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Chronic stress induces depression-like
behaviors and Parkinsonism via
upregulating α-synuclein

Check for updates

Danhao Xia1,5, Min Xiong1,5, Yingxu Yang1, Xin Wang1, Qiang Chen2, Sheng Li3, Lanxia Meng1 &
Zhentao Zhang1,4

Parkinson’s disease (PD) is a neurodegenerative disorder characterized by the aggregation of α-
synuclein (α-syn) and the nigrostriatal dopaminergic neuronal degeneration. Depression is one of the
most common non-motor symptoms of PD patients. However, the pathogenic connection between
PD and depression is not well understood. Herein, we report that chronic stress upregulates the
expression of α-syn in the mouse brain. Overexpression of α-syn in the hippocampus replicates
depressive-like phenotypes, whereas the genetic deletion of α-syn enhances resistance to chronic
stress. Furthermore, chronic stress in early life promoted the deposition of α-syn aggregates in a
transgenic mouse model that overexpresses human A53T mutant α-syn (A53T mice). Chronic stress
also exacerbated dopaminergic degeneration and motor impairments in A53T mice. Strikingly, α-syn
inclusions were also observed in the brains of some aged non-transgenic mice subjected to chronic
stress. Together, our findings suggest that chronic stress upregulates α-synuclein expression,
resulting in depression-like behaviors and parkinsonism.

Parkinson’s disease (PD) is the second most common neurodegenerative
disease and is characterized by the loss of dopaminergic neurons in the
substantia nigra pars compacta (SNpc) and the presence of Lewy body (LB)
aggregates1. PDpatients suffer frommotor symptoms, such as bradykinesia,
rigidity, and resting tremor, and non-motor symptoms, such as depression,
sleep disorders, cognitive decline, and autonomic dysfunction2. Depression
is one of the most common non-motor symptoms and is considered
clinically significant in 40–50% of PD patients3,4. Depression may predate
the onset of motor symptoms and accelerate the progression of motor
symptoms and cognitive impairments5. Thus, depression has been identi-
fied as one of the major determinants of quality of life in PD patients.
However, the pathogenic relationship between PD and depression is poorly
understood.

Two hypotheses have been proposed regarding the relationship
between PD and depression. One possibility is that depression is an early
manifestation of PD, which is supported by the fact that depression in PD
patients is related to neuroanatomical alterations, neurotransmitter dis-
turbances, and neuroinflammation, similar to individuals with naive
depression6.Theother hypothesis presumes that premorbiddepressionmay
increase susceptibility to PD. Some studies have reported that depression is

associated with an increased risk of developing PD in late life7–9. To better
dissect these two hypotheses, studies on the pathophysiological integration
between PD and depression are needed.

α-Synuclein (α-syn), encoded by the SNCA gene, is highly enriched in
presynaptic terminals. α-Syn is believed to play roles in neurotransmission,
synaptic plasticity, and vesicle dynamics under physiological conditions10.
Pathological deposits of α-syn in LBs and Lewy neurites (LNs) are the
hallmarks of PD and underlie the development and progression of PD11.
Missense mutation of SNCA (A53T, A30P, E46K) and multiplication of
SNCA cause familial PD12,13. Even in sporadic PD, SNCA polymorphisms
are genetic risk factors14. Interestingly, several studies have reported that α-
syn mRNA levels are increased in patients with major depressive
disorder15,16. Additionally, two autopsy studies revealed that depressive
symptoms are associated with the presence of α-syn aggregates in sub-
cortical structures17,18. These results suggest that α-syn pathology may
underlie both PD and depression.

In the present study, we found both increased protein and mRNA
levels of α-syn in different brain regions of depressive mice induced by
chronic unpredicted mild stress (CUMS). Overexpression of α-syn in the
hippocampus leads to spontaneous depression-like phenotypes, whereas its
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genetic deletion enhances resistance to pathological changes under chronic
stress. Moreover, CUMS promoted α-syn aggregation and compromised
motor ability in a genetic PD mouse model. We further demonstrated that
CUMS could increase the likelihood of pathological α-syn in aged non-
transgenicmice. These observations indicate that α-synmay bridge chronic
stress to both depression and PD.

Results
α-Syn expression is upregulated in different brain regions
after CUMS
The experimental design and timeline of our study are shown in Supple-
mentary Fig. 1. We first determined the effects of chronic stress on phe-
notypes in a CUMS-induced mouse model. After 4 weeks of CUMS
treatment, the sucrose preferenceof theCUMSgroupwas lower than that of
theWTgroup (Supplementary Fig. 2a). Thebodyweight curve revealed that
the mice in the CUMS group gained less body weight than the mice in the
control group did (Supplementary Fig. 2b). In the behavioral tests, the
immobility times in both the FST and TST of the mice in the CUMS group
were longer than those of the mice in the control group (Supplementary
Fig. 2c, d). Furthermore, the EPM test revealed that the mice in the CUMS
group had fewer entries into the open arms and less time spent in the open
arms (Supplementary Fig. 2e). In theOFT, the time spent in the center area,
number of central entries, and total distance traveled were significantly
lower in theCUMSgroup than in the control group (SupplementaryFig. 2f).
These results indicate that the CUMS procedure successfully increases
depression-like behaviors in mice.

Next, TEMwas performed to evaluate the extent of synaptic loss after
CUMS exposure.We found that the synaptic density in the hippocampus of
the mice in the CUMS group was lower than that in the control group
(Fig. 1a, b). In addition,Golgi staining revealed thatCUMScaused the loss of
dendritic spines in the hippocampus (Fig. 1c, d). Morphological analysis of
spines revealed that CUMS decreased the number of thin and mushroom
spines (Supplementary Fig. 2g). To test whether CUMS influences synaptic
plasticity, we recorded LTP induced by HFS in the Schaffer collateral-CA1
region of hippocampal slices and observed that LTP was diminished in the
CUMS group (Supplementary Fig. 2h, i). WB analysis (Fig. 1e, f) revealed
that the abundances of postsynaptic density protein 95 (PSD95), synapsin I,
and synaptophysin were lower in the hippocampal lysates of the CUMS
group than those of the control group, indicating impaired synaptic plas-
ticity. The levels of syntaxin, vesicle-associated membrane protein 2
(VAMP2) and synaptosomal associated protein 25 (SNAP25) in the CUMS
group were higher than those in the control group. Since syntaxin,
VAMP2 and SNAP25 are core components of the soluble N-
ethylmaleimide–sensitive factor attachment protein receptor (SNARE)
complex, we also determined the levels of these proteins in the striatum and
substantia nigra. The results revealed increased levels of syntaxin in the
striatum and substantia nigra after CUMS treatment. There was no differ-
ence in the level of VAMP2 in the striatum or substantia nigra. The level of
SNAP25 was elevated only in the striatum (Supplementary Fig. 2j, k). We
further tested the effect of stress on α-syn expression. Interestingly, CUMS
exposure increased the protein levels ofα-syn in the hippocampus, striatum,
and substantia nigra (Fig. 1g, h). Consistently, qPCR revealed that chronic
stress increased the level of Snca mRNA in these brain regions (Fig. 1i).
Thus, theCUMSprocedure could cause depression-like phenotypes and the
upregulation of α-syn.

Overexpression of α-syn induces depression-like phenotypes
To testwhetherα-synplays a role indepression,WTmicewere injectedwith
AAV particles encoding the human SNCA gene in the bilateral hippo-
campus. Two months after injection, WB analysis confirmed that exogen-
ousα-synwas expressed in thehippocampus (Fig. 2a, b).Comparedwith the
control mice, the α-syn-overexpression mice consumed less sucrose
(Fig. 2c). The bodyweight differed between control AAV-injectedmice and
α-syn-overexpression mice (Supplementary Fig. 3a). Compared with the
control groups, the α-syn-overexpression group displayed increased

immobility time in both the FST and TST (Fig. 2d, e). The EPM test results
revealed a significant decrease in the time spent in the open arms and the
number of entries into the open arms in the α-syn-overexpression group
(Supplementary Fig. 3b). The OFT yielded similar results, with the α-syn-
overexpression group exhibiting fewer central entries and fewer total dis-
tances moved, although there was no difference in the time spent in the
center area among the groups (Supplementary Fig. 3c). These findings
indicate that α-syn overexpression in the hippocampus leads to depression-
like behaviors in the absence of stress.

We further investigated whether α-syn overexpression impacts
synapses. TEM analysis revealed a decrease in the synaptic density in the
hippocampus of themice in the α-syn overexpression group comparedwith
those in the control groups (Fig. 2f, g). Additionally, the α-syn over-
expression grouppresented apronounced loss of dendritic spines compared
with the control groups (Fig. 2h, i). Although the overexpression of α-syn
significantly decreased the number of thin and mushroom spines, more
stubby spines were present in the α-syn overexpression group (Supple-
mentary Fig. 3d). Comparedwith that in the control group, the induction of
LTP in the α-syn-overexpressing group was impaired (Supplementary
Fig. 3e, f). WB analysis revealed that the levels of PSD95, synapsin I,
synaptophysin, syntaxin and VAMP2 decreased, whereas the level of
SNAP25 increased in the hippocampus of α-syn-overexpression mice (Fig.
2a, b). These results suggest that α-syn triggers synaptic dysfunction in the
hippocampus.

Genetic deletionofα-syn attenuatesdepression-likephenotypes
induced by CUMS
To further explore the role of α-syn in depression-like phenotypes induced
by chronic stress, WT and Snca-/- mice were subjected to the CUMS para-
digm. Sucrose preferences were similar in WT and Snca-/- mice before
CUMS, whereas Snca-/- mice presented a lower reduction in sucrose pre-
ference thanWTmicedid afterCUMS (Fig. 3a).AlthoughCUMS treatment
resulted in less bodyweight gain in bothWT and Snca-/- mice, the reduction
was partially attenuated in Snca-/- mice (Supplementary Fig. 4a). Compared
with the WT-CUMS group, the Snca-/--CUMS group had a shorter
immobility time in both the FST and TST. There was no difference in
immobility time in the TST between the Snca-/--control group and the
Snca-/--CUMS group (Fig. 3b, c). Knockout of α-syn also partially improved
performance in the EPM and OFT tests after CUMS treatment (Supple-
mentary Fig. 4b, c). Hence, Snca-/- mice are resistant to CUMS-induced
depression-related behaviors.

In addition, TEM analysis revealed that the Snca-/--CUMS mice
exhibited less synaptic loss than the WT-CUMS mice did (Fig. 3d, e). We
also found that the loss of dendritic spines was less severe in Snca-/--CUMS
mice than inWT-CUMSmice (Fig. 3f, g). The detrimental effects of CUMS
treatment on thin and mushroom spines were alleviated in Snca-/--CUMS
mice (Supplementary Fig. 4d). Knockout of α-syn partially attenuated the
impairment of LTP caused by CUMS (Supplementary Fig. 4e, f). Con-
sistently, the knockdown of α-syn also attenuated the decreases in PSD95,
synapsin I and synaptophysin and the increases in syntaxin, VAMP2 and
SNAP25 (Fig. 3h, i). These results indicate that the knockout of α-syn
partially alleviates the synaptic impairments caused by chronic stress.

CUMS exacerbates α-syn pathology in A53T mice
Given that α-syn mediates depression-related changes caused by chronic
stress,wenext determinedwhether chronic stress affectsα-syndeposition in
α-syn A53T transgenic mice. These mice express human A53T mutant α-
syn and are used as a mouse model of synucleinopathy. After 4 weeks of
CUMS exposure, we found that sucrose preferences were decreased in both
WT and A53T mice subjected to CUMS, and this effect was more promi-
nent inA53Tmice (Supplementary Fig. 5a). Consistently, CUMS treatment
impaired body weight gain in bothWT and A53Tmice, with A53T-CUMS
mice gaining the lowest body weight among the groups (Supplementary
Fig. 5b). Compared with WT-CUMS mice, A53T-CUMS mice presented
increased immobility time in both the FST and TST (Supplementary
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Fig. 1 | α-Syn expression is upregulated in different brain regions in the CUMS
mouse model. a Representative electron microscopy images of synapses in the
hippocampus. The red arrows indicate synapses. Scale bar, 1 μm. bQuantification of
synapses. n = 45 fields from 9 sections from 3mice per group. cRepresentative Golgi
staining images of spines in the hippocampus. Scale bar, 10 μm. dQuantification of
spines. n = 45 branches from 3mice per group. eRepresentative immunoblot images
of PSD95, synapsin I, synaptophysin, syntaxin, VAMP2 and SNAP25 and (f)

quantification. n = 6 mice per group. g Representative immunoblot images of α-syn
in the HIP, CPU and SN and (h) quantification. n = 6 mice per group.
i Quantification of the mRNA levels of α-syn in different brain regions. n = 6 mice
per group. The box-and-whisker plots depict the median, quartiles and range. Other
data are shown as mean ± SEM. Student’s t-test WAS used. The P values are labeled
in the diagram. CUMS chronic unpredictable mild stress.
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Fig. 2 | Overexpression of α-syn leads to synaptic dysfunction in WT mice.
aRepresentative immunoblot images of PSD95, synapsin I, synaptophysin, syntaxin,
VAMP2 and SNAP25 and (b) quantification. n = 6 mice per group. Results of the
body weight (c), FST (d) and TST (e) tests. n = 10 mice per group. f Representative
electron microscopy images of synapses in the hippocampus. The red arrows indi-
cate synapses. Scale bar, 1 μm. g Quantification of synapses. n = 45 fields from 9

sections from 3 mice per group. h Representative Golgi staining images of spines in
the hippocampus. Scale bar, 10 μm. iQuantification of spines. n = 45 branches from
3mice per group. The box-and-whisker plots depict themedian, quartiles and range.
Other data are shown as mean ± SEM. The date were analyzed using one-way
ANOVA followed by Tukey’s post hoc test. The P values are labeled in the diagram.
ns not significant, FST forced swim test, TST tail suspension test.
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Fig. 3 | Knockdown of α-syn partly rescues CUMS-induced synaptic impair-
ments. Results of the body weight (a), FST (b) and TST (c) tests. n = 10 mice per
group. d Representative electron microscopy images of synapses in the hippo-
campus. The red arrows indicate synapses. Scale bar, 1 μm. e Quantification of
synapses. n = 45 fields from 9 sections from 3mice per group. fRepresentative Golgi
staining images of spines in the hippocampus. Scale bar, 10 μm. gQuantification of

spines. n = 45 branches from3mice per group.hRepresentative immunoblot images
of PSD95, synapsin I, synaptophysin, syntaxin, VAMP2 and SNAP25 and (i)
quantification. n = 6 mice per group. The box-and-whisker plots depict the median,
quartiles and range. Other data are shown as mean ± SEM. The data were analyzed
by two-way ANOVA followed by Tukey’s post hoc test. The P values are labeled in
the diagram. ns not significant, FST forced swim test, TST tail suspension test.
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Fig. 4 | CUMS exacerbates α-syn pathology in A53T mice. a Representative
immunohistochemical results of phosphorylated α-syn from WT and A53T mice
with and without CUMS treatment in the striatum, hippocampus, amygdala and
substantia nigra and quantification b. n = 6 mice per group. Scale bar, 20 μm.
c Representative immunoblot images of α-syn, phosphorylated α-syn, aggregated α-

syn (5G4) andmisfolded α-syn (Syn303) in the soluble and insoluble fractions of the
striatum of WT and A53T mice with and without CUMS treatment and quantifi-
cation d. n = 6 mice per group. Data are shown as mean ± SEM. The data were
analyzed by two-way ANOVA followed by Tukey’s post hoc test. The P values are
labeled in the diagram. ns not significant, CUMS chronic unpredictable mild stress.
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Fig. 5c, d). Both WT and A53T mice exposed to CUMS exhibited worse
performance in the EPM and OFT tests. There was no difference between
WT-CUMS mice and A53T-CUMS mice (Supplementary Fig. 5e, f).

We further tested whether CUMS accelerates the pathological
aggregation of α-syn. Five months after CUMS treatment, no phos-
phorylated α-syn (Ser129) was detected in any of the tested areas in WT
mice with or without CUMS (Fig. 4a, b). Immunostaining revealed weak
phosphorylated α-syn signals, which appeared as dots and neurites, in

unstressed A53T mice. CUMS exposure augmented the formation of
neuronal phosphorylated α-syn in A53T mice. Obvious LB-like aggre-
gates were detected in the striatum, hippocampus, amygdala and sub-
stantia nigra (Fig. 4a, b). We also applied anti-aggregated α-syn (5G4)
antibody and anti-misfolded α-syn (Syn303) antibody. Both the 5G4
antibody and Syn303 antibody detected no signal in WT-control and
WT-CUMS mice, while more cytoplasmic staining was found in A53T-
CUMS mice than in A53T-control mice (Supplementary Fig. 6a–d).

Fig. 5 | A53T mice exhibit loss of TH-positive neurons and motor deficits after
CUMS treatment. a Representative images of SNpc TH-positive neurons and (b)
quantification. Scale bar, 100 μm. n = 6 mice per group. c Representative images of
striatum TH-positive fibers and (d) quantification. Scale bar, 200 μm. n = 6mice per

group. Performance in the (e) rotarod test and (f) pole test. n = 10 mice per group.
Data are shown as mean ± SEM. The data were analyzed by two-way ANOVA
followed by Tukey’s post hoc test. The P values are labeled in the diagram. ns not
significant, SNpc substantia nigra pars compacta, AOD average optical density.
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These results were validated by WB analysis. There was no difference in
the level of total α-syn in the soluble fraction between the control and
CUMS groups in either genotype. No α-syn was detected in the insoluble
fraction of WT mice with or without CUMS. Compared with A53T-
control mice, A53T-CUMS mice presented higher levels of α-syn in the
insoluble fraction, as detected by total α-syn antibodies, phosphorylated
α-syn antibodies and 5G4 antibodies (Fig. 4c, d).

Finally, we investigated degeneration of the nigrostriatal system
and motor function in WT and A53T mice after CUMS. The sur-
viving dopaminergic cells in the substantia nigra were quantified by
stereological counts after immunostaining with tyrosine hydroxylase
(TH), a marker of dopaminergic neurons. The number of TH-
positive neurons in the substantia nigra and the density of TH-
positive fibers in the striatum were not altered in WT-control mice,
WT-CUMS mice, or A53T-control mice. However, after CUMS,
extensive loss of dopaminergic neurons and dopaminergic fibers was
detected in A53T mice (Fig. 5a–d). The rotarod test and pole test
were used to assess the effects of CUMS on locomotor activity. In
both tests, no obvious motor impairment was detected in WT-control
or A53T-control mice, suggesting normal motor ability in eight-

month-old A53T mice (Fig. 5e, f). After exposure to CUMS, A53T
mice exhibited impaired motor performance (Fig. 5e, f). In summary,
these results indicate that CUMS accelerates the onset of PD-like
pathology and motor symptoms in A53T mice.

CUMS induces α-syn deposition in aged WT mice
Finally, we tested whether WT mice subjected to CUMS could sponta-
neously develop α-syn pathology with aging. WT mice were subjected to
CUMS at 2 months of age. α-Syn deposition was detected by immunohis-
tochemistry at 15 months of age. Interestingly, phosphorylated α-syn was
detected in the striatum, hippocampus and substantia nigra in nine out of
the fifteen WT-CUMS mice, whereas no phosphorylated α-syn signaling
was detected in the WT-control mice (Fig. 6a). In these nine mice, phos-
phorylated α-syn staining was mild. WB analysis revealed that no patho-
logical α-syn was detected by the phosphorylated α-syn antibody, 5G4
antibody or Syn303 antibody inWT-control mice, whereas pathological α-
syn was detected in WT-CUMS mice (Fig. 6b). Double immuno-
fluorescence staining revealed that phosphorylated α-syn colocalized with
p62 in the striatumand substantia nigra ofWT-CUMSmice at 15monthsof
age (Fig. 6c).

Fig. 6 | Presence of phosphorylated α-syn in WT mice after CUMS treatment at
15 months of age.WT mice were subjected to 4-week CUMS treatment at
2 months of age. a Representative immunohistochemical results of phosphorylated
α-syn in the striatum, hippocampus and substantia nigra at 15 months of age. Scale
bar, 20 μm. b Representative immunoblot images of α-syn, phosphorylated α-syn,

aggregated α-syn (5G4) and misfolded α-syn (Syn303) in the soluble and insoluble
fractions of the striatum. c Representative images showing phosphorylated α-syn
(red), P62 (green) and DAPI (blue) staining in the striatum and substantia nigra.
Scale bar, 10 μm. CUMS chronic unpredictable mild stress.
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Discussion
In the present study, we explored the role of α-syn in depression induced by
chronic stress.Theα-synmRNAandprotein levelswere elevated inmultiple
brain regions of stressed mice. The change in α-syn in stressed mice is
similar to that observed in patients with depression19,20. Several studies have
shown that Lewy bodies in the hippocampus are associated with cognitive
impairment in PD patients21,22. According to Braak staging theory, the
hippocampus is affected byα-syn pathology at neuropathological stage IV23.
However, different PD patients present distinct patterns of α-syn
pathology11.

Next, we determined the effects of α-syn overexpression on the
development of depression. To avoid the effects of motor deficits, which
may be induced by α-syn overexpression in the striatumor substantia nigra,
onperformance indepression-related tests,we chose tooverexpressα-syn in
the hippocampus24. We found that hippocampal α-syn overexpression
caused depression-like behaviors and synaptic loss at 8 weeks after AAV
injection. These results are supported by two other studies showing that the
overexpression of α-syn (one in raphe serotonin neurons and the other in
midbrain dopaminergic neurons) also triggers depressive-like phenotypes
at 8weeks after AAV injection25,26. This time pattern is different from that of
CUMS treatment, since a 4-week period results inminimal heterogeneity in
C57BL/6 J mice27.

In addition, α-syn can regulate the fusion and clustering of synaptic
vesicles through VAMP2, which ultimately leads to the recruitment of
SNAP-25 and syntaxin28. Interestingly, our results demonstrated that the
levels ofVAMP2, SNAP25 and syntaxin increased in the hippocampus after
chronic stress, whereas α-syn overexpression resulted in increased levels of
SNAP25. The increased levels of these three proteins are associated with
glutamate neurotransmission, which is one of the core features of stress-
related mental disorders29–31. Antidepressant drugs reduce hippocampal
glutamate by inhibiting the levels of syntaxin, SNAP25 and VAMP232,33.

Excessive accumulation of α-syn in neurons is toxic and may be
involved in the complex pathological mechanisms of depression. First, α-
syn may regulate the synthesis of monoamine neurotransmitters34. The
overexpression of α-syn disrupts the function of vesicular monoamine
transporter 2 to affect neurotransmitter storage35. α-Syn also modulates the
trafficking of monoamine transporters to the cell surface, thus influencing
neurotransmitter reuptake36–38. A recent study reports brain area-dependent
changes in α-syn, β-syn, and γ-syn. An imbalance in the levels of synucleins
may affect serotonin transporter levels and function in patients with
depression39. In addition, hypothalamic pituitary adrenal axis dysregulation
is detected in transgenic rats overexpressing α-syn40. Moreover, α-syn has
been reported to regulate neuroinflammation and the complement
system41,42, which contributes to depression43,44.

Here, we showed that α-syn overexpression caused a decrease in
dendritic spine density, which is consistent with previous results45,46.
However, reports indicate thatα-syn overexpression in the prefrontal cortex
leads to increased dendritic spine density47,48. The changes in spines sec-
ondary to α-syn may be partly attributed to cell vulnerability. In addition,
two studies reported thedetrimental effects ofα-synpreformedfibrils on the
dendritic spines in layer V of the somatosensory cortex and on striatal spiny
projection neurons49,50.

Additionally, our results revealed that the depression-like phenotypes
induced by chronic stress in Snca-/- mice were not as apparent as those in
WT mice. The potential of targeting α-syn in the treatment of depression
needs further evaluation. Two independent clinical studies have shown that
the efficacy of tricyclic antidepressants (desipramine and nortriptyline) is
more favorable than that of selective serotonin reuptake inhibitors in
managing depression in PD patients51,52. Nortriptyline directly binds to
soluble α-syn to inhibit its pathological aggregation53. Desipramine affects
the expression of α-syn38,54, whereas fluoxetine fails to do so55. It has also
been reported that, in an A53T mouse model, α-syn affects serotonergic
projections in a space-dependent pattern within the hippocampus, thereby
influencing the response to fluoxetine treatment56.

Given that α-syn plays a vital role in both PD and depression, it would
be interesting to dissect the relationship between these two clinical entities.
Depression may occur prior to PD symptoms and indicate a worse prog-
nosis for PD patients57,58. Chronic stress and stress hormones can affect the
function of the central nervous system by affecting transcriptional regula-
tion, cellular signaling, neurotransmission release and so on59. Previous
studies have reported that immobilization stress leads to increased dopa-
mine levels and oxidative damage to the nigrostriatal system60 and that
chronic restraint stress promotes dopaminergic neuronal degeneration via
microglial activation and oxidative stress61. However, only extremely severe
and prolonged stress can lead to permanent dopaminergic neuronal death.

Furthermore, several studies have shown that chronic stress can
exaggerate neural degeneration and compromise motor function in
neurotoxin-induced PD models62–64. Considering that neurotoxic models
rarely reflect age-dependent neurodegeneration, we used A53T mice to
examine neuropathological and behavioral changes at 5 months after
CUMS. This model is a late-onset transgenic model of PD.We did not find
loss of dopaminergic neurons in 8-month-old A53T mice without CUMS.
This finding is consistent with previous reports65–68. Moreover, chronic
stress exacerbated pathological α-syn aggregation, the depletion of TH-
positive neurons and motor impairments in A53T mice. Other studies
reported similar results in transgenic PD mouse models40,69. Chronic
restraint stress exacerbated PD-likemotor disorders in A53Tmice, whereas
chronic corticosterone administration aggravated nigrostriatal degenera-
tion and phosphorylated α-syn in transgenic rats overexpressing α-syn. In
an α-syn fibril model, chronic corticosterone administration was also
associated with increased dopaminergic cell loss and aggravated α-syn
pathology70. In addition, we found few phosphorylated α-syn and P62
double-positive aggregates in some 15-month-old WT mice that were
exposed to chronic stress at 2 months of age, which is supported by Ren’s
report that phosphorylated α-syn inclusions were detected in aged rats
subjected to maternal separation71. Nevertheless, future studies are war-
ranted to determine the effects of stress/depression on pathological α-syn in
nontransgenic mice. Together, these results indicate a connection between
stress and PD and the role of α-syn as a potential focal point of these two
diseases. Together, the findings of the present study highlight the role of α-
syn in mediating depressive phenotypes and connecting depression and
Parkinsonism.

There are limitations in this study. We used only male mice for two
reasons. First, experiments on rodent models have shown that there is sex
difference in the onset of depression.Many studies usemale rodents because
more depression-like behaviors are observed in males than in females72,73.
Second, it has been demonstrated that estrogen exerts neuroprotective
effects against PD74. Female rodents exhibit fluctuating estrogen levels75,76,
which may affect the experimental results. Notably, the prevalence of
depression is greater in females than inmales, andwomenwithPDaremore
vulnerable to depressive symptoms than men with PD77,78. It would be
helpful to include female rodents in future research.

Methods
Animals
Wild-type (WT) C57BL/6 J mice (strain #000664), homozygous human
A53Tmutantα-syn transgenicmice (B6;C3-Tg(Prnp-SNCA*A53T)83Vle/J,
A53Tmice, strain#004479) andhomozygousSncaknockdown(Snca-/-)mice
(B6;129×1-Sncatm1Rosl/J, strain #003692) were obtained from Jackson
Laboratory65,79. The mice were maintained in a specific pathogen-free
environmentwith suitable humidity (50–60%) and temperature (23 °C, daily
temperature difference <3 °C) on a 14–10-h light–dark cycle (lights on at
07:00) and were fed commercial rodent food and sterilized water ad libitum.
The sample size was determined via Power and Precision software
(GPower 3.1)80. The protocol was reviewed and approved by the
Animal Care and Use Committee of Renmin Hospital of Wuhan
University, with ethical approval number 20220803. Only male mice
of 8 to 9 weeks were used in this study.
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CUMS procedure
The CUMS procedure was adopted from previous studies81,82. In brief, the
mice were exposed to randomized mild stressors once a day for 4 weeks,
including food deprivation (24 h), water deprivation (24 h), cage tilt (30°,
24 h), reversed light/dark cycle, overnight illumination, restraint stress (2 h),
soiled cage (24 h), cage shaking (40 r.p.m, 5min), tail pinch (1min) and
forced swimming (4 °C, 5min). The same stressor was not applied in suc-
cession. The control mice were held under the same conditions without the
stressors and were only switched to individual housing during the beha-
vioral test phase.

Viral construction and stereotaxic injection
Adeno-associated virus (AAV) particles encoding human SNCAwith the
human synapsin I (hSyn1) promoter (AAV2/9-hSyn1-hSNCA, 1.2 × 1012

vector genome/ml) and EGFP control (AAV2/9-hSyn1-EGFP, 1.3 × 1012

vector genome/ml) were prepared by BrainVTA (BrainVTA Co., Ltd.).
The mice were anesthetized via the intraperitoneal injection of ketamine
(100 mg/kg) and xylazine (10 mg/kg) in saline, and the heads were fixed
in a stereotaxic frame (RWD). The stereotaxical injection of AAVs was
performed bilaterally into the hippocampus at the coordinates ante-
roposterior−2.5 mmandmediolateral ±2 mm relative to the bregma and
dorsoventral 1.8 mm from the dural surface. A total of 300 nl of viral
suspension containing 4 × 109 vector genomes was injected into each site
with a 10 μl glass syringe (Hamilton) with custom glass needle syringes
(50 nl/min). The needle was left in place for an additional 5 min before
being withdrawn. After surgery, the mice were subcutaneously injected
with ketoprofen (2 mg/kg) and placed on a heating pad for recovery. Two
months later, depressive-like behavioral tests were performed.

Transmission electron microscopy
Tissue preparation for transmission electron microscopy (TEM) was per-
formed according to a previous report83. First, the mice were anesthetized
and perfused transcardially with precooled fixation buffer (G1124, Servi-
cebio). Then, the hippocampal tissues were separated and postfixed in
fixation buffer at 4 °C for 2 h. After fixation, the samples were washed with
phosphate-buffered saline (PBS), postfixed with 1% osmium tetroxide for
1.5 h, again washed in PBS, dehydrated in an acetone series, and then
embedded in epoxy resin. For ultrathin sections, the cut surface was first
trimmed, and semithin sections were obtained at a thickness of 1.5 μm,
stainedwith 1% toluidine blue, and examined via lightmicroscopy.After the
desired area was determined, ultrathin sections (~70 nm thick) were cut
with an ultramicrotome (EM UC7, Leica) and picked up on 100 mesh
copper grids. The sectionswere stainedwith 2%uranyl acetate for 3min and
then with 0.5% lead citrate for 5min. Finally, the samples were viewed via
transmission electron microscopy (1400plus, JEOL). Micrographs were
taken at 20,000× magnification.

Quantitative analyses of synaptic density were performed by investi-
gators who were blinded to the treatment conditions84. For each of three
animals from the experimental groups, three samples of the hippocampus
were obtained for thepreparationof embeddingblocks, totalingn = 9blocks
per group. Synapses were quantified in areas totaling ~3000 μm2 for each
experimental group. Synapses were identified by the presence of synaptic
vesicles and postsynaptic densities.

Golgi staining
Golgi staining was performed via the FD Rapid GolgiStai Kit (PK401, FD
NeuroTechnologies) according to the manufacturer’s instructions. The
brain tissue was removed from the skull quickly and immersed in
impregnation solution at room temperature under dark conditions for
14 days (the impregnation solution was replaced on the second day). Then,
the brain was sectioned serially into 150-μm thick coronal sections via a
vibratome (VT1200S, Leica), and the slices weremounted on gelatin-coated
slides. All the sections were placed in the staining solution for 20min and
rinsed with double distilled water. The sections were placed in sequential
solutions of 50%, 75%, and 95% ethanol, then in 100% ethanol 4 times, and

finally in xylene 3 times. The sections were subsequently mounted with
cover glasses. The dendritic spines in the cornu ammonis 1 (CA1) and CA3
regions were evaluated morphologically via light microscopy (Eclipse ci,
Nikon). The density of the dendritic spines was analyzed with ImageJ
software (v.1.54, US National Institutes of Health).

The selected pyramidal neurons in the CA1 and CA3 regions fulfilled
the following criteria: (1) the dendrites were dark and had consistent Golgi
staining across their entire length, (2) the dendrites were visibly in-tact, and
(3) each neuron had enough space between them to prevent interference
during the analysis85,86. To count the dendritic spines, straight branches that
provided a clear resolution of spines and were longer than 15 μm were
preferred. The spines are defined as thin if the length is greater than the
diameter of the neckwith the samediameter. Themushroom type is defined
aswhen the diameter of the head of the spine is greater than that of the neck.
Spines are considered stubby if the length andwidthof a spine are equal.We
analyzed threemice in each group, five neurons were randomly selected per
hemisphere and fifteen branches per mouse were included for statistical
analysis.

Electrophysiology
Theprotocolswere adapted fromprevious literature87,88. After themicewere
anesthetized by isoflurane, the brains were carefully removed and placed in
ice-cold oxygenated sucrose slicing buffer for approximately 1min.
Appropriate portions of the brain were trimmed away, and the brain was
then glued to an ice-cold stage and placed in a vibrating blade microtome
(VT1200S, Leica Biosystems) filled with chilled oxygenated sucrose slicing
solution. The coronal 300 μm hippocampal slices were collected and
transferred to a recovery chamber (maintained at 32 °C) containing oxy-
genated artificial cerebrospinal fluid (aCSF) for 60min. The recipes of
sucrose slicing solution and aCSF are listed in Supplementary
Tables 1 and 2. For recording, the slices were transferred to an 8 × 8 array of
planar microelectrodes, each 50 × 50 μm in size, with an interpolar distance
of 150 μm (MED-P515A, Alpha MED Scientific Inc.) and carefully posi-
tioned to ensure that CA1 and CA3 were within the array. The array
chamber was perfused with oxygenated aCSF at a rate of 3ml/min at 32 °C.

Field excitatory postsynaptic potentials (fEPSPs) were recorded in the
CA1 region by stimulating electrodes in theCA1 andCA3 regions along the
Schaffer collateral pathwaywith theMED64 system (AlphaMEDScientific,
Inc.). Input–output (I/O) curves were obtained by giving stimuli with
increasing amplitudes from 10 to 100 μA. The stimulus intensity for further
recording was determined as the strength needed to generate 40% of the
maximum fEPSP amplitude during the I/O curve measurement. The slice
was stimulated once every 30 s until a stable baseline was reached for at least
20min. Long-term potentiation (LTP) was induced through 3 traces of
high-frequency stimulation (HFS) pulses at 100 Hz with 1 s intervals. After
that, the baseline stimulation was resumed, and fEPSP amplitudes were
recorded for at least 60min. LTP magnitude was quantified as the per-
centage change in the mean fEPSP amplitude (45–60min) after HFS and
normalized to the mean fEPSPs amplitude of baseline recordings 10min
prior to tetanus. The data were filtered at 1 kHz, digitized at 20 kHz, and
analyzed with Mobius software (Alpha MED Scientific Inc.).

Western blots
For general procedure, brain tissues were lysed in precooled radio-
immunoprecipitation assay buffer (P0013B, Beyotime) containing protease
and phosphatase inhibitor cocktail (78442, Thermo Fisher Scientific) in a
grinder (KZ-III-FP, Servicebio) for 5min at−10 °C. The lysates were then
sonicated briefly on ice and centrifuged at 15,000 r.p.m. for 20min at 4 °C.
The protein concentrations of the supernatants were determined with a
Pierce BCA protein assay kit (23227, Thermo Fisher Scientific). For
sequential extraction, the tissues were homogenized into soluble and inso-
luble fractionswithTBS+ (50mMTris-HCl (pH7.4), 175mMNaCl, 5mM
EDTA) and a protease inhibitor mixture. After ultracentrifugation at
120,000 g at 4 °C for 30min, the supernatants representing soluble fractions
were collected, and the pelletswere further rinsedwithTBS+ containing 1%
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Triton X-100, TBS+ containing 1M sucrose and radio-
immunoprecipitation assay buffer, followed by ultracentrifugation at
120,000 g at 4 °C for 20min. The final pellets representing Triton X-100
insoluble fractions were solubilized in 8M urea/5% SDS.

The proteins were electrophoresed on 10% polyacrylamide gel and
transferred to nitrocellulose membranes (1620097, Bio-Rad). After incu-
bation with 5% nonfat milk in Tris-buffered saline containing 0.1% Tween-
20 for 1 h at room temperature, the membranes were incubated with pri-
mary antibodies overnight at 4 °C. The membranes were washed 5 times,
incubatedwithhorseradishperoxidase-conjugated secondary antibodies for
1 h at room temperature and visualized with enhanced chemiluminescence
(1705061, Bio-Rad). Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as an internal reference. The commercially available
antibodies used are listed in Supplementary Table 3. Unprocessed western
blot (WB) images are provided in the source data.

Quantitative real-time PCR
The total RNA of the mouse brain was extracted via TRIzol reagent
(RK30129, ABclonal). The concentration and quality of the RNA were
determined via spectrophotometer measurements at 260 and 280 nm
absorbance wavelengths, with values between 1.8 and 2.0 considered to be
used. Next, 1 µg of total RNA from each sample was reverse transcribed to
cDNA via ABScript III RTMaster Mix (RK20428, ABclonal). Quantitative
real-time PCR (qPCR) was performed with 2X Universal SYBR Green Fast
qPCR Mix (RK21203, ABclonal) and the CFX96TM Real-Time PCR
Detection system (Bio-Rad). All genes were analyzed in triplicate. The
primers used are listed in Supplementary Table 4. The comparative Ct
(2-ΔΔCt) method was used to quantify the expression of genes. Gapdh was
used as an internal control.

Immunohistochemistry and immunofluorescence
The mice were anesthetized and transcardially perfused with ice-cold PBS
and 4%paraformaldehyde (PFA). The brainswere incubated in 4%PFA for
48 h, embedded in paraffin and cut into 4-μm-thick sections. After depar-
affinization, the sections were subjected to heat-induced antigen retrieval in
10mM citrate buffer for 20min. For immunohistochemistry, the sections
were treated with peroxidase blocking solution and 3% bovine serum
albumin (BSA) blocking buffer. The sections were subsequently incubated
with primary antibodies overnight at 4 °C. After rinsing with PBS, the
sections were incubated with horseradish peroxidase-conjugated secondary
antibodies for 1 h at room temperature and stained with 3,3’-diamino-
benzidine. For immunofluorescence, the sections were treatedwith 3%BSA
blocking buffer, followed by incubation with primary antibodies overnight
at 4 °C. Fluorochrome-conjugated secondary antibodies and 4’,6-diami-
dino-2-phenylindole (DAPI) were used. For stereological quantification of
tyrosine hydroxylase (TH)-positive cells, fixed brains were washed with
PBS, cryoprotected with 30% sucrose and embedded in Tissue-Plus OCT
compound (Thermo Fisher Scientific). Frozen brains were sliced (25-μm-
thick sections) with a cryostat (Leica) and kept in PBS at 4 °C. A set of eight
sections for TH immunohistochemistrywas obtained from every fourth 25-
μm-thick section through the entire SNpc. MicroBrightField stereological
software (StereoInvestigator v.9.14,MBF Bioscience) was used to assess the
cell counts. The commercially available antibodies used are listed in Sup-
plementary Table 3.

Behavioral analysis
All tests were executed by an expert blinded to group assignment between
09:00 and 15:00. The mice were placed in the test room 1 h before the tests,
and the equipment was cleaned with 70% ethanol between the animals to
minimize odor interference.

Sucrose preference test
The sucrose preference test (SPT) was used to assess anhedonia, which is
considered a key feature of depression, and was performed before and after
the administration of CUMS89,90. In brief, the mice were first individually

housed and then habituated to two bottles filled with tap water for 2 days,
followedby twobottlesfilledwith 1%sucrose solution (w/v) for 2 days.After
that, thewater was deprived for 24 h. Finally, themicewere given ad libitum
access to two bottles, one containing 1% sucrose solution and the other
containing tap water, for 24 h. The position of the bottles was switched after
12 h to avoid the side preference of the mice in drinking behavior. The
consumption of the sucrose solution and water was then recorded, and the
percentage preference for sucrose consumption was calculated via the fol-
lowing formula: sucrose preference (%) = (sucrose solution consumption/
total liquid intake)×100%.A lower sucrosepreference indicates depression-
like behavior.

Tail suspension test
The tail suspension test (TST) was conducted as previously reported91,92. In
brief, each mouse was individually suspended by the tail from a rod fixed
20 cm above the ground with adhesive tape for 6min. A white background
was used. The mice were filmed with a high-definition video camera for
6min, and the immobility time of the mice during the last 4 min was
recorded. Smallmovements confined toonly the front limbs andoscillations
and pendulums that followed previous mobility were not considered
mobility.

Forced swim test
The forced swim test (FST)was adapted fromprevious reports93. Briefly, the
mice were individually placed into a glass cylinder (35 cm in height and
20 cm in diameter) filled with 15 cm of warm water (25 °C). The mice were
forced to swim for 6min, and the process was complete. After each trial, the
waterwas renewed, and themicewere treatedwith drying paper, heat lamps
and heat pads. The immobility time during the final 4min was assessed.
Immobility was defined as floating without any movement except for those
necessary for keeping the head above the water.

Open-field test
General locomotor activity and anxiety were measured via the open-field
test (OFT) according to previously describedmethods94,95. The ground area
of a rectangular chamber (50 × 50 × 50 cm) was divided into two parts: a
25 × 25 cm central zone and the surrounding zone. The mice were gently
placed in the corner and permitted unrestricted exploration for 5min. A
video camera was fixed over the center of the apparatus, and movements
were digitally tracked via the ANY-maze Video Tracking System (Stoelting
Co.). The time spent in the central zone, the number of entries into the
central zone, and the total distance traveled in the whole field were calcu-
lated for each mouse via ANY-maze behavioral analysis software (v.4.3,
Stoelting Co.).

Elevated plus maze
The anxiety-like behavior of the mice was also evaluated through the
elevated plus maze (EPM) test96. The apparatus consists of two open
arms (30 × 5 × 0.5 cm), two closed arms (30 × 5 × 15 cm), and a
central zone (5 × 5 cm), elevated 50 cm above the ground. At the
beginning of each test, each mouse was gently placed in the central
zone, facing an open arm. The movements of the mice during a 5 min
trial were tracked by the ANY-maze Video Tracking System
(Stoelting Co.). Arm entry was defined as the center point of the
mouse across the border of the arm. The number of entries into each
arm and the amount of time spent in each arm were recorded via
ANY-maze behavioral analysis software (v.4.3, Stoelting Co.).

Rotarod test
The mice were placed on a spinning rod with a gradually accelerating
spinning rate from 5 to 40 r.p.m. within 3min. The mice were trained 3
times a day for 3 consecutive days before being subjected to the formal
experiment. A 30-min break was given between trial intervals. The latency
time to fall offwasdocumented, and the time longer than180 swas recorded
as 180 s.
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Pole test
The pole was made up of a long wooden rod (75 cm long, 1 cm diameter)
that was wrapped with bandage gauze. The mice were placed head-upward
on the top of the pole and waited for autonomous descent. The formal test
started after the mice were subjected to three trials for training. The total
time taken to reach the base was recorded.

Statistical analysis
GraphPad Prism 10.0 software (GraphPad Software) was used to perform
the statistical analysis.Normal tests andhomogeneity tests of variance for all
continuous variables were performed before the analysis. All data were
presented as mean ± standard error of the mean (SEM) unless otherwise
stated. Differences between two groups were established via an unpaired
two-sided Student’s t-test. One-way analysis of variance (ANOVA) or two-
way ANOVA followed by Tukey’s post hoc test was applied for multiple-
group comparisons. Fisher’s exact test was used for count data. P < 0.05 was
considered statistically significant. The P values are labeled in the diagram.
The test statistics can be found in the Source Data.

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

Data availability
Thedata that support thefindings of this study are available on request from
the corresponding author.
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