondrial impairment has remained unclear. A growing body of evi-
dence indicates that depressive behaviors in adolescents frequently
co-occur with mitochondrial disorders”*. Additionally, a tran-
scriptome analysis demonstrates that adolescent stress response is
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highly associated with mitochondria-related genes in the mPFC, and
that mitochondrial respiratory capacity and hydrogen peroxide pro-
duction rate are elevated in stressed adolescent mouse models®.. Our
findings support that AcSD paradigm in adolescent mice results in
mitochondrial dysfunction through DRP1, including impaired MMP
and decreased ATP levels.

Our results showed that social stress significantly increased mRNA
and protein expressions of DRP1in the mPFC of susceptible adolescent
mice. However, in adult mice, social stress mainly upregulates phos-
phorylated DRP1 protein level, suggesting there may be different
molecular mechanisms underlying susceptibility to stress in adoles-
cent and adult mice®. The difference in mechanisms may be related to
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Fig. 8 | Microglial-derived IGF-1 inhibits neuronal C/EBPB-DRP1 axis to prevent
stress susceptibility in adolescent mice. a Schematic representation of the
experimental procedure of virus injection, and AcSD paradigm and behavioral tests
for Cx3crl-Cre mice with LnL dams. b The location of the cannula tips and fluor-
escence microscopy image of representative field showed mCherry expression in
the mPFC injected with AAV-hSyn-mCherry; Fluorescence microscopy image of
representative field showed GFP expression and Ibal (Purple) in the mPFC injected
with AAV-MGL.2-DIO-GFP in Cx3cr1-Cre mice. Scale bar: 100 pm (left), 50 pm (right).
n =23 mice for each group. ¢, d Representative immunoblots and quantification of
LAP/LIP ratio, and IGF-1 and DRP1 expressions in Cx3crl-Cre mice exposed to AcSD
paradigm and virus injection of AAV-MG1.2-DIO-shControl or -shIGF-1 and AAV-
hSyn-mCherry or -LIP, with LnL dams. Data are representative of three independent
experiments. Data are presented the mean + SEM (n =4 for each group; one-way
ANOVA and Bonferroni’s multiple comparison test). e Measurement of maternal
behavior sample points in Cx3crl-Cre mice with indicative treatments. Data are
presented the mean + SEM (n =5 mice for each group; one-way ANOVA and Bon-
ferroni’s multiple comparison test). f Measurement of Dnmi1l mRNA levels in the
mPFC neurons of Cx3crl-Cre mice with indicative treatments. Data are presented
the mean + SEM (n = 6 for each group; one-way ANOVA and Bonferroni’s multiple
comparison test). g Measurement of mitochondrial MMP and ATP levels in the
mPFC of Cx3crl-Cre mice with indicative treatments. Data are presented the
mean = SEM (n = 8 for each group; one-way ANOVA and Bonferroni’s multiple
comparison test). h, i Behavioral tests of Cx3cr1-Cre mice exposed to AcSD para-
digm and virus injection of AAV-MG1.2-DIO-shControl or -shIGF-1 and AAV-hSyn-
mCherry or -LIP, with LnL dams. Measurement of social interaction ratio (h), and
the percentage of sucrose preference (i) in Cx3crl-Cre mice with indicative treat-
ments. Data in (h, i) are presented as the mean + SEM (n =12 mice for each group;
one-way ANOVA and Bonferroni’s multiple comparison test). j Schematic repre-
sentation of the experimental procedure of virus injection, and AcSD paradigm and

behavioral tests for Cx3crl-Cre mice with CNO-treated dams. k The location of the
cannula tips and fluorescence microscopy image of representative field showed
mCherry expression in the mPFC injected with AAV-hSyn-mCherry; Fluorescence
microscopy image of representative field showed GFP expression and Ibal (Purple)
in the mPFC injected with AAV-MG1.2-DIO-GFP in Cx3crl-Cre mice. Scale bar:

100 pm (left), 50 um (right). n =3 mice for each group. I, m Representative
immunoblots and quantification of LAP/LIP ratio, and IGF-1and DRP1 expressions in
Cx3crl-Cre mice exposed to AcSD paradigm and virus injection of AAV-MG1.2-DIO-
GFP or -IGF-1 and AAV-hSyn-mCherry or -LAP, with CNO-treated dams. Data are
representative of three independent experiments. Data are presented the mean +
SEM (n =4 for each group; one-way ANOVA and Bonferroni’s multiple comparison
test). n Measurement of maternal behavior sample points in Cx3crl-Cre mice with
indicative treatments. Data are presented the mean + SEM (n =4 mice for each
group; one-way ANOVA and Bonferroni’s multiple comparison test).

0 Measurement of Dnmi1l mRNA levels in the mPFC neurons of Cx3crl-Cre mice
with indicative treatments. Data are presented the mean + SEM (n=5 for each
group; one-way ANOVA and Bonferroni’s multiple comparison test).

p Measurement of mitochondrial MMP and ATP levels in the mPFC of Cx3crl-Cre
mice with indicative treatments. Data are presented the mean + SEM (n = 6 for each
group; one-way ANOVA and Bonferroni’s multiple comparison test). q, r Behavioral
tests of Cx3crl-Cre mice exposed to AcSD paradigm and virus injection of AAV-
MGL.2-DIO-GFP or -IGF-1 and AAV-hSyn-mCherry or -LAP, with CNO-treated dams.
Measurement of social interaction ratio (q), and the percentage of sucrose pre-
ference (r) in Cx3crl-Cre mice with indicative treatments. Data in (q, r) are pre-
sented as the mean + SEM (n =10 mice for GFP + mCherry group; n =9 mice for IGF-
1+ mCherry group; n=9 mice for IGF-1+LAP group; one-way ANOVA and Bonfer-
roni’s multiple comparison test). See also Supplementary Fig. 19. Source data are
provided as a Source Data file.

brain development. As shown in Supplementary Fig. 6h, the mPFC
DnmIl mRNA levels increased with age in wild-type non-stressed mice
before adulthood (PND 0-60), suggesting that transcriptional reg-
ulation of Dnm1l plays a unique role in adolescence.

C/EBPB is a transcriptional activator of Dnmil, which affects
mitochondrial activity. It is composed of a single exon, which produces
a transcript that is translated into three protein isoforms: LAP*, LAP
and LIP®’. LAP* and LAP both possess transactivation domains and a
DNA-binding domain whereas the LIP isoform lacks the N-terminal
transactivation domains but retains the DNA-binding domain, thereby
functioning as a competitive inhibitor for LAP* and LAP®*. Notably, the
LAP/LIP ratio indicates the C/EBPJ activity, with a high LAP/LIP ratio
corresponding to high C/EBPp activity. The expression ratio of C/EBPf
isoforms is regulated by the mTORCIl-mediated translation initiation
pathway. This pathway is activated by mTORCI signaling, which in turn
upregulates the translation of the LIP isoform®. The present study
revealed that C/EBPP activity varied with different MS durations.
Specifically, LAP/LIP ratio decreasing in brief MS but increasing in
prolonged MS. Furthermore, the neuronal C/EBPB-DRP1 axis was
inhibited by 10 minx2 MS but activated by 180 min MS. Previous
research has shown that brief MS prevents, while prolonged MS pro-
motes, stress susceptibility in adolescent mice®*, which aligns with our
findings on neuronal C/EBPp activity. The contrary outcomes of MS
may be due to increased maternal behavior in brief MS as an over
compensatory response, though the detailed mechanism remains
unclear. Our findings explain the conflicting effects of MS on adoles-
cent depression and highlight the importance of maternal behavior
during the early period of development. Owing to direct manipulation
of transcription factor would produce unexpected side-effects,
improving maternal behaviors may be a better prevention strategy.

Maternal behavior during the early period is critical for the neu-
rodevelopment of offspring®>“¢, The quality and quantity of maternal
care affects epigenetic changes in pups, such as DNA methylation and
histone modifications®’. Previous research has shown that maternal
care alters methylation at the YY1 binding site in the promoter of long
interspersed nuclear element-1 (LINE-1), inducing somatic mutation in

the genome of pups®. Besides, maternal care affects cytosine methy-
lation of the glucocorticoid receptor (GR) promoter, and modulates
hypothalamic-pituitary-adrenal (HPA) responses to stress in
offspring”%, In the present study, in order to investigate innate
maternal behavior, we observed spontaneous maternal behavior,
including nursing postures, licking/grooming and nest building during
PND 1-8, rather than passive maternal behavior such as retrieving pups
from outside the nest. Moreover, to exclude the impact of breast
milking, bodyweight of pups was measured and displayed no sig-
nificant difference among maternal behavior inventions (Supplemen-
tary Figs. 11d, 14d). According to our experimental findings, we clarify
that the effect of maternal behavior on adolescents experiencing stress
is achieved by inhibiting the neuronal C/EBPB-DRP1 axis, which is
accomplished by increasing the level of IGF-1 released in microglia.

IGF-1is a crucial hormone in the growth and development of the
body during the postnatal and adolescent stages®. It can be synthe-
sized in neurons and glial cells, while predominantly in the microglia
during PND 4-7 mice®. Our current study reveals that microglia-
released IGF-1, mediated by maternal behavior, prevents stress sus-
ceptibility in adolescent mice, highlighting the crucial role of IGF-1in
early development. Similarly, a recent study demonstrated impaired
IGF-1 signaling in offspring that received reduced maternal behavior’.
However, our study did not thoroughly investigate the detailed
mechanism by which maternal behavior elevates microglia-derived
IGF-1 levels. Some researchers revealed E. coli 016:H48 colonization in
the dams impaired maternal behavior, resulting in inhibited IGF-1 sig-
naling in the pups’. Additionally, methylation of CGs in the IgfI P2
promoter has been associated with the growth and development of
offspring, indicating that maternal behavior may through DNA
methylation to influence /gfl expression in the pups®”*’ It can be
postulated that intestinal microbiota control or epigenetic program-
ming might be the possible mechanisms for elevated IGF-1 levels from
microglia in pups with high maternal care.

In our experiments, IGF-1 released by microglia bound to its
receptor on the neuronal surface and activated mTORCI signaling,
thereby reducing C/EBPJ activity, demonstrating an inhibitory effect
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Fig. 9 | Maternal behavior in the early period can mediate later-life stress
resilience by a microglial-to-neuronal IGF-1-C/EBPB-DRP1 signaling in the
mPFC of adolescent mice. In the mPFC of adolescent mice with low maternal care,
social stress activates transcription factor C/EBPB in mPFC neurons, upregulating
Dnmlil expression and promoting mitochondrial dysfunction, which confers to

stress susceptible in adolescent mice. However, high maternal care stimulates
microglia to relieve IGF-1, which inhibit neuronal C/EBPp activity through mTOR-
induced C/EBP-LIP translation via binding to IGF-IR on the neurons in the mPFC of
offspring, which protects stress resilience in adolescence. Source data are provided
as a Source Data file.

of IGF-1 on C/EBPp. Previous studies have also shown that IGF-1 sig-
naling is the upstream of the PI3K/Akt/mTOR pathway through insulin
receptor substrates”. In addition, activated mTORCI reduces the LAP/
LIP ratio by regulating translation initiation®. Interestingly, it has been
shown that IGF-1is also transcriptionally activated by the C/EBP family,
and that C/EBPS binds as a dimer to the HS3D site on the IGF-1 pro-
moter and enhances transcription of the IGF-1 gene in osteoblasts’.
Importantly, C/EBPJ is shown to be a positive transcription factor for
IGF-1 in adult sensory neurons, ameliorating diabetes-induced
dysfunction™. Therefore, there may be a bidirectional relation
between IGF-1 and C/EBPJ in different conditions, which needs to be
explored in more studies.

Owing to unstable hormone levels in female animals, male mice
are primarily used in our experiments, which might ignore some sex-
specific mechanisms. The discrepancy in the number of mice between
the two species represents a major limitation of our study. Further
studies on female adolescent mice are needed to investigate our
findings regarding stress susceptibility. Besides, in current study, we
pay more attention to maternal care by isolating pregnant mice from
male mice, however in human real life both maternal and paternal care
are indispensable to development of offspring. Paternal care may
similarly display a crucial impact on social behaviors and stress
response in the next generation’. Moreover, although our study
focused on adolescent stress susceptibility, we showed that maternal

care-induced alterations in IGF-1 persisted until PND 60 in mice with a
nonsignificant increase (Supplementary Fig. 17h, i). We did not delve
into the intrinsic mechanism of how maternal behavior induces IGF-1
release from microglia, which needs to be explored in further studies.
Overall, our work clarifies that the microglial-to-neuronal IGF-1-C/
EBPB-DRP1 axis promotes the development of stress susceptibility in
the mPFC of adolescent mice via mitochondrial dysfunction. Impor-
tantly, our results support that Mdivil, a DRP1 inhibitor, can restore
mitochondrial dysfunction and exert an anti-depressive effect in ado-
lescent mice. This provides insights into the clinical management of
adolescent depression. Moreover, our findings highlight that maternal
behavior in the early period is protective for the offspring against
depressive-like behavior in response to stress during adolescence,
providing evidence for early intervention in adolescent depression.

Methods

Ethics approval statement

The Laboratory Animal Welfare Ethical Committee of Renmin Hospital
of Wuhan University approved all animal experimental protocols
(WDRM 20240503C). Animal care and handling were performed
according to the NIH animal care guidelines and Wuhan University
guidelines. All procedures involving animals were proved by the
Institutional Animal Care and Use Committee of Renmin Hospital of
Wuhan University.
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Antibodies, virus, and chemicals
A detailed list of antibodies applied in the study, is provided in Sup-
plementary Table 1 in Supplementary Data 1.

A detailed list of viruses applied in the study, is provided in Sup-
plementary Table 2 in Supplementary Data 1.

A detailed list of chemicals applied in the study, is provided in
Supplementary Table 3 in Supplementary Data 1.

Animals

The C/EBPJ heterozygous knockout (C/EBPB+/-) mice and C57BL/6)
mice (C/EBPP+/+) were obtained from Jackson Laboratory (stock
#006873 and #000664, respectively). Since the homozygous muta-
tion of Cebpb is lethal on pure-strain backgrounds, the C/EBPj
knockout mice are maintained as heterozygotes on a C57BL/6 strain
background. The Esr-2A-Cre mice (JAX strain #017911) was a gift from
Dr. Xiaohong Xu. The Cx3crl-iCre mice (Catalog CO01391) were pur-
chased from Cyagen.

Thyl-human C/EBPB-LAP transgenic (Tg) mouse of C57BL/6)
background were generously provided by Dr. Kegiang Ye. The gen-
eration of these LAP-Tg mice has been previously described®. Briefly,
mouse genomic fragments were amplified from a bacterial artificial
chromosome clone using high-fidelity Taq polymerase and assembled
into a targeting vector. After verification via Southern blotting, cor-
rectly targeted clones were selected for blastocyst microinjection.
Founders confirmed for germline transmission through crossbreeding
with wild-type (WT) mice, and the F1 heterozygous mutant mice were
identified as the final progeny. We conducted PCR to validate the
genotypes of transgenic mice. Primer mixes #1 was used to distinguish
between Non-Tg and LAP-Tg mice, with the forward primer sequence
as TGAAGCATTCCCTAATGAGCCAC and the reverse primer sequence
as CTCGCCTCCTCCGGCCACTGCTAG. Primer mixes #2 allowed for
differentiation between Non-Tg, Tg, and Tg/Tg mice, with the forward
primer sequences being AGAGTTGGTTGGTCCTCTCCT and the
reverse primer sequence being GCCATTTAAGCCATGGGAAGTTAG.

Mice were distributed randomly among the groups using random
number tables. Sample sizes were calculated using the Power and
Precision software developed by Biostat. Mice were housed collec-
tively in a 12-h light/12-h dark cycle at a constant temperature of 22 °C
under specified pathogen-free (SPF) conditions. Both food and water
were available ad libitum. Following behavioral assessments, mice
were selected randomly from each group for subsequent analyses. All
behavioral assessments were conducted without prior knowledge of
the animals’ treatment history. The Laboratory Animal Welfare Ethical
Committee of Renmin Hospital of Wuhan University approved all
animal experimental protocols (WDRM 20240503C). Animal care and
handling were performed according to the NIH animal care guidelines
and Wuhan University guidelines. All procedures involving animals
were proved by the Institutional Animal Care and Use Committee of
Renmin Hospital of Wuhan University.

Cell lines

HEK293 cells (CRL-1573) were obtained from the American Type Cul-
ture Collection (ATCC) and cultured in Dulbecco’s Modified Eagle
Medium (DMEM, Thermo Fisher, 11965092) supplemented with 10%
fetal bovine serum (FBS, Thermo Fisher, 12483020) and 0.1% penicillin/
streptomycin (Thermo Fisher, 15140122). The cells were incubated at
37 °Cin a humidified atmosphere containing 5% CO, and 95% O,, using
a HERAcell Vios 160i incubator (Thermo Fisher).

Study design

At first, we utilized accelerated social defeat (AcSD) paradigm to
induce depression in adolescent C57BL/6) WT mice. Through social
interaction test (SIT), the mice exposed to AcSD were classified as
susceptible and resilient groups. Mice without AcSD were considered
as control group. The data in Fig. 1 and Supplementary Fig. 1

represent findings from AcSD-exposed mice and control mice. Mice
of equal number were randomly taken from this pool of mice for
further analysis in Figs. 1-4 and Supplementary Figs. 1, 2. The figures
and figure legends showed the sample sizes. We found a significant
association between stress susceptibility and mitochondrial dys-
function in the mPFC of adolescent mice, which was effectively dis-
rupted by a DRP1 inhibitor, Mdivil. To better understand this
association, we quantified the protein and mRNA levels of DRP1 and
clarified its location in cell type by immunostaining. Further knock-
down and overexpression of DRP1 confirmed the relationship of
DRPI1-mediated mitochondrial dysfunction and stress susceptibility.
To further investigate the transcription of Dnm1il, combining of ChIP-
Atlas data and validation in susceptible mice, we found that C/EBPf
might be the transcription factor for Dnmlil. Luciferase assays, EMSA,
ChIP experiments and primary mouse neurons confirmed C/EBPp as
a transcriptional activator for Dnmlil. Further overexpression or
suppression of DRP1 in WT mice, C/EBPf3+/- mice and LAP Tg mice
confirmed the molecular relationship between C/EBPf3 and Dnmil. To
investigate the role of C/EBPB-DRP1 axis in maternal separation, we
conducted maternal separation on different durations and found
that C/EBPB-DRP1 axis was inhibited in brief MS while activated in
prolonged MS, which was opposite with IGF-1 levels in the mPFC.
Further experiments confirmed that IGF-1 suppressed the neuronal
C/EBPB-DRP1 axis by binding to IGF-IR and activating the
mTORCl1 signaling, leading to a decreased LAP/LIP ratio. Additionally,
blocking or supplementing IGF-1 influenced the neuronal C/EBP(-
DRP1 axis and consequently stress susceptibility in adolescent mice
experiencing brief or prolonged MS. To deeply exploration of C/
EBPB-DRP1 axis in maternal separation, we measured maternal
behavior in MS on different durations and found that maternal
behavior increased in brief MS but decreased in prolonged MS, which
was consistent with changes in IGF-1 levels in the mPFC. Additionally,
addition or reduction of maternal behavior in the early period further
confirmed the IGF-1-C/EBPB-DRP1 signaling in mediating depressive-
like behaviors in adolescent mice. To further explore the source of
IGF-1 levels, we measured and analyzed the /gfIl mRNA levels in the
mPFC, and confirmed that microglia was primary source of maternal
behavior-induced IGF-1 through microglia depletion. Finally, we used
Cx3crl-Cre mice and AAV-hSyn virus to specifically manipulate
microglia-derived IGF-1 levels and neuronal C/EBPB-DRP1 axis, vali-
dating the IGF-1-C/EBPB-DRPI signaling in conferring depressive-like
behavior in adolescent mice.

Accelerated Social Defeat (AcSD) paradigm
Attack definitions. To follow a standardized AcSD paradigm
used the definitions of attack during AcSD paradigm as follows:

(1) One attack is described as when CD-1 mouse bites the C57BL/6)
mouse, and the C57BL/6) mouse moves away as a defense to
the bite.

(2) Abite is defined as when CD-1 mouse puts its teeth on any body
part of the C57BL/6) mouse.

(3) The definition of moving away is when the C57BL/6) mouse
moves both of its hind paws from the position they are in before
CD-1 mouse engages it.

(4) There must be at least a 2-s pause between successive attacks.
Multiple bites without a 2-s pause would be considered as a
single attack.

(5) The operator would cautiously separate the animals if CD-1
mouse bites more than once in 2 s without a pause described in
(4). These bites would be considered as a single attack.

(6) Gently separate the animals if CD1 mouse bites and refuses to
release its hold.

(7) Gently separate the animals using a ruler if the C57BL/6) mouse
become stuck in a corner or is pinned down by CD-1 mouse and
unable to escape after being bitten.

10,11,34
T, We
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Adolescent AcSD, priming and screening for aggression. CD-1 mice
were trained for aggression in two periods prior to AcSD sessions. In the
first period of 3 days, an adult male C57BL/6 mouse (PND 65) was placed
in the home cage of a CD-1 mouse and left there for 3 min, or until it was
attacked ten times. The second period began on the 4th day, which
involved priming twice a day at 9:00 and 14:00. During this period, an
adolescent C57BL/6) mouse (PND 34-35) was placed to the CD-1 mou-
se’s home cage for 5 min after an adult C57BL/6 mouse had just been
there for thirty seconds. The second period continued for 3-4 days, or
when a subset of CD-1 mice started acting aggressively against the
teenage C57BL/6) mice on a regular basis. The latency and attack
number of CD-1 mice were recorded in the second period. The CD-1
mice, which attacked the C57BL/6) mice for at least 10 times or 2 days in
a row, were chosen to be aggressors in the AcSD. The C57BL/6) mice
used in priming procedure were not involved in other experiments.

Adolescent AcSD, social defeat sessions. The AcSD apparatus con-
sists of a transparent rat cage with two mouse housing compartments
divided by a perforated, transparent center divider that permits sen-
sory but not physical contact between mice. To improve the CD-1
mice’s territorial behavior, each chosen CD-1 mice that have been
previously screened for aggressive behavior was kept in one of the
compartments for at least 48 h prior to the start of AcSD. The other
compartment was still vacant. We performed the priming phase 2
again the day before the experiment to make sure CD-1 mice remaining
aggressive toward adolescent C57BL/6J mice. The AcSD protocol was
held on 9:00 and 14:00 sessions every day for a total of 4 days. To
prime the CD-1 mice for aggressive behavior, an adult C57BL/6 mouse
was placed into the CD-1 compartment for 30 s at each session. Then,
the adult C57BL/6 mouse was taken out, and an adolescent C57BL/6)
mouse (PND 35) was added as an intruder. The adolescent C57BL/6)
was left with CD-1 mouse until 10 min has passed or ten attacks have
taken place, whichever came first. The C57BL/6) adolescent mouse was
kept overnight on the empty compartment after the session to induce
psychological stress. Adolescent C57BL/6] mice were given a daily
exposure to a new aggressor. Adolescent C57BL/6J control mice were
kept in daily, identical, two-compartment cages with a conspecific
every day. For the remaining parts of the behavioral trials, each mouse
was placed in its own cage following the last AcSD session on day 4.

Subthreshold Social Defeat (SSD) paradigm

As for the priming and screening parts, SSD shared the same steps with
AcSD. In social defeat session, the SSD followed the procedure in AcSD,
but just lasted 1 day.

Social interaction test (SIT)

The SIT was performed in a rectangular chamber (45 x 45 cm?) with
two corner zones (10 x 10 cm?) and an interaction zone (14 x 16 cm?),
and the interaction behavior of mice was tracked by VisuTrack soft-
ware. There were two sessions in the social interaction test. Firstly, the
test mouse was placed into the chamber and allowed to explore freely
for 2.5 min. Next, a novel CD-1 mouse was placed into the cage within
the interaction zone, and the test mouse was introduced into the
chamber for another 2.5 min. The time the test mouse spent in the
interaction zone and corner zones with or without the target of CD-1
mouse was recorded. Social interaction ratio was calculated based on
the time spent in the interaction zone with target by dividing that
without target. The mouse with social interaction ratio <1.0 was con-
sidered susceptible and that with social interaction ratio >1.0 was
considered resilient. The observers were blinded to the treatment the
mice received when evaluating the data.

Sucrose preference test (SPT)
The SPT was widely used to examine anhedonia, which was a key fea-
ture of depression and defined as a sucrose preference level below

65%’°. Before the AcSD paradigm was started, adolescent mice were
accustomed to having two drinking tubes (50 mL Falcon® with silico-
nized rubber stops and stainless-steel sipper tubes) in their home
cages: one containing tap water and the other containing 1% sucrose
solution. Previous research has demonstrated that 1% sucrose solution
produced a strong sucrose preference (-80% over tap water) in ado-
lescent C57BL/6) male mice”’. The acclimatization was repeated after
the AcSD paradigm. After the acclimatization, the drinking sessions
lasted from 17:00 to 21:00, and the consumption of each mouse was
measured by weighing the bottles before and after the sessions. Tap
water was freely available to mice in between drinking sessions. To
determine sucrose preference percentage, the amount of sucrose
solution consumed was divided by the total intake of both the sucrose
solution and regular water during the 4-h test. The observers were
unaware of the treatment given to the mice when evaluating the
results.

Open-field test (OFT)

The OFT procedure has been described in our previous study with
slight modifications®. In brief, mice were allowed to explore a white
plastic chamber (40 x 40 x 40 cm?3) for 10 min. Behaviors were recor-
ded using a video camera and subsequently analyzed with the Visu-
Track software.

Elevated plus maze test (EPM)

The EPM method has been described before®. Mice were habituated
for 5min on a plus-shaped platform consisting of two open arms
(30 x5%x0.5cm?3), two closed arms (30 x5x15cm3), and a central
connecting zone (5 x 5 cm?) 1 day before the test. On the test day, mice
were placed on the center platform of the maze and allowed to explore
the open arms for 5min. Their movements were recorded using a
video camera positioned above the central zone and subsequently
analyzed with VisuTrack software.

Chronic unpredictable stress (CUS) paradigm

This method has been described in our previous study*. Every mouse
used in the CUS paradigm has its own housing cage and was allowed to
adapt to a 1% sucrose solution for 2 days. After that, for a duration of
5 weeks, mice were randomly assigned to 2-3 stressors each day. These
stressors included a 24 h period without food or water, a 1 h period of
cold exposure at 4 °C, a 12 h period with wet bedding, a 1 h period of
restraint, a 12 h period without bedding, a reversal of the light-dark
cycle, a12 h period under strobe lighting, a 10-min swim stress in 18 °C
water, and foot shocks delivered 10-20 times with intervals ranging
between 5 and 30 s at an intensity of 0.5 mA.

Microarray data

Gene Expression Omnibus (GEO) database is a public database con-
sisting of high-throughput gene expression data (https://www.ncbi.
nlm.nih.gov/geo). We screened brain samples from patients with
major depression disorder in the GEO database and selected dataset
GSE54568. This dataset includes 30 total samples in 15 pairs of post-
mortem tissue from the dorsolateral prefrontal cortex. From the GEO
(GPL570 Affymetrix Human Genome U133 Plus 2.0 Array), we down-
loaded the gene expression datasets and the probe information for
GSE54568 to analyze the expression level of Dnmil and Cebpb gene.

Transcription factor prediction of the Dnm1il gene

Transcription factor prediction was made through the Signaling
Pathways Project (SPP) link in the website (http://www.
signalingpathways.org/index.jsf)”®. The SPP project provided possible
transcription factors along with binding scores for Dnmil gene. We
searched for the transcription factors in commonly used cell lines
HeLa S3, and the relative expressions of transcription factor genes
were detected using qPCR.
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ChIP-seq database screening and GSM select

To understand the conservativeness of C/EBP binding with Dnmil, we
searched for ChIP-seq data about C/EBP binding with Dnm1l! in Cis-
trome.db website (http://dbtoolkit.cistrome.org)’”’. We got 4 repre-
sentative Sample (HeLa cells GSM935553, HepG2 cells GSM935622,
HCT116 cells GSM1010852, MSCs cells GSM1684642) showing that C/
EBPB bound to the promoter region conservatively in different cell
lines and tissue.

Prediction of C/EBPB binding motif

The DNA sequence of the mice Dnm1Il was obtained from the UCSC
genome browser (https://genome.ucsc.edu.). The binding motifs of C/
EBPB on mice Dnm1il promoter were analyzed by JASPER online tools
(https://jaspar.elixir.no)*°. The Relative profile score thresholds were
set at >85%.

Luciferase assay

HEK293 cells were co-transfected with different truncates of Dnmil
promoter luciferase reporters and GST-vector or GST-C/EBPJ plas-
mids, and cultured for 36 h. According to the manufacturer’s sug-
gested protocol (Promega), cells were harvested by a passive lysis
buffer and then analyzed by a Dual-Luciferase Reporter Assay System.
Relative luciferase activities of different truncates of Dnmil promoters
were normalized to Renilla luciferase activities to control. The
experiments were repeated three times.

EMSA (Electrophoretic Mobility Shift Assay; DNA: protein)

The LightShift Chemiluminescent EMSA Kit (Life Technologies) was
used to conduct the EMSA assay. Nuclear proteins were extracted using
the Nuclear and Cytoplasmic Protein Extraction Kit (Beyotime Biotech,
P0028). Utilizing Pierce™ BCA Protein Assay Kits (Thermo Fisher,
23227), protein concentrations were determined. Based on the pre-
diction results, double-stranded oligonucleotide probes were designed
for the Site 4 of the Dnm1Il (-1369 to -1060) promoter and labeled with
biotin. Unlabeled probes (cold probes) worked as competitors. Mutant
probes labeled with biotin served to confirm the binding specificity.
The binding of C/EBPJ was verified using the C/EBP( antibody (super-
shift), but not to any other transcription factors. The primer sequence
for the binding site 4 as: AATGCAGTGGCGCAATCTCG, and the mutant
primer sequence as: AATGCAGTGTATCAATCTCG.

Chromatin immunoprecipitation (ChIP)

HEK293 cells were fixed with 1% formaldehyde for 10 min and the
cross-linking was quenched with 2 M glycine for 5 min. After isolation
of nuclei, chromatin was sonicated using a Covaris S220 sonicator to
obtain the desired DNA fragment size (-500 bp). The sonicated chro-
matin was pre-cleaned by twice-centrifugation at maximum speed at
4°C. Then, 5 pL of anti-C/EBPp or anti-IgG were used to precipitate the
chromatin fragments containing DNA-protein cross-linking ChIP sam-
ples, which were collected with 50 pL Dynabeads Protein A (Invitrogen,
10001D). The PCR assay assessed the enrichment of specific DNA
sequences, and detected each input sample. The positive control was
demonstrated with anti-Histone H3 antibody coupling with GAPDH
primers. Following 35 PCR cycles (denature for 30 s at 95 °C, anneal for
30s at 58°C, and extend for 30s at 58°C), the PCR amplicon was
separated using a 2% agarose gel.

Maternal separation (MS)

The day of birth is postnatal day O (PND 0). According to Andersen and
Weiss’s instructions, ***MS was carried out on PND 1. During the
separation, dams were removed from the maternity cage and the pups
were weighed and replaced in the other cage for the rest of the
experiment. The cage contained 3-cm bedding and was placed on a
heating pad set at 37 °C. At the end of the separation period, the dams
and pups were returned to their original cages. All litters were weaned

at PND 21, and housed in groups of 5-6 mice of the same sex for the
following behavioral test.

In our study, the pups were assigned randomly into one of five
conditions: the short maternal separation groups (MS for 20 min x 1 or
10 min x 2): pups were exposed to 20 min of MS during PND 1-21; the
long maternal separation groups (MS for 180 min x1 or 90 min x 2):
pups were separated from their dams as a litter for 180 min during PND
1-21; and the control group (without MS): pups were only replaced the
bedding of their cages until PND 10. The separation period started at
18:00 in MS for 20 min x 1 and 180 min x 1, while at 10:00 and 18:00 in
MS for 10 min x 2 and 90 min x 2, respectively.

Maternal behavior sample points

Maternal-infant interaction was recorded in the animal room during
PND 1-8. Assessments were made by calculating the number of
maternal behavior sampling points. The rules for calculating the
sampling points are as follows**%*,

Maternal behavior was recorded twice a day in 8:00-9:00 and
16:00-17:00 in different maternity cages by a SONY video recorder.
Daily monitoring consisted of 32 sample points in total, and each
sampling point referred to the first 5s of every 4-min period in each
sampling time period. If the dam showed any of maternal behavior as
following described, the cage got one sample point. If in 5 s period the
dam showed more than single maternal behavior or more than once,
we just calculated this 5-s period as one sample point.

The following maternal behaviors are observed:

(1) nursing postures (NP), thatis, arched-back nursing (the damisin
an arched position over the nursing pups) and blanket nursing
(the dam is lying flat on top of the pups);

(2) licking/grooming of the pups, body licking, and anal licking
included;

(3) nest building, that is, the dam is pushing and retrieving the
nesting materials around the pups.

Lactating and non-Lactating mother model

Previous studies have the similar paradigm***. A few days prior to the
birth, female pregnancy mouse was isolated (control condition, L=
Lactating) or housed with an age-matched unfamiliar virgin C57BL/6)
female mouse (LnL condition, LnL=Lactating and non-Lactating).
Three cohorts of female mice were used to generate all mice used in
different experiments. Housing conditions and indoor temperature
were constant with a 12 h:12 h light: dark cycle. A standardized amount
of bedding and nesting material (soft paper) was provided for each
cage. Around the day of birth, cages were checked twice a day for
newborn pups, in which case PND O was set. Pups were counted on
PND 1, leaving the unchanged number of pups in each cage. Dams with
fewer than four pups during the whole process were not included in
the experiments. The detailed lists for the exact number of litters
included in the LnL model, are provided in Supplementary Table 4 in
Supplementary Data 1. When more than 3 cages are used for maternal
behavior sample points, we randomly select 3 cages of litters for
subsequent experiments. Cage bedding was not cleaned until PND 10,
and maternal behavior was assessed as previous statement dur-
ing PND 1-8.

Stereotactic injection of viruses, antibody to IGF-1, or drugs
Mice were anesthetized with isoflurane (Sigma-Aldrich, PHR2874) and
fixed to a specialized mouse frame (RWD Life Science).

For mPFC virus injection, we used a glass capillary with nanoin-
jector (World Precision Instruments, Nanoliter 2000) to inject
reagents into mPFC (anteroposterior: +1.80 mm, transverse: +0.30 mm
and dorsoventral: -2.10 mm) in PND 29 mice at a 20 nL/min rate or
specially mentioned.

For MPOA virus injection of Esrl-2A-Cre female mice, virus was
stereotactically injected into the MPOA (anteroposterior: +0.02 mm,
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transverse: +0.325 mm, dorsoventral: —5.10 mm) bilaterally through a
glass capillary using nanoinjector (World Precision Instruments,
Nanoliter 2000) at 20 nL/min or specially mentioned. One week after
the surgery, the female mice were paired with males until the female
mice became visibly pregnant.

According to Shuai Liu’s instruction®, we performed cannulation
infusion. For mPFC cannulation and drug infusion, guide cannulas were
implanted bilaterally into the mPFC (anteroposterior: +1.80 mm, trans-
verse: + 0.30 mm, dorsoventral: — 1.80 mm) in PND 29 or 30 mice. For
intracerebroventricular (i.c.v.) injection, guide cannulas were implanted
in the following coordinates: right lateral ventricle (anteroposterior:
+0.74 mm, transverse: +0.80 mm, dorsoventral: —2.10 mm) in PND 29 or
30 mice. The cannulas were secured to the skull using dental acrylic. The
mice were housed individually and allowed to recover for at least 7 days
after surgery. After a 7-days recovery, Mice were bilaterally infused with
antibodies, mouse recombinant IGF-1 or drugs using an injector that
protruded 0.3 mm beyond the tip of the guide cannula. Appropriate
positive pressure was applied by a microsyringe pump to infuse the drug
or antibody at a rate of 0.2 pL/min or specially mentioned. The injection
rates and dose of drugs and antibodies are showed in “Preparation and
administration of test agents”.

Surgical procedures were approved by the Institutional Animal
Care and Use Committee of Renmin Hospital of Wuhan University. A
randomized block design was used to assign mice to age-matched
treatment groups. A detailed list of coordinates of virus injection or
cannulation used in the study, is provided in Supplementary Table 5 in
Supplementary Data 1.

Preparation and administration of test agents

For systemic administration, fluoxetine hydrochloride was dissolved in
distilled water at the concentration of 2 mg/mL, and intraperitoneally
injected once for 6 days with the dose of 20 mg/kg.

CNO was dissolved in saline at the concentration of 2 mg/mL, and
intraperitoneally injected to lactating dams with the dose of 1 mg/kg
twice a day 10 min prior to maternal behavior recording, to silence
cells expressing hM4Di-mCherry.

GWO0742, a PPAR-6 agonist, was dissolved at the final concentra-
tion of 50 mM in a solution consisting of 98% ACSF, 1% Tween-80, and
1% dimethyl sulfoxide. The final concentration of GW0742 in in vivo
experiments was 50 mM. The injection rate was 0.2 uL/min while the
volume was 1pL/side once a day.

Mdivil was dissolved at the final concentration of 100 uM in ACSF.
The final concentration of GW0742 in in vivo experiments was 100 pM.
The drug was injected into the mPFC at a rate of 0.5 pL/min while the
volume was 1.5 plL/side once a day.

The IGF-1nAb (R&D Systems, AF791) or control IgG (R&D Systems,
AB-108-C) was diluted in PBS, and injected into the bilateral mPFC with
160 ng each side at a rate of 0.2 pL/min once a day.

IGF-1 was diluted in PBS, and injected into the bilateral mPFC with
50 ng each side at a rate of 0.2 uL/min once a day.

PLX3397, colony-stimulating factor 1 receptor (CSFIR) inhibitor,
was dissolved at the final concentration of 100 pM in 10% DMSO and
90% sulfobutylether-B-cyclodextrin (SBE-B-CD). Mannosylated clo-
dronate liposomes (MCLs) was applied to polarized microglia in vivo
to assess specificity in promoting anti-inflammatory phenotype of
microglia apoptosis. PLX3397 (100 pM in 2 puL) or MCLs (20 pL) was
injected into the right lateral ventricle through the intracerebroven-
tricular (i.c.v.) injection cannulas at a rate of 0.2 uL/min. The needle
remained in place for 5min after injection of the drugs, followed by
slow removal.

Anti-IL-6 antibody was diluted in PBS, and at the concentration of
0.5mg/mL, and intraperitoneally injected once in control and sus-
ceptible adolescent mice with the dose of 5 mg/kg.

The time point and duration of drug administration was detailed
described in the schematic time line. A detailed list of the dose and

injection rate of drug administration used in the study, is provided in
Supplementary Table 6 in Supplementary Data 1.

Primary culture of mouse cortical neurons

Cerebral cortices from E16 to E18 C57BL/6) mice were carefully dis-
sected, with meninges removed under a dissecting microscope. The
whole process of dissection was carried out in cold DMEM (Thermo
Fisher, 11965092). Tissues were finely minced to 1 mm?3 using scissors
and subsequently transferred to a new dish containing 4 mL of DMEM
supplemented with 2 mg/mL papain (MedChem Express, HY-P1645).
The tissue fragments were digested in an incubator at 37 °C in 5% CO,
and 95% O, for 30 min, with gently swirling every 5 min. Following
digestion, the papain-containing medium was aspirated and replaced
with 4 mL of inoculation medium (DMEM + 5% FBS + 5% horse serum,
Thermo Fisher, 16050122) to stop the digestion. The mixture was then
gently pipetted ~10 times and left on ice for 2 min before 2 mL of the
supernatant suspension was transferred to a new tube. We then added
another 2 mL inoculation medium to the tissue mixture and replicated
the above process. After repeating the process twice, a total of 6 mL of
supernatant was collected and centrifuged at 200 x g for 10 min. The
supernatant was discarded, and the resultant cell suspension was
resuspended in 2mL of the same inoculation medium. Cells were
counted and seeded on 6-well plates pre-coated with poly-
ethyleneimine (PEI; Sigma-Aldrich, P3143) at densities ranging from
4 x10° to 7 x 10° cells per well. After 4 h of incubation, the inoculation
medium was replaced with Neurobasal medium (Thermo Fisher,
21103049) supplemented with 0.5mM glutamine (Thermo Fisher,
35050061), 1% penicillin/streptomycin, and 2% B-27 supplement
(Thermo Fisher, 17504044). The medium was refreshed every 4 days
by replacing half of the initial volume.

Magnetic bead sorting-based isolation of neurons and microglia
Neuron and microglia isolation from adolescent brains were con-
ducted according to recent studies and the manufacturer’s protocol
from Miltenyi Biotec® %, Adolescent mice anesthetized with isoflurane
(Sigma-Aldrich, PHR2874) and perfused transcardially with Hanks’
balanced salt solution (HBSS) buffer. mPFC tissues were quickly col-
lected and cut into small pieces on the ice, then homogenized gently
using a Dounce homogenizer. After filtered with 70 pm cell strainers,
the tissue homogenates were centrifuged at 600 x g for 6 min. Then,
the debris removal solution was added to the cell pellets, in order to
remove cell debris, then centrifuged at 3000 x g for 10 min. Isolated
cells were washed with 10x volumes of HBSS and centrifuged at
1000 x g for 10 min. Neurons and microglia were further respectively
sorted by Neuron isolated kit Il (Miltenyi Biotec 130-115-389) and CD11b
microbeads (Miltenyi Biotec 130-093-634) according to the manu-
facturer’s guideline.

Cell transfection and treatment

We transfected HEK293 cells using Lipofectamine 2000 (Invitrogen,
11668019) according to the manufacturer’s recommendations. For the
treatment of primary neurons, IGF-1 or Vehicle was added into the
culture medium for 72 h at a concentration of 20 nM.

Tissue lysis and western blotting

Brain tissues were washed with cold PBS and homogenized in RIPA
buffer (Beyotime Biotech, PO013B) supplemented with phosphatase
and protease inhibitors (MedChem Express, HY-KO010 and HY-K0021,
respectively). The homogenates were sonicated four times for 5s each
and centrifuged at 17,000 x g for 20 min at 4 °C. The supernatant was
collected, and protein concentration was standardized to 5-10 mg/mL
using Pierce™ BCA Protein Assay Kits (Thermo Fisher, 23227). Cyto-
plasmic and nuclear proteins were extracted using the Nuclear and
Cytoplasmic Protein Extraction Kit (Beyotime Biotech, P0028). Protein
samples were denatured in SDS loading buffer (Bio-Rad, 1610747) at
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95°C for 10 min, separated by 8-12% SDS-PAGE, and transferred to
nitrocellulose membranes (Bio-Rad, 1620112). Membranes were
blocked with 5% skim milk in TBS containing 0.1% Tween-20 (TBS-T)
for 1h at room temperature, then incubated with primary antibodies
overnight at 4 °C. After 4-6 washes in TBS-T, the membranes were
incubated with horseradish peroxidase (HRP)-conjugated secondary
antibodies (anti-mouse, 1:5000, BLOO1A; anti-rabbit, 1:5000, BLOO3A,
Biosharp Life Sciences, China) for 1h at room temperature. Following
five washes with TBS-T, the membranes were developed using
enhanced chemiluminescence reagents and imaged with the
ChemiDoc™ Touch Imaging System (Bio-Rad, 1708370). Band inten-
sity was quantified using ImageJ software, and experiments were
repeated and analyzed at least three times.

Enzyme-linked immunosorbent assay (ELISA)

Enzyme-linked immunosorbent assays were conducted according to
the manufacturer’s instructions (IL-6 mouse ELISA kit, Thermo Fisher,
BMS603HS; TNF-a mouse ELISA kit, Thermo Fisher, BMS607-3; IGF-1
mouse ELISA kit, Thermo Fisher, EMIGF1; TransAM® C/EBP o/3, Active
Motif, 44696). The protein concentrations were normalized by
Pierce™ BCA Protein Assay Kits (Thermo Fisher, 23227). All samples
were measured as doublets for technical replicates.

RNA isolation and quantitative real-time PCR (qRT-PCR)

Total RNA was isolated from tissue samples using the FastPure Cell/
Tissue Total RNA Isolation Kit (Vazyme, RC112-01, China). RNA con-
centrations were determined with the Nanodrop apparatus (Thermo
Scientific).

Synthesis of full-length first-strand cDNA was performed using
500 ng of total RNA with the HiScript Ill 1st Strand cDNA Synthesis Kit
(Vazyme, R312-01, China). Quantitative real-time PCR (QRT-PCR) was
carried out on 2 pL of cDNA using the Bio-rad Real-Time PCR System,
with each sample run in triplicate in a 20-pL reaction volume. Primers
for GAPDH and gene-specific sequences were obtained from TagMan®
(Thermo Fisher Scientific). Amplification settings were 95 °C for 30s,
followed by 40 cycles at 95°C for 10 s and 60 °C for 30 s. The Taq Pro
Universal SYBR qPCR Master Mix (Vazyme, Q712-02, China) was used.
Gene expression was quantified using the AACt method, normalized to
GAPDH mRNA levels, and expressed relative to controls.

Immunofluorescence staining

For the immunofluorescence, we used 20 um brain sections. After
three PBS washes, the brain sections were blocked for 30 min with 3%
bovine serum albumin (BSA, w/v) and 0.3% Triton X-100 (v/v), and then
incubated with primary antibodies at 4 °C overnight. On the 2nd day,
the brain sections were incubated with a combination of labeled sec-
ondary antibodies for 2 h at room temperature, following three PBS
washes. Finally, nuclei were stained for 5 min using DAPI (1:1000), and
then the brain sections were rinsed three times with PBS. The images
were captured by Leica Confocal Imaging System.

Fluorescent in situ hybridization (FISH) combination with
immunostaining

For fluorescent in situ hybridization (FISH), ACD RNAscope® Kit (cat#
323100) was used according to the manufacturer’s protocol. After
balanced to room temperature and washed with PBS three times, fresh
frozen brain slices (15 um) were baked at 60 °C for 30 min, then fixed
with ice-cold 4% paraformaldehyde at 4 °C for 15 min, followed dehy-
drated in anhydrous ethanol and dried at room temperature. The brain
slices were incubated with RNAscope hydrogen peroxide at room
temperature for 10 min. After washing, the brain slices were put into
the target repair solution at 100 °C for 5min for target repairment.
Next, primary antibodies were added in the brain slices with a hydro-
phobic circle at 4 °C overnight. On the next day, the brain slices were
again fixed with 4% paraformaldehyde at 4 °C for 15 min after washed

with PBST for three times. Following that the RNAscope protease plus
was incubated with brain slices at 40 °C for 30 min, the brain slices
were incubated in the hybridization oven at 40 °C for 2 h with probes
(RNAscope™ 2.5 LS Probe-Mm-Dnmll, ACD, Cat No. 434678; RNA-
scope™ 2.5 LS Probe-Mm-Igfl-C3, ACD, Cat No. 443908-C3). After
hybridization, Ampl, Amp2, and Amp3 were successively incubated
with the brain slices at 40 °C for 30 min. Then, HRP, fluorescent dye,
and HRP blocker were added following closely at 40 °C for 15 min.
Lastly, the corresponding fluorescent secondary antibodies were
incubated with brain slices at room temperature for 30 min. Nuclei
were stained for 5 min using DAPI (1:1000), and then the brain sections
were rinsed three times with PBS. The images were captured by Leica
Confocal Imaging System.

Transmission electron microscope

Mice were anesthetized and perfused with 2.5% glutaraldehyde, and
the mPFC was isolated and post-fixed in 2.5% glutaraldehyde overnight
at 4 °C. After washing with PBS, the mPFC was fixed in 1% OsO4 in 0.1 M
phosphate buffer (PB, pH 7.4) for 2 h at room temperature and dehy-
drated in a series of ethanol solutions (30%, 50%, 80%, and 100%) for
20 min each. The samples were then immersed in 100% acetone twice
(15min), and were infiltrated and embedded using EMBed 812 in
acetone (1:1), followed by polymerization at 60 °C for 48 h. Sections
were cut to 400 nm thickness using an ultramicrotome and placed
onto 150-mesh copper grids coated with formvar film. The sections
were stained with a 2% uranium acetate saturated alcohol solution for
8 min, rinsed three times in 70% ethanol, and then rinsed three times in
ultrapure water. After staining with 2.6% lead citrate, avoiding CO,
exposure, for 8 min, the sections were rinsed again with ultrapure
water, dried, and observed using a HITACHI HT7800 transmission
electron microscope at 80 kV.

Mitochondrial membrane potential assay

For the determination of mitochondrial membrane potential (MMP),
the JC-1 assay kit (Beyotime) was used according to the manufacturer’s
protocol. First, mitochondria of mPFC and hippocampus were
extracted quickly using the mitochondrial Extraction Kit (Beyotime),
then added with JC-1 for 30 min at 37 °C in a 5% CO, incubator. After
washed with PBS, fluorescence signals were measured at 490 nm
excitation (ex)/530 nm emission (em) for JC-1 monomer and 525 nm
excitation (ex)/590 nm emission (em) for the aggregates of JC-1. Car-
bonyl cyanide 3-chlorophenylhydrazone (CCCP) was added as a posi-
tive control by depolarization.

Quantification of ATP

The ENLITEN ATP Assay System Bioluminescence Detection Kit (Pro-
mega) was utilized to quantify the concentration of ATP. After cleaned
with ice-cold PBS, the mPFC or the hippocampus tissues was homo-
genized in Krebs-Ringer bicarbonate HEPES buffer. The lysates were
separated into 96-well plates and mixed with a 100 pL luciferin-
luciferase reaction buffer. Utilizing a Biotek Synergy 2 SL Microplate
Reader (BioTek), the luminescence was determined. The ATP levels
were assessed by a standard curve and adjusted based on protein
levels.

Statistical analysis

The sample size and outcome analysis for each group presented in the
figure and figure legends. All data were analyzed by using GraphPad
Prism 9.0 and presented as the mean * standard error of the mean
(SEM) from at least three independent experiments. The figure legends
listed all the statistical procedures, including statistical tests, the
number of samples. For the two groups, an unpaired t-test with Welch’s
correction was employed. For the three or more groups, one-way
ANOVA followed by Bonferroni’s multiple comparison test was used.
The two-way ANOVA and Bonferroni’s multiple comparison test was
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employed to the groups with two independent factors. Values of
p <0.05 indicated statistical significance. The detailed lists for statis-
tical values are provided in Supplementary Table 7 in Supplemen-
tary Data 1.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data generated in this study are provided in the Supplementary
Information/Source Data file. The expressions of Dnmil and Cebpb
mRNA in the brain samples from patients with major depression dis-
order were acquired from the GEO database under accession numbers
GSE54568. The uncropped Western blots are also provided in the
source data file. Source data are provided with this paper.
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