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Lysosomal TFEB-TRPML1 Axis in Astrocytes Modulates

Depressive-like Behaviors

Jia-Wen Mo, Peng-Li Kong, Li Ding, Jun Fan, Jing Ren, Cheng-Lin Lu, Fang Guo,
Liang-Yu Chen, Ran Mo, Qiu-Ling Zhong, You-Lu Wen, Ting-Ting Gu, Qian-Wen Wang,

Shu-Ji Li, Ting Guo, Tian-Ming Gao, and Xiong Cao*

Lysosomes are important cellular structures for human health as centers for
recycling, signaling, metabolism and stress adaptation. However, the potential
role of lysosomes in stress-related emotions has long been overlooked. Here,
it is found that lysosomal morphology in astrocytes is altered in the medial
prefrontal cortex (mPFC) of susceptible mice after chronic social defeat stress.
A screen of lysosome-related genes revealed that the expression of the
mucolipin 1 gene (McolnT; protein: mucolipin TRP channel 1) is decreased in
susceptible mice and depressed patients. Astrocyte-specific knockout of
mucolipin TRP channel 1 (TRPML1) induced depressive-like behaviors by
inhibiting lysosomal exocytosis-mediated adenosine 5’-triphosphate (ATP)
release. Furthermore, this stress response of astrocytic lysosomes is mediated
by the transcription factor EB (TFEB), and overexpression of TRPML1 rescued
depressive-like behaviors induced by astrocyte-specific knockout of TFEB.
Collectively, these findings reveal a lysosomal stress-sensing signaling
pathway contributing to the development of depression and identify the
lysosome as a potential target organelle for antidepressants.

1. Introduction

The high lifetime risk (15%-18%) and the
leading cause of disability and suicide
make major depressive disorder (MDD)
one of the most common and devastat-
ing psychiatric illnesses worldwide.l'l Sus-
ceptibility to depression is influenced by
a variety of risk factors, among which
stress is the most significant susceptibil-
ity factor.l>*] Many investigations have fo-
cused on the transmission of stress signals
between brain cells, particularly astrocytes
and neurons.>®! In contrast, less attention
has been given to the effects of depression-
related stress on intracellular organelles,
and the mechanisms by which intracellu-
lar organelles affect the pathophysiology
of depression remain largely unknown.
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Lysosomes have long been regarded as the major degradation
and recycling centers of the cell and more recently have been
recognized as intracellular stress sensors and dynamic regula-
tors of cellular and organismal homeostasis.'%!!l In the brain,
lysosomes are involved in the regulation of synaptic plastic-
ity, neuronal degeneration and death.'>”'7] The impaired func-
tion of lysosomes underlies multiple lysosomal storage disorders
(LSDs), and most LSDs have a progressive neurodegenerative or
depression clinical course.l'®2%] Lysosomal dysfunction has been
implicated in the onset of neurodegenerative diseases.['*l How-
ever, the role of lysosomes in the pathogenesis of depression re-
mains elusive.

Here, we detected abnormities in lysosomal morphology in
medial prefrontal cortex (mPFC) astrocytes of susceptible mice
after chronic social defeat stress (CSDS). A screen of lysosome-
related genes revealed that the levels of mucolipin 1 (Mcolnl)
mRNA were decreased in susceptible mice and depressed pa-
tients. Astrocytic mucolipin TRP channel 1 (TRPML1) in the
mPFC modulated depressive-like behaviors in mice. The absence
of TRPMLI1 in astrocytes suppressed lysosomal exocytosis, result-
ing in decreased ATP release in the mPFC. We further revealed
that transcription factor EB (TFEB) mediated ATP release and
depressive-like behaviors in a TRPML1-dependent manner.

2. Results

2.1. Lysosomal Morphology and TRPML1 Levels in mPFC
Astrocytes are Altered Following CSDS

To investigate whether lysosomes are involved in depression, we
first employed the chronic social defeat stress (CSDS) model, a
well-established mouse model that mimics several psychopatho-
logical dimensions of depression.!] Adult male C57BL/6] mice
were exposed to a larger and physically aggressive CD-1 mouse
(10 min/day) for 10 days (Figure S1A, Supporting Information).
In the social interaction (SI) test, mice that displayed social avoid-
ance were considered susceptible (Sus) mice, and mice that did
not show social avoidance were considered resilient (Res) mice
(Figure S1B, Supporting Information). Transmission electron
microscopy was subsequently used to determine the number and
morphology of lysosomes in the mPFC, a key functional hub in-
volved in MDD.[#2223] We imaged and analyzed lysosomes in as-
trocytes and neurons, two major cell types in the brain.**! Quan-
titative analysis revealed that the number and size of astrocytic
lysosomes were increased in Sus mice, compared to Ctrl mice
(Figure 1A,C; Figure S1C, Supporting Information). However,
no significant changes in lysosomal morphology were observed
in neurons of Sus and Res mice (Figure 1B,C; Figure S1D, Sup-
porting Information). Furthermore, lysosomes were labeled with
Lampl, a typical marker for lysosomal membranes, and imaged
via Structure [llumination Microscopy (SIM). 3D-reconstructed
SIM images also revealed that the size of lysosomes was signifi-
cantly increased in mPFC astrocytes of Sus mice, compared to
Ctrl mice (Figure 1D,E; Figure S1E, Supporting Information).
Meanwhile, Lamp1 protein levels were increased in the mPFC
of Sus mice (Figure S1F, Supporting Information).

To identify lysosome-related components involved in depres-
sion, we next used the quantitative real-time PCR (qQRT-PCR) to
examine the expression of a panel of genes related to the regu-
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lation of lysosomal processes in the mPFC. Quantitative anal-
ysis revealed that Mcolnl mRNA levels were decreased in Sus
mice and that Lgals3 levels were upregulated in Sus mice com-
pared to Ctrl mice. Atg1612 levels were significantly increased in
Res mice, and no obvious changes in the expression of other
genes were observed (Figure 1F). Subsequently, we examined
the mRNA levels of MCOLN1 and LGALS3 in the peripheral
blood of MDD patients and healthy control subjects. Compared
to healthy controls, MDD patients showed decreased MCOLN1
mRNA expression in the peripheral blood, which was consistent
with the change in Mcoln1 mRNA expression in the mPFC of Sus
mice (Figure 1F,G). LGALS3levels were attenuated in the periph-
eral blood of MDD patients, in contrast to the change in Lgals3
expression in the mPFC of Sus mice (Figure 1F; Figure S1G,
Supporting Information). In addition, Mcoln1 mRNA levels in
the peripheral blood of Sus mice were also significantly reduced
(Figure 1H), and Mcoln1 levels were positively correlated with
the SI ratio (Figure 1I). The Mcolnl gene encodes the protein
TRPML1, which is the principal Ca?* channel in the lysosome.[?’!
Western blotting confirmed that TRPML1 protein levels were re-
duced in the mPFC of Sus mice (Figure 1J,K), and TRPML1 levels
were positively correlated with the SI ratio (Figure S1H, Support-
ing Information).

To gain insight into the changes in TRPMLI1 expression in
brain cells, we measured TRPML1 protein levels in cultured as-
trocytes, neurons, and microglial BV2 cells treated with dexam-
ethasone (DXMS), which mimics the depression-related stress
response in vitro.[?*] Western blotting revealed that TRPML1
protein levels were significantly decreased in cultured astro-
cytes treated with DXMS (1 uM) for 24 and 48 h, but no
differences were observed in neurons or microglial BV2 cells
(Figure 1L,M; Figure S2A, Supporting Information). We then
isolated astrocytes from the mPFC by fluorescence-activated
cell sorting (FACS) (Figure S1I, Supporting Information). Sim-
ple Western blotting showed that astrocytic TRPML1 expres-
sion was significantly decreased in the mPFC after the CSDS
paradigm (Figure S1J, Supporting Information). The fluores-
cence immunostaining also revealed lower intensity of TRPML1
in S100p* astrocytes in the mPFC from C57BL/6] mice after
the CSDS paradigm (Figure S1K, Supporting Information), while
chronic social stress did not affect TRPML1 levels in mPFC Ibal*
microglia of Sus mice (Figure S2B, Supporting Information).
Taken together, these results suggest that lysosomal TRPML1
in astrocytes may be involved in chronic stress and consequent
depressive-like phenotypes.

2.2. Astrocyte-Specific Knockout of TRPML1 Results in
Depressive-Like Behaviors in Mice

To determine whether astrocytic TRPML1 is critical for
depressive-like behaviors, we generated astrocyte-specific
Mcoln1 deletion mouse lines (TRPML1 AcKO) by crossing mice
expressing the floxed Mcolnl allele with Aldhi1l1-CreERT*/
mice, which express Cre recombinase specifically in astrocytes
when treated with tamoxifen (Figure 2A).[2°] Western blotting
showed that TRPMLI protein levels were significantly decreased
in the mPFC of TRPML1 AcKO mice, compared to Ctrl mice
(Figure 2B). To further confirm the astrocyte-specific TRPML1
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Figure 1. Lysosomal morphology and TRPML1 levels in mPFC astrocytes are altered following CSDS. A,B) Transmission electron microscopy images
of lysosomes in mPFC astrocytes and neurons from Ctrl, Sus, and Res mice following the CSDS paradigm. The black arrows indicate lysosomes (red
marks) in the cell. Scale bars, 2 pm (overview) and 500 nm (inset). C) Quantification of lysosomal size in the mPFC of Ctrl, Sus and Res mice (Astrocyte:
n = 16 cells from 4 Ctrl mice, n = 22 cells from 6 Sus mice, n = 14 cells from 5 Res mice, p = 0.027; Neuron: n = 25 cells from 4 Ctrl mice, n = 10
cells from 6 Sus mice, n = 14 cells from 5 Res mice). D) Representative 3D-reconstructed images of lysosomes immunostained with Lamp1in mPFC
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reduction in TRPML1 AcKO animals, astrocytes were isolated
from the mPFC by FACS, and Simple Western blot analysis
showed that TRPML1 protein levels were decreased in mPFC
astrocytes of TRPML1 AcKO mice (Figure S3B, Supporting
Information). TRPML1 AcKO mice did not exhibit changes in
body weight, brain size or structure, astrocyte and neuron den-
sity compared to littermate controls (Figure S3C-G, Supporting
Information).

We then assessed the behavioral performances of TRPML1
AcKO mice. In the forced swimming test (FST), TRPML1 AcKO
mice exhibited a significant increase in immobility duration
(Figure 2C). Next, TRPML1 AcKO mice were subjected to a sub-
threshold social defeat stress (SSDS) experiment and performed
to the SI test before and after SSDS to assess depression-related
stress vulnerability.?*?’] We found that Ctr] mice spent a simi-
lar amount of time in the interaction zone after 3 days of SSDS
as before SSDS. However, TRPML1 AcKO mice exhibited a re-
duced retention time spent in the interaction zone after SSDS,
indicating greater social avoidance than before SSDS (Figure 2D).
TRPML1 AcKO mice also showed less preference of sucrose in
the sucrose preference test, compared to Ctrl mice (Figure S3H,
Supporting Information). No obvious differences in anxiety-like
behavior in the elevated plus mazes (EPM) test, general locomo-
tion in the open field test (OFT), and motor coordination in ro-
tarod and pole climbing tests were observed between TRPML1
AcKO and Ctrl mice (Figure 2E,F; Figure S31,], Supporting In-
formation).

In addition, we generated a neuron-specific Mcolnl dele-
tion mouse line (TRPML1 NcKO) by crossing mice express-
ing the floxed Mcolnl allele with CamKIIa-CreERT™*/~ mice
(Figure 2G). Western blotting revealed that TRPML1 protein
levels were significantly decreased in the mPFC of TRPML1
NcKO mice, compared to Ctrl mice (Figure 2H). To further con-
firm the neuron-specific TRPML1 reduction in TRPML1 NcKO
animals, neurons were isolated from the mPFC by magnetic-
activated cell sorting (MACS), and qPCR analysis showed that
Mcoln1 levels were significantly decreased in mPFC neurons
of TRPML1 NcKO mice (Figure S4A, Supporting Information).
TRPML1 NcKO mice did not show changes in body weight,
brain size and structure, astrocyte and neuron density com-
pared to littermate controls (Figure S4B-F, Supporting Infor-
mation). In addition, TRPML1 NcKO mice did not display
depressive-like phenotypes in the FST (Figure 2I) and the SI
tests performed before and after SSDS (Figure 2J). No differ-
ences were observed in the EPM test (Figure 2K) and OFT
(Figure 2L). Taken together, these results suggest that TRPML1
deficiency in astrocytes promotes depressive-like behaviors in
mice.

www.advancedscience.com

2.3. Astrocytic TRPML1 in the mPFC Modulates Depressive-Like
Behaviors

To determine the brain region specific effect of TRPML1 on
behaviors, we bilaterally injected AAV-gfaABC1D-EGFP-iCre or
AAV-gfaABC1D-EGFP virus, which induces the expression of
Cre recombinase or EGFP in astrocytes under the control of
the human GFAP promoter,/! into the mPFC of Mcoln Mflox/flox
mice to obtain mPFC astrocyte-specific TRPML1 knockout mice
(GEAP/PFCAMY or control mice (EGFP) (Figure 3A). Three
weeks after injection, astrocytes throughout the mPFC were
infected with the gfaABC1D-iCre virus (Figure 3B). Western
blotting analysis showed a decrease in TRPML1 expression in
the mPFC after gfaABC1D-iCre virus injection (Figure 3C).
To further confirm the astrocyte-specific TRPML1 reduction in
GFAP/PFCAMI mice, astrocytes were isolated from the mPFC
by MACS, and qPCR analysis showed that Mcoln1 mRNA lev-
els were decreased in mPFC astrocytes of GFAP/PECAMI mice
compared to EGFP mice (Figure S5A, Supporting Information).
Next, we performed behavioral tests. In the FST, GFAP/PFCAML
mice showed increased immobility time compared to EGFP mice
(Figure 3D). In the SI test, GFAP/PFCAMM mice spent less
time in the interaction zone after 3 days of SSDS than before
SSDS, indicating social avoidance (Figure 3E). In the EPM and
OFT, no obvious differences in behaviors were observed between
GFAP/PFCAMM and EGFP mice (Figure 3F,G).

To investigate whether restoration of astrocytic TRPML1 ex-
pression in the mPFC could reverse depressive-like behav-
iors in TRPML1 AcKO mice, we bilaterally injected AAV-DIO-
Mcoln1-3xFlag-EGFP or AAV-DIO-EGFP virus into the mPFC
of TRPML1 AcKO and Ctrl mice (Figure 3H). Confocal images
showed that astrocytes in the mPFC were infected with the virus
(Figure 3I). Western blotting analysis showed an increase in
TRPMLI protein levels in the mPFC of TRPML1 AcKO mice
infected with DIO-Mcoln1-EGFP virus (Figure 3]). To further
confirm the astrocyte-specific TRPMLI1 restoration in TRPML1
AcKO mice, astrocytes were isolated from the mPFC by MACS.
We found that Mcoln1 mRNA levels were significantly increased
in mPFC astrocytes of TRPML1 AcKO mice infected with DIO-
Mcoln1-EGFP virus (Figure S5B, Supporting Information). In
the behavioral tests, TRPML1 AcKO mice infected with the DIO-
EGFP virus also displayed depressive-like phenotypes, including
increased immobility time in the FST (Figure 3K), and social
avoidance behavior in the SI test after SSDS (Figure 3L). These
depressive-like behaviors in TRPML1 AcKO mice were reversed
by the restoration of TRPML1 expression in mPFC astrocytes
(Figure 3K,L). No behavioral changes were observed in the EPM
and OFT (Figure 3M,N). Taken together, these results suggest

astrocytes of Aldh1/1-EGFP mice after the CSDS paradigm (EGFP, gray; Lamp1, red). Scale bars, 5 um (overview) and 500 nm (inset). E) Quantification
of lysosomal size in mPFC astrocytes from Aldh1/1-EGFP mice after the CSDS paradigm (n = 11 cells from 3 Ctrl mice, n = 19 cells from 3 Sus mice,
n = 7 cells from 3 Res mice, p = 0.0302). F) mRNA levels of lysosome-related genes in the mPFC of Ctrl, Sus and Res mice (n = 9-10, each sample
was analyzed in duplicate, Lgals3: p = 0.0143; Mcoln1: p = 0.0238; Atg16/2: p = 0.0206). G) MCOLNT mRNA levels in the peripheral blood of MDD
patients and healthy controls (n = 18-22, each sample was analyzed in duplicate, p = 0.0341). H) McolnT mRNA levels in the peripheral blood of Ctrl,
Sus and Res mice (n = 12-16, each sample was analyzed in duplicate, p = 0.015). I) Correlation between McolnT mRNA levels and Sl ratio. p = 0.0334.
J,K) Protein levels of TRPML1 in the mPFC of Ctrl, Sus and Res mice (n = 5-7, p = 0.0112). L,M) Western blotting analysis of TRPML1 protein levels in
cultured astrocytes and neurons treated with DXMS (1 uM) for 0, 4, 12, 24, or 48 h (n = 5-6, p = 0.023 and p = 0.0017). One way ANOVA followed by
Dunnett’s post-hot test or Kruskal-Wallis test followed by Dunn’s multiple comparisons test C,E,F,H,K and M); Mann Whitney test G) and correlations
evaluated with the Pearson correlation coefficient 1). All data are presented as the mean + SEM. n.s., not significant; *p <0.05, **p <0.01.
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Figure 2. Selective deletion of astrocytic Mcoln1 induces depressive-like behaviors in mice. A) Generation of astrocyte-specific TRPML1 knockout mice
(TRPML1 AcKO) and experimental timeline. B) Western blotting analysis of TRPML1 expression in the mPFC of TRPML1 AcKO and Ctrl mice (n =3, p
= 0.0425). C—F) Behavioral performances of TRPML1 AcKO and Ctrl mice in FST C) (n = 11-12, p = 0.0383), Sl test D) (n = 8-11, p = 0.0009), EPM
E) and OFT F) (n = 11-12). G) Generation of neuron-specific TRPML1 knockout mice (TRPML1 NcKO) and experimental timeline. H) Western blotting
analysis of TRPML1 expression in the mPFC of TRPML1 NcKO and Ctrl mice (n = 5-6, p = 0.043). I-L) Behavioral performances of TRPML1 NcKO and
Ctrl mice in FST 1) (n = 13), Sl test ) (n = 12), EPM K), and OFT L) (n = 13). Two-tailed unpaired Student’s t test B,C,E,F,H,I,K and L); two-way ANOVA
followed by Sidak’s multiple comparisons test D and J). All data are presented as the mean + SEM. n.s., not significant; *p <0.05, ***p <0.001.

that TRPML1 deficiency in mPFC astrocytes is sufficient to in-  croscopy (Figure 4A). Compared to those in Ctrl mice, the num-
duce depressive-like behaviors in mice. ber and size of lysosomes were increased in mPFC astrocytes of

TRPML1 AcKO mice (Figure 4B). Therefore, we next monitored

the dynamics of lysosomal exocytosis in astrocytes in vitro. Pri-
2.4. Knockdown of Astrocytic TRPML1 Impairs Lysosomal mary cultured astrocytes from Mcoln /¥ mice (P1-3) were in-
Exocytosis-Mediated ATP Release in the mPFC fected with pLenti-EGFP-Cre (Cre) or pLenti-EGFP (Ctrl) virus

(Figure 4C). Western blotting analysis revealed that the TRPML1
As the principal Ca?* release channel in the lysosomes, TRPML1  protein levels were significantly reduced in astrocytes infected
plays a key role in most lysosomal trafficking processes.?”]  with the pLenti-EGFP-Cre virus (Figure 4D). We then activated
Several findings indicate that TRPML1 regulates lysosomal ex- TRPMLI using ML-SA1, an agonist of TRPMLI, and evaluated
ocytosis by mediating Ca’*-dependent membrane fusion and  lysosomal exocytosis using Lampl surface immunostaining.®”’
fission.82] To investigate how lysosomal TRPML1 in mPFC  Ctrl virus-infected, but not Cre virus-infected, astrocytes pre-
astrocytes modulates depressive-like behaviors, we first exam-  sented a marked increase in Lamp1 staining after treatment with
ined lysosomal morphology using transmission electron mi-  the ML-SA1 (Figure 4E). Meanwhile, astrocytic lysosomes were
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Figure 3. Astrocytic TRPML1 in the mPFC modulates depressive-like behaviors. A) Schematic of the AAV vectors and design of the studies performed
to analyze the behavioral performances of Mcoln 1o/flox mice infected with AAV-gfaABC1D-EGFP-iCre or AAV-gfaABC1D-EGFP virus. B) Representative
confocal images of AAV-gfaABC1D-EGFP-iCre expression in astrocytes of the mPFC. Scale bars = 500 um (left), 50 um (right). C) Western blotting images
and quantitative analysis of TRPML1 expression in the mPFC of GFAP/PFCAMLT and EGFP mice (n = 5, p = 0.025). D-G) Behavioral performances of
GFAP/PFCAMU and EGFP mice in FST D) (n = 14-16, p = 0.0058), Sl test E) (n = 13-15, p = 0.0105), EPM F) and OFT G) (n = 14-16). H) Schematic
of the AAV vectors and design of the studies performed to analyze the behavioral performances of TRPML1 AcKO mice infected with AAV-DIO-Mcoln1-
3xFlag-EGFP or AAV-DIO-EGFP virus. |) Representative confocal images of AAV-DIO-Mcoln1-3xFlag-EGFP expression in mPFC astrocytes. Scale bars
=500 um (left), 50 um (right). J) Western blotting images and quantitative analysis of TRPML1 expression in the mPFC of TRPML1 AcKO mice infected
with AAV-DIO-Mcoln1-3xFlag-EGFP or AAV-DIO-EGFP virus (n = 4, p = 0.0286). K-N) Behavioral performances of TRPML1 AcKO mice infected with
AAV-DIO-Mcoln1-3xFlag-EGFP or AAV-DIO-EGFP virus in FST K) (n = 9-10, p = 0.0013, p = 0.0283), Sl test L) (n = 9-11, p = 0.0207), EPM M), and
OFT N) (n =9-11). Two-tailed unpaired Student’s t test C,D,F,G); Mann Whitney test |); one way ANOVA followed by Tukey’s multiple comparisons test
K,M and N); two-way ANOVA followed by Sidak’s multiple comparisons test E and L). All data are presented as the mean + SEM. n.s., not significant;
*p <0.05, **p <0.01.

labeled with FM2-10, an FM dye that can selectively accumulate
in lysosomes, and then treated with glutamate to induce lysoso-
mal exocytosis.!l Confocal time-lapse imaging showed that the
application of glutamate (1 mM) induced a 50% decrease in fluo-
rescence intensity in Ctrl virus-infected astrocytes but not in Cre
virus-infected astrocytes (Figure S6A, Supporting Information).
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These results suggest that the knockdown of astrocytic TRPML1
leads to dysfunction of lysosomal exocytosis.

Lysosomes are able to release a variety of substances by ex-
ocytosis, including hydrolases and transmitters such as adeno-
sine 5'-triphosphate (ATP).[283132] In astrocytes, lysosomal ex-
ocytosis plays a vital role in the release of ATP,?!l which is
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Figure 4. Knockdown of astrocytic TRPML1 decreases lysosomal exocytosis-mediated ATP release in the mPFC. A,B) TEM images A) and quantitative
analysis B) of lysosomes in mPFC astrocytes from TRPML1 AcKO and Ctrl mice (n = 11 cells from 2 TRPML1 AcKO mice, n = 12 cells from 2 Ctrl
mice, p = 0.0089 and p = 0.0397). The black arrows indicate lysosomes (red marks) in the cell. Scale bars, 2 um (overview) and 500 nm (inset).
C) Design of the procedure for knockdown of astrocytic TRPMLT in vitro. D) Western blotting analysis of TRPML1 expression in cultured Mcoln 1flox/flox
astrocytes after infection with the Cre virus (n =5, p = 0.0218). E) Lamp1 surface immunostaining in non-permeabilized astrocytes. Scale bars, 10 um.
F-H) Measurements of AP, #-Gal activity and ATP levels in the medium of primary cultured astrocytes (n = 6). p = 0.0131 F), p = 0.0002 G) and p
= 0.0002 H). I) Measurements of AP activity and ATP concentrations in the medium of primary cultured astrocytes treated with ML-SAT (50 uM, 1 h)
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a critical gliotransmitter that regulates depressive symptoms
and antidepressant-like effects in mice.?2#233334 To determine
whether astrocytic TRPML1 modulates lysosomal exocytosis-
mediated ATP release, we measured the levels of ATP and the
activity of lysosomal hydrolytic enzymes such as acid phos-
phatases (AP) and f-galactosidases (8-Gal) in the extracellular
medium.?'*] The results showed that the knockdown of as-
trocytic TRPMLI significantly decreased extracellular AP and f-
Gal activity and ATP levels (Figure 4F-H). Previous studies have
reported that TRPML1-mediated lysosomal Ca?* release trig-
gers lysosomal exocytosis.[?83¢] Therefore, we used a membrane-
permeable and fast Ca?* chelator, BAPTA-AM, to buffer Ca?* "]
and found that incubation with ML-SA1 (50 uM) induced a sig-
nificant increase in the AP and ATP release, which was abol-
ished by BAPTA-AM (500 nM) (Figure 4I). Furthermore, treat-
ment with Vacuolin-1 (10 uM), a potent and cell-permeable in-
hibitor of lysosomal exocytosis,!*] blocked ML-SA1-induced ATP
release (Figure 4]). Meanwhile, we found that treatment with
ML-SI3, an antagonist of TRPML1,*! decreased ATP levels in
the medium of primary astrocytes (Figure 4K). Notably, ATP con-
centrations in the artificial cerebrospinal fluid (ACSF) of mPFC
slices isolated from TRPML1 AcKO mice were lower than those
isolated from Ctrl mice (Figure 4L). Moreover, we used recorded
extracellular ATP dynamics in the mPFC of mice subjected to the
forced interaction test (FIT) by fiber photometry. An ATP sensor
with high specificity and sensitivity, AAV-GfaABC1D-ATP1.0,/4!
was injected into the mPFC of TRPML1 AcKO and control litter-
mates, and an optical fiber was then implanted above the infected
cells (Figure 4M). Two weeks after virus injection, fluorescence
signals from astrocytes were recorded while the mice were at-
tacked by an aggressor mouse during the FIT (Figure 4N). Before
the SSDS, there was no significant difference in the fluorescence
intensity between TRPML1 AcKO and Ctrl mice during attacks
by a CD-1 aggressor mouse, as the fluorescence intensity was
increased in both types of mice (Figure 40,P). After the SSDS,
Ctrl mice also showed a large increase in fluorescence intensity
during attack periods. However, TRPML1 AcKO mice showed a
marked decrease in fluorescence intensity during attack periods
(Figure 4P,Q). These results indicate that TRPML1 deficiency re-
sults in the impairment of lysosomal exocytosis-mediated ATP
release in astrocytes.

Next, we employed cannula infusion of ML-SI3 into the mPFC
and found that the application of ML-SI3 (25 uM) to the mPFC
resulted in a significant increase in the immobility duration of
C57BL/6] mice during the FST (Figure 4R), without behavioral
changes in the OFT (Figure S6B, Supporting Information). To
determine whether the depressive-like behaviors induced by se-

www.advancedscience.com

lective deletion of astrocytic Mcolnl could be rescued by the
application of ATP, we treated TRPML1 AcKO mice with ATP
(125 mg kg1, i.p.) or saline. Compared to saline, ATP treatment
reversed the increase in immobility time in TRPML1 AcKO mice
in the FST (Figure 4S). No significant difference was observed
in general locomotion in the OFT (Figure S6C, Supporting In-
formation). Taken together, these results demonstrate that lyso-
somal exocytosis-mediated ATP release in astrocytes is disrupted
by TRPMLI1 deficiency, contributing to the depressive-like behav-
iors.

Our previous studies show that astrocyte-derived ATP
regulates depressive-like behaviors by modulating neuronal
activity.[?2#1l To investigate whether astrocytic TRPMLI is in-
volved in regulating neuronal activity under stress in vivo, the
Ca’* indicator, GCaMP6s, under a CamKIla promoter was
injected into the mPFC of TRPML1 AcKO and Ctrl mice, and
fiber photometry was used to record Ca’" signals in mPFC
neurons (Figure S7A and B, Supporting Information). Before
the SSDS, both TRPML1 AcKO and Ctrl mice exhibited the same
stimulus-evoked intracellular Ca** elevations during attacks by
a CD-1 aggressor (Figure S7C and D, Supporting Information),
and no significant difference in the fluorescence intensity was
observed between the two groups of mice (Figure S7D and
E, Supporting Information). After the SSDS, Ctrl mice also
showed a large increase in fluorescence intensity during attack
periods. However, TRPML1 AcKO mice showed a significant
decrease in Ca?* activity during the attack periods compared to
before the SSDS (Figure S7D and E, Supporting Information).
These results suggest that astrocytic TRPML1 deficiency leads to
deficits in neuronal calcium activity in the mPFC under stress.

2.5. Astrocytic TFEB Mediates ATP Release in a
TRPML1-Dependent Manner

How do astrocytic lysosomes respond to depression-related stress
and regulate TRPML1-dependent ATP release? TFEB is an impor-
tant transcription factor that regulates the lysosomal response to
cellular stimuli and modulates lysosome-related genes, includ-
ing TRPML1.[2>#2] Previous studies have reported that TFEB reg-
ulates lysosomal exocytosis through TRPMLL1.1*®) To determine
whether TFEB is involved in depression-related stress, we first
examined TFEB protein levels in the mPFC of C57BL/6] mice
after the CSDS paradigm using Western blotting. TFEB protein
levels were significantly attenuated in the mPFC of Sus mice
compared to Ctrl mice (Figure 5A). Furthermore, the TFEB pro-
tein level was positively correlated with the ST ratio (Figure S8A,
Supporting Information). To test whether neurons or astrocytes

and BAPTA-AM (500 nM, 20 min) (n = 7-8). p = 0.0096 and p = 0.0119 (left), p = 0.0104 and p = 0.0199 (right). ]) Measurements of ATP concentrations
in the medium of primary cultured astrocytes treated with ML-SAT and Vacuolin-1 (10 uM, 1h) (n =6, p = 0.0249 and p = 0.0161). K) Measurements of
ATP concentrations in the medium of primary cultured astrocytes treated with ML-SI3 (25 uM, 10 min) (n = 6, p <0.0001). L) ATP levels in the ACSF of
isolated mPFC slices from TRPML1 AcKO mice (n =6, p = 0.0313). M) Schematic of the AAV vectors engineered to express the ATP sensor and design
of the fiber photometry experiment. N) Representative images of ATP sensor expression in mPFC astrocytes. Scale bars = 500 pm (left), 50 um (right).
O) Representative heat maps of z-score changes over all trials in individual mice. P,Q) Time course of the average ATP transient z-score event in the
forced interaction test (FIT) (p) and quantification of the average peak z score during the FIT (Q) (n = 5-7, p <0.0001). R) Behavioral performances of
C57BL/6) mice in the FST after infusion of ML-SI3 into the mPFC (n = 12, p = 0.0281). S) Behavioral performances of TRPML1 AcKO mice treated with
ATP in FST (n = 11-14, p = 0.0229 and p = 0.0363). Two-tailed unpaired Student’s t test B,D,F,G,H,K and R); Wilcoxon matched-pairs signed rank test
L); one way ANOVA followed by Tukey’s multiple comparisons test |,] and S); two-way ANOVA followed by Sidak’s multiple comparisons test Q). All
data are presented as the mean + SEM. n.s., not significant; *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001.
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Figure 5. Astrocytic TFEB mediates ATP release in a TRPML1-dependent manner. A) TFEB protein levels in the mPFC of Ctrl, Sus and Res mice (n =
5-6, p = 0.0014). B) Western blotting analysis of TFEB protein levels in cultured astrocytes and neurons treated with DXMS (1 uM) for 0, 4, 12, 24,
or 48 h (n = 5-6, p <0.0001, p = 0.0005 and p <0.0001). C) Western blotting analysis of astrocytic TFEB levels in the nuclear and cytosolic fractions.
D) Representative immunofluorescence images and quantification of TFEB nuclear translocation in cultured astrocytes treated with DXMS (n = 26-34
cells, p = 0.0248, p = 0.0287, p = 0.0494 and p = 0.0077). TFEB, red; GFAP, green; DAPI, blue. Scale bars, 10 um. E) Western blotting analysis of pTFEB
(Ser 217) levels in cultured astrocytes treated with DXMS (n =5, p = 0.0125, p = 0.0012, p = 0.0387 and p = 0.0131). F) ChIP-PCR assay using primary
cultured astrocytes (n = 4, p = 0.0286). G) Western blotting analysis of TFEB and TRPML1 protein levels in cultured Tfeb*/fx astrocytes infected with
the Cre virus (n = 5, p = 0.0248). H) Representative images of Lysotracker staining. Scale bars, 5 um. I) Quantification of lysosomal number in TFEB
knockdown astrocytes (n = 44-48 cells, p <0.0001 and p = 0.0435). |) ATP levels in the medium of TFEB knockdown astrocytes treated with the TRPML1
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contribute to the reduction in TFEB levels, primary cultured as-
trocytes and neurons were treated with DXMS (1 uM). The results
showed that TFEB protein levels were downregulated in astro-
cytes exposed to DXMS for 12, 24 and 48 h, but no differences in
TFEB protein levels were observed in neurons (Figure 5B). Sim-
ple Western blotting analysis also showed that TFEB levels were
decreased in astrocytes isolated from the mPFC of Sus mice com-
pared to those from Ctrl mice (Figure S8B,C, Supporting Infor-
mation). Under stress conditions, TFEB is activated after dephos-
phorylation and translocates from the cytoplasm to the nucleus,
thereby regulating the expression of lysosome-related genes.[*>43]
In DXMS time-course experiments, 4 h of DXMS treatment in-
duced the nuclear localization of TFEB and decreased the phos-
phorylation level of the serine residue Ser211 of TFEB, suggest-
ing a normal response to stress (Figure SC-E). However, DXMS
treatment for >12 h inhibited the nuclear localization of TFEB
and decreased the protein level of pTFEB (Ser211) (Figure 5C-E),
consistent with the changes in total TFEB protein levels
(Figure 5B).

We next examined whether TFEB regulates TRPML1 expres-
sion in astrocytes. First, the mRNA levels of several target genes
bearing the coordinated lysosomal expression and regulation
(CLEAR) motif under the control of TFEB were detected in pri-
mary cultured Tfeb™/o* astrocytes infected with pLenti-EGFP-
Cre or pLenti-EGFP virus. We found that Mcolnl mRNA lev-
els were significantly decreased in astrocytes infected with the
pLenti-EGFP-Cre virus compared to astrocytes infected with the
pLenti-EGFP virus (Figure S8D, Supporting Information). Next,
the chromatin immunoprecipitation-PCR (ChIP-PCR) assay re-
vealed that TFEB binds to a specific motif within the Mcoln1
promoter in astrocytes (Figure 5F). Western blotting analysis
showed that the protein levels of TRPML1 were significantly re-
duced in Cre virus-infected astrocytes (Figure 5G). We then ana-
lyzed the lysosomal compartment using Lysotracker and Lampl
staining. Confocal images revealed that the number and size of
lysosomes were increased in Tfeb*/!* astrocytes infected with
the Cre virus (Figure 5H,I; Figure S8E,F, Supporting Informa-
tion). ATP assays revealed that TFEB knockdown reduced astro-
cytic ATP release, which was reversed by ML-SA1 (Figure 5J).
Next, we constructed a recombinant plasmid with full-length WT
TFEB and transfected it into HEK293T cells. Overexpression of
TFEB significantly increased Mcoln1 mRNA levels and TRPML1
protein levels (Figure 5K,L; Figure S8G, Supporting Informa-
tion). The mRNA levels of Lamp1 and Rab7 were also increased
(Figure S8G, Supporting Information). Furthermore, the appli-
cation of curcumin analog C1 (1 pM), an agonist of TFEB,!**
increased ATP release from astrocytes, which was blocked by
the TRPML1 antagonist ML-SI3 (Figure 5M). Taken together,
these results suggest that astrocytic TFEB in the mPFC is in-
volved in stress vulnerability and mediates TRPML1-dependent
ATP release.

www.advancedscience.com

2.6. Overexpression of TRPMLT1 in the mPFC Rescues
Depressive-Like Behaviors Induced by a Reduction in Astrocytic
TFEB

To investigate the role of astrocytic TFEB in depressive-like be-
haviors, we first generated astrocyte-specific Tfeb deletion mice
(TFEB cKO) by crossing mice expressing the floxed Tfeb allele
with the Aldh111-CreERT**/~ line (Figure 6A). Astrocytes were iso-
lated from the mPFC by FACS (Figure 6B), and Simple Western
blot analysis revealed that astrocytic TFEB protein levels were
decreased in the mPFC of TFEB cKO mice compared to litter-
mate controls (Figure 6C). TFEB cKO mice presented no changes
in body weight, brain size and structure, astrocyte and neuron
density (Figure S9, Supporting Information). In the FST, the
duration of immobility was increased in TFEB cKO mice com-
pared to littermate controls (Figure 6D). Next, SI tests were per-
formed before and after SSDS. There was no significant differ-
ence in social interaction time before and after SSDS in the con-
trol group (Figure 6E). In contrast, the social interaction time of
TFEB cKO mice was significantly reduced after SSDS compared
to before SSDS, indicating an obvious social avoidance behavior
(Figure 6E). TFEB knockout did not affect general locomotion or
anxiety-related behavior (Figure 6F,G).

To determine the brain region-specific effect of astrocytic
TFEB on behavioral performances, we bilaterally injected AAV-
gfaABC1D-EGFP-iCre or AAV-gfaABC1D-EGFP virus into the
mPFC of Tfeb"*/#** mice to obtain mPFC astrocyte-specific TFEB
knockout (GFAP/PFCAFR) or control (EGFP) mice. Three weeks
after injection, confocal images revealed that astrocytes through-
out the mPFC were infected with the gfaABC1D-iCre virus
(Figure 6H). Western blotting analysis confirmed a decrease in
TFEB expression in the mPFC after gfaABC1D-iCre virus in-
jection (Figure 6I). Regarding behaviors, GFAP/PFCAF® mice
showed increased immobility time in the FST compared to EGFP
mice (Figure 6]). After SSDS, GFAP/PFCAFE mice presented de-
creased social interaction time in the SI test, indicating social
avoidance behavior (Figure 6K). No apparent changes were ob-
served in the EPM and OFT (Figure S10A,B, Supporting Infor-
mation).

To further investigate whether overexpression of TRPML1 can
rescue depressive-like behaviors in TFEB cKO mice, we bilater-
ally injected AAV-DIO-Mcoln1-3xFlag-EGFP or AAV-DIO-EGFP
virus into the mPFC of TFEB cKO and Ctrl mice and then per-
formed behavioral tests. After three weeks, mPFC astrocytes were
infected with the virus (Figure 6L), and the TRPML1 protein level
was increased in the mPFC of TFEB cKO mice (Figure 6M). TFEB
cKO mice infected with the control virus displayed depressive-
like phenotypes, including increased immobility time in the FST
(Figure 6N) and apparent social avoidance behavior in the SI test
after SSDS (Figure 60), which were reversed by the overexpres-
sion of TRPMLI in mPFC astrocytes (Figure 6N,0). Virus infec-

agonist ML-SA1 (50 uM) or vehicle for Th (n = 5-6, p = 0.0034 and P <0.0001). K,L) Western blotting analysis of TFEB and TRPML1 protein levels in
293T cells transfected with the TFEB plasmid (n = 6, p = 0.0028 and p = 0.0008). M) ATP levels in the medium of primary cultured astrocytes treated
with the TFEB agonist C1 (1 uM, 12 h) and the TRPML1 antagonist ML-SI3 (n = 6, p = 0.0013 and p = 0.0002). One way ANOVA followed by Dunnett’s
post-hot test A,B and E); Kruskal-Wallis test followed by Dunn’s multiple comparisons test D); two-tailed unpaired Student’s t test G and L) and Mann
Whitney test F and 1); one way ANOVA followed by Tukey’s multiple comparisons test | and M). All data are presented as the mean + SEM. n.s., not
significant; *p <0.05, **p <0.01, ***p <0.001, ****p <0.0007.
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Figure 6. Overexpression of TRPML1 in mPFC astrocytes rescues depressive-like behaviors in TFEB cKO mice. A) Generation of astrocyte-specific TFEB
knockout mice (TFEB cKO) and experimental timeline. B) Analysis of astrocytes isolated by FACS from the mPFC. C) Simple Western blotting analysis
of astrocytic TFEB expression in the mPFC of TFEB cKO and Ctrl mice (n = 4, p = 0.0286). D-G) Behavioral performances of TFEB cKO and Ctrl mice
in FST D) (n =7-9, p =0.0124), Sl test E) (n = 7-8, p = 0.011), OFT F), and EPM G) (n = 7-9). H) Representative images of AAV-gfaABC1D-EGFP-iCre
expression in mPFC astrocytes. Scale bars, left, 500 um; right, 50 um. 1) Western blotting analysis of TRPML1 expression in the mPFC of GFAP/PFCAEB
and EGFP mice (n =4, p = 0.0085). J-K) Behavioral performances ofGFAP/PFCAEB and EGFP mice in FST ) and Sl test K) (n = 9-10). p = 0.0423 ]) and
p = 0.0004 K). L) Representative images of AAV-CMV-Mcoln1-3xFlag-EGFP expression in mPFC astrocytes. Scale bars, left, 500 um; right, 50 um. M)
Western blotting analysis of TRPML1 expression in the mPFC of TFEB cKO mice injected with AAV-CMV-Mcoln1-3xFlag-EGFP or AAV-DIO-EGFP virus
(n =5-6, P=0.0178). N,O) Behavioral performances of TFEB cKO mice infected with AAV-CMV-Mcoln1-3xFlag-EGFP or AAV-DIO-EGFP virus in FST
N) (n =8-10, p = 0.0392 and p = 0.0481) and Sl test O) (n = 7-8, p = 0.0189). Mann Whitney test C) and two-tailed unpaired Student’s t test D,F,G,1,)
and M); one way ANOVA followed by Tukey’s multiple comparisons test N) two-way ANOVA followed by Sidak’s multiple comparisons test E,K and O).
All data are presented as the mean + SEM. n.s., not significant; *p <0.05, **p <0.01, ***p <0.001.

tion did not affect behavioral performances in the OFT and EPM
(Figure S10C-D, Supporting Information). These results suggest
that overexpression of astrocytic TRPML1 in the mPFC rescues
depressive-like behaviors in TFEB cKO mice.

3. Discussion

In this study, we identified a stress-sensing signaling pathway
involving astrocytic lysosomes that mediates depressive-like
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behaviors. We found that chronic stress altered the mor-
phology of astrocytic lysosomes in the mPFC of suscep-
tible mice, and the protein levels of TFEB and TRPML1
were decreased in depression models. Furthermore, the
astrocytic TFEB-TRPML1 axis modulates depressive-like
behaviors via lysosomal exocytosis-mediated ATP release.
Our work provides insight into a plausible relationship be-
tween astrocytic lysosomes and stress vulnerability to depres-
sion.
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Previous studies of RNA expression in the postmortem brains
of patients with MDD and bipolar disorder have shown alter-
ations in the expression of lysosome-related genes, including
MCOLN1 and ATG16L2*! Our findings, together with previ-
ous studies, indicate that the dysfunction of astrocytic lysosomes,
including lysosomal exocytosis, acidification and phagocytosis,
plays an important role in depression.!***’] Here, we found that
chronic stress alters the morphology of astrocytic lysosomes and
the expression of astrocytic TRPML1 and TFEB (Figures 1 and 5).
Furthermore, astrocyte-specific knockout of TRPML1 induced
depressive-like behaviors in mice through inhibiting lysosomal
exocytosis-mediated ATP release, establishing a direct link be-
tween astrocytic lysosomes and depression. However, neuronal
TRPMLI lacks such a trait. Chronic stress enhances the release
of glucocorticoid hormones into the blood, and glucocorticoid
hormones in the blood could be transported across the blood-
brain barrier to the brain.[*®4°] Qur previous research has shown
that astrocytes preferentially sense the stress hormones from the
blood through the glucocorticoid receptor (GR), and lysosomes
are associated with GR-dependent ATP release.[?] In the stress-
induced depression animal model and DXMS time-course ex-
periments, the TFEB-TRPML1 axis in astrocytes is more sensi-
tive to stress than that in neurons and microglia (Figure 1), in-
dicating that TRPMLI in astrocytes, but not in neurons and mi-
croglia, is involved in the stress-induced depressive-like behav-
iors. Ultimately, TRPML1 deficiency in neurons did not produce
depression-related behaviors in FST and SSDS (Figure 2). In-
deed, neuronal TRPML1 has been implicated in the pathogenesis
of neurodegenerative diseases.!’>*% It might involve the cellular
heterogeneity of lysosome functions and the differing contribu-
tions of lysosome functions to various brain disorders.

In the present study, TRPML1 AcKO mice presented impaired
lysosomal exocytosis in astrocytes (Figure 4), which is supported
by prior molecular studies.[?#2%1 TRPML1 is also involved in the
modulation of autophagy processes,>! the degradation and re-
cycling of cytoplasmic components by lysosomes. Although au-
tophagy is closely associated with depression,l®? its role in de-
pression remains unclear. Our results showed that there were no
changes in the mRNA levels of Map1lic3a and Mtor, but Atg1612
expression was increased in the mPFC of Res mice (Figure 1),
suggesting a potential relationship between the Atgl612-related
autophagy initiation and resilience to stress, which deserves fur-
ther investigation. In addition, lysosomal acidification in astro-
cytes has been implicated in the resilience to chronic stress.!*¢
Defective lysosomal acidification in microglia has been shown
to increase the secretion of pro-inflammatory cytokines,!>3>*
which have been involved in the pathogenesis of depressive-like
phenotypes.’] The lysosomal acidification-related components
and other ion channels may contribute to the pathogenesis of de-
pression, which deserves further investigation.

The measurements of whole-cell and single channel cur-
rents and lysosome-targeted genetically encoded Ca’* sensors
confirmed that TRPML1 channels mediate Ca?* release from
lysosomes in intact cells,>>*®) which play an essential role in
most lysosomal functions including lysosomal exocytosis.!¢!
TRPML1-knockout cells exhibit impairment of lysosomal mem-
brane fusion/fission, resulting in dysfunction of lysosomal
exocytosis.[?7] Our results revealed that astrocytic TRPMLI de-
ficiency leads to impairment of lysosomal exocytosis-mediated
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ATP release (Figure 4), suggesting that lysosomal Ca?* con-
tributes to ATP release in mPFC astrocytes from animals with
depressive-like behaviors.

Accumulated evidence has confirmed that astrocyte dysfunc-
tion drives abnormal neuronal transmission and synaptic plastic-
ity in depression through decreased ATP release.[223341:5859] ATP
plays an important role in both physiological and pathological
conditions by activating ionotropic P2X and metabotropic P2Y
receptors on glial cells and neurons.[®] ATP deficiency leads to
an inhibitory/excitatory imbalance via the P2X, receptor in neu-
rons, contributing to the etiopathogenesis of depression.>3¢!]
We also detected abnormalities in neuronal calcium activity
in the mPFC of TRPML1 AcKO mice under stress (Figure S7,
Supporting Information), providing a potential lysosome-
related mechanism for aberrant glia-neuronal communication
in depression.

In the present study, we found that the protein levels of TFEB
were decreased with no alteration of mRNA levels in the mPFC
of Sus mice after CSDS (Figures 1 and 5). It might be due to
the observation period, and the combined regulation of the post-
transcriptional modifications and translational processes of Tfeb
induced by chronic stress.[®?-%4] There is also a possibility that
the decreased TFEB protein in the mPFC associated with social
avoidance is not dependent on local transcriptional regulation,
similar to the changes in BDNF.[®®] As target genes bearing the
CLEAR motif regulated by TFEB, only Mcolnl expression, but
not Lamp1 or Rab7 expression, was decreased in the mPFC of
Sus mice (Figure 1). TFE3, another transcription factor of the
MiTF/TFE family, has been reported to compensate for the loss of
TFEB by regulating the target genes.[°¢%7] In addition, miRNAs
play roles in the regulation of transcriptional programs during
stress responses, the effects of which on TFEB-triggered lysoso-
mal biogenesis and autophagy have been reported.l6368] Ag a
previous study showed that the deletion of Tfeb in endothelial
cells does not decrease the mRNA level of Lamp1,[%! which is
similar to our results and suggests cellular heterogeneity.

Furthermore, we found that deletion of Tfeb in astrocytes in-
duced a significant decrease in TRPML1 levels and enlarged lyso-
somal compartments (Figure 5). In contrast, some lysosomal
biogenesis-related genes were not significantly altered by Tfeb
deficiency (Figure S8, Supporting Information). These observa-
tions suggest a dysfunction of lysosomal exocytosis, which is
supported by the regulation of lysosome size by TRPML1.130.7]
Prior research supports this notion, showing the accumulation
of Lamp1-positive lysosomes in TFEB-deficient cells”! and an in-
crease in Lamp1 protein levels in TRPML1 knockout cells.®% The
intensity of Lamp] in astrocytes is increased with no changes in
TFEB under depression-related stress.[*’] In addition, the ability
of TFE3 to compensate for the loss of TFEB, increasing the num-
ber of lysosomes has been observed in Tfeb-depleted cells.[¢¢7]
These results may be due to the differences in cell types and ob-
servation periods, as well as a wide range of functions regulated
by TFEB, which deserves further investigation.

In conclusion, our results identify a distinct role of the lysoso-
mal TFEB-TRPMLI axis in depression through the regulation of
lysosomal exocytosis in astrocytes. These findings reveal a plausi-
ble mechanism by which astrocytic lysosomes respond to stress
and contribute to depression, and suggest the lysosome as a po-
tential organelle target for antidepressants.
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4. Experimental Section

Human Subjects:  Eighteen patients with MDD (eleven females and
seven males) aged between 18 and 50 years were recruited through Guang-
dong 999 Brain Hospital, Guangzhou, Guangdong. The quantitative real-
time PCR experiment for peripheral blood of MDD patients was approved
by the Ethics Committee of Guangdong 999 Brain Hospital (No. 2021-
03-087). Twenty-two healthy controls (fourteen females and eight males)
aged between 18 and 50 years were recruited through a local community
posting. All patients met the diagnostic criteria for MDD using the Struc-
tured Clinical Interview for DSM-IV Axis | Disorders and were clinically
diagnosed by two psychiatrists (You-Lu Wen and Ting-Ting Gu). The 24-
item Hamilton Depression Rating Scale (HAMD-24) was used for clinical
diagnosis of depression. None of these patients with first-episode MDD
had taken any psychotropic medications for longer than 3 weeks. A his-
tory of other major psychiatric disorders, head trauma, drug abuse, and
insobriety were the exclusion criteria.

Animals: Al mice were housed in a temperature- and humidity-
controlled room with a 12 h light/dark cycle (lights on from 7:00 to 19:00)
and ad libitum access to food and water. All behavioral tests were per-
formed by observers who were blinded to the group allocations during 1:00
p.m. and 5:00 p.m. All experiments were approved by the Southern Medi-
cal University Animal Ethics Committee (No. 2016104), and conformed to
the Regulations for the Administration of Affairs Concerning Experimental
Animals (China).

C57BL/6) mice were obtained from the Southern Medical University
Animal Center (Guangzhou, China). Mcoln /0¥l mice were purchased
from Shanghai Model Organisms Center, Inc. Tfeb™/fx and CamKila-
CreER™**/~ mice were purchased from Jackson Laboratories (Stock USA).
Aldh111-CreERT?*/~ and Aldh111-EGFP mice were provided by Prof. Tian-
Ming Gao (Southern Medical University, China).

For the excision of the flox sites by Cre recombination, 8-week-old
male mice were injected intraperitoneally with tamoxifen (TAM) (Sigma-—
Aldrich, USA) once a day (100 mg kg™ of body weight) for 5 consecutive
days. TAM was dissolved in corn oil (Sigma, USA) to a final concentration
of 10 mg ml~". Behavioral tests were performed four weeks after TAM in-
jection.

Transmission Electron Microscope: Mice were rapidly anesthetized with
isoflurane. The mPFC tissues (1 mm?® in size) were immediately dissected
from the mouse brain within 1 min and fixed in a 2.5% glutaraldehyde solu-
tion at 4 °C overnight. The tissues were then rinsed in PBS and post-fixed in
1% osmium tetroxide. After a series of acetone dehydration and Epox 812
infiltration, the tissues were dehydrated in increasing concentrations of al-
cohol and then embedded in durcupan resin and cured at 65 °C for 24 h.
Next, ultrathin sections (80 nm thick) were cut using an ultramicrotome
(Leica, UC7). Finally, images were captured using a transmission electron
microscope (Hitachi H-7500, Japan) operated at 60 kV, and analyzed using
Image| software.

Immunofluorescence:  Mice were deeply anesthetized with isoflurane
and perfused transcardially with saline followed by 4% paraformaldehyde
(PFA) in 0.1 M PBS (pH 7.4). Brains were removed and post-fixed in 4%
PFA at 4 °C overnight. Brains were then transferred to 30% sucrose solu-
tion in 0.1 M PBS and dehydrated to isotonicity. After three days of dehy-
dration, coronal sections (40 pum) were cut on a freezing microtome (Le-
ica, CM1950, Germany) at —20 °C. For cell staining, primary astrocytes
cultured on coverslips were fixed in 4% paraformaldehyde for 15 min.
The samples were washed three times with 0.1 M PBS before incuba-
tion with blocking buffer containing 5% normal goat serum in 0.5% Tri-
ton X-100/PBS (permeabilization) for 1.5 h at room temperature. The sur-
face expression of Lamp1 was detected in non-permeabilized astrocytes.
Cells or slices were incubated overnight at 4 °C with primary antibodies:
mouse-anti Lamp1 (1:100, Abcam), rabbit-anti TRPML1 (1:500, Abcam),
rabbit-anti TFEB (1:500, Bethyl), mouse-anti NeuN (1:500, Cell Signaling),
mouse-anti S1004 (1:500, Abcam), guinea pig-anti S1004 (1:500, Synaptic
Systems), mouse-anti GFAP (1:500, Cell Signaling), goat-anti Iba1 (1:500,
Novus Biologicals). The samples were then washed three times with PBS,
and incubated with secondary antibodies for 2 h at room temperature. Fi-
nally, the samples were counterstained with 4, 6-diamidino-2-phenylindole
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(DAPI) (Vector Laboratories, CA, USA) for nuclei staining. Images were
acquired and visualized with a Nikon ATR confocal microscope (Nikon In-
struments Inc., Japan).

To quantify the fluorescence intensity of Lamp1 in mPFC astrocytes,
20-um coronal slices were stained with Lamp1 (1:100, Abcam) for 24 h,
followed by Alexa Fluor 594-conjugated secondary antibody staining. Next,
the slices were stained with DAPI. Imaging was performed on an N-SIM
microscope (Nikon Instruments Inc., Japan) using a 100 X oil objective. Z
stacking was performed with 0.1-um steps in the z direction, and images
were analyzed using Imaris 8.1 software.

Quantitative Real-Time PCR: The isolated tissue samples and white
blood cell samples were immediately stored in TRIzol (Takara, Japan), and
RNA was extracted according to the manufacturer’s instructions. Then,
cDNAs were synthesized using the PrimeScriptTM RT Reagent Kit (Takara,
Japan) according to the protocol supplied by the manufacturer. The Quan-
titative real-time PCR (qRT-PCRs) were performed using a 7500 real-time
PCR system (ABI, USA). Each reaction was performed in duplicate. The
housekeeping gene Gapdh was used as an internal control for normaliza-
tion with the 4 , Ct method. The 2—, , Ct method was used to calculate the
relative expression levels of the genes. Primer sequences used for gRT-
PCRs were listed in Table S1 (Supporting Information).

Fluorescent-Activated Cell Sorting (FACS):  Mice were anesthetized with
isoflurane and perfused with ice-cold artificial cerebrospinal fluid (ACSF)
solution (containing (in mM) 125 NaCl, 2.5 KCl, 2 CaCl,, 2 MgSQOy, 1.25
NaH, PO,, 26 NaHCO;, and 10 D-glucose). Brains were dissected and
cut in ice-cold oxygenized ACSF using a Vibroslice (Leica, Germany).
One sample consisted of mPFC brain slices isolated from two mice. The
slices separated from the brain were then coarsely chopped, and incu-
bated in 5 ml EBSS solution containing 2 mg ml~" papain (Sigma, USA),
1 mg ml™! L-cysteine (Sigma, USA), 0.5 mg ml~' EDTA (Sigma, USA),
and 100 pug ml~! DNase | (Sigma, USA) for 30 min at 37 °C. During the
cell dissociation, brain tissues were blown with an 800-um pipette ~15
times every 15 min. Then, the cell pellet was resuspended in 5 ml of a
26% Percoll solution and centrifuged at 900 g (4 °C) for 15 min. A 40-um
mesh was used to eliminate cell clumps. The cells were incubated in FACS
buffer containing FcR blocking reagent (Miltenyi, USA) and an anti-ACSA-
2-PE monoclonal antibody (Miltenyi, USA) for 30 min on ice in the absence
of light. Finally, the cells were analyzed and collected using a MoFlo XDP
flow cytometer (Beckman Coulter, USA).

Magnetic-Activated Cell Sorting (MACS):  Adult mice were anesthetized
with isoflurane and perfused through the heart with ice-cold saline.
The mPFC was then immediately removed and washed with prechilled
phosphate-buffered saline (PBS). The mPFC tissues were mechanically
and enzymatically dissected using the Adult Mouse Brain Dissociation Kit
(Miltenyi Biotec) in the single cell suspensions instrument. Myelin-free
single cell suspensions were obtained after removal of myelin according to
the cell debris removal buffer in the kit, and the whole cell pellet was resus-
pended with PBS containing 0.5% BSA, followed by isolation of the desired
cell type. Briefly, astrocytes were isolated using anti-ACSA-2 MicroBeads
(Miltenyi Biotec) and adult neurons were isolated using the Adult Neuron
Isolation kit (Miltenyi Biotec), and then both were separated by magnetic
columns. The isolated cells were placed in a —80 °C refrigerator immedi-
ately after centrifugation.

Cell Culture, Transfection and Drug Administration:  For primary astro-
cyte culture, the tissues isolated from mouse cerebral cortex (P1-3) were
washed with ice-cold PBS and dissociated using a pair of sterile operating
scissors in a 50 ml Falcon tube containing 0.5 ml PBS. The tissues were
then incubated with 0.25% trypsin (Thermo Fisher Scientific, USA) con-
taining 0.5 mM EDTA for 10 min at a temperature of 37 °C. To inhibit the
trypsin activity, the culture medium (DMEM/F-12 with 10% fetal bovine
serum (FBS)) (CORNING, USA) was added, and then the cell suspension
was centrifuged at 900 X g for 5 min. After being resuspended in 10 ml of
culture medium, the cells were transferred to a culture flask at a density of
5%106 cells per 5 ml. They were then incubated in a humidified incubator
with 5% CO, at 37 °C.

For primary neuron culture, fetal mice were dissected from timed-
pregnant C57BL/6) females at E16.5. The tissues were separated from the
cerebral cortex of fetal mice, and dissociated by enzymatic digestion. After
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inhibiting trypsin activity, the cell suspension was centrifuged at 900 x g
for 5 min. Isolated primary neurons were cultured on poly-D-lysine-coated
dishes using Neurobasal medium supplemented with B27 (GIBCO, USA)
and incubated in a humidified CO, incubator with 5% CO, at 37 °C.

Flag-EGFP-tagged full-length TFEB plasmids were constructed (OBio
Bioscience, China). H293T cells (ACTT, USA) were grown to 70% conflu-
ence and transfected using TransIT-X2 (Mirus Bio, USA) according to the
manufacturer’s protocol. Cells were transfected at 37 °C for 24 h.

For Western blotting, primary astrocytes were cultured for 8 days while
neurons were cultured for 14 days before drug administration. BV2 cells
were cultured and proliferated to 70% of cell density. Cells were treated
with DXMS (1uM) for 0, 4, 12, 24, and 48 h, respectively, and then collected
for Western blotting analysis.

Western Blotting Analysis:  Proteins were extracted from brain tissues
or cultured cells, which were homogenized in lysis buffer (RIPA) (Thermo
Fisher Scientific, USA) containing protease inhibitor (PMSF) (Thermo
Fisher Scientific, USA) and centrifuged at 12 000 rpm at 4 °C for 30 min to
remove insoluble material. Protein concentration was then measured and
quantified using the bicinchoninic acid (BCA) protein assay kit (Thermo
Fisher Scientific, USA). Samples were loaded and separated on 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
gels and then electrotransferred on PVDF membranes (Millipore, Ger-
many) in ice-cold buffer (25 mM Tris-HCl, 192 mM glycine, and 20%
methanol) for 2 h. Membranes were blocked with 5% nonfat milk for 1h
at room temperature and then incubated overnight at 4 °C with the fol-
lowing primary antibodies: rabbit anti-TRPML1 (1:1000, Abcam), rabbit
anti-TFEB (1:1000, Bethyl), rabbit anti-Phospho TFEB (S211) (1:1000, Cell
Signaling), rabbit anti-Lamp1 (1:1000, Abcam), rabbit anti-Rab7 (1:1000,
Abcam), mouse anti-GAPDH (1:5000, Proteintech), goat anti-LaminB
(1:1000, Santa Cruz Biotechnology). Membranes were washed three times
with TBS buffer containing 0.1% Tween-20 (TBST) and incubated with
HRP-conjugated secondary antibodies for 1 h at room temperature. Af-
ter three washes with TBST, the membranes were imaged using a BIO-
RAD Gel Doc XR imaging system (BIO-RAD, Germany) and quantitatively
analyzed using Image Lab software. For analysis, protein levels were nor-
malized to GAPDH on the same gel.

Simple Western Blot Analysis:  Astrocytes isolated from the mPFC by
FACS were lysed in RIPA buffer containing 1% PMSF. Samples were mixed
with sample buffer to a final concentration of 1 pg ul~'. The Simple
Western system (ProteinSimple, USA) was then used for protein detec-
tion. Target proteins were identified with the following primary antibod-
ies: rabbit anti-TRPMLT (1:100, Abcam); rabbit anti-TFEB (1:100, Bethyl);
mouse anti-GAPDH (1:100, Proteintech). Horseradish peroxidase (HRP)-
conjugated secondary antibodies and chemiluminescent substrates were
used for subsequent immunodetection.

Extracellular ATP, AP and f-Gal Measurements:  To reduce ATP hydroly-
sis, the ectonucleotidase inhibitor 6-N, N-diethyl-g-y-dibromomethylene-
d-adenosine-5-triphosphate FPL 67156 (ARL 67156 trisodium salt)
(Sigma—Aldrich, USA) was added to the extracellular medium or ACSF
throughout the experiment. The extracellular medium or ACSF was then
transferred to a centrifuge tube and cell debris was removed by cen-
trifugation. ATP levels were measured using a bioluminescent ATP as-
say kit (Promega, USA). Acid phosphatase (AP) and f-galactosidase (f-
Gal) activities were measured using the AP colorimetric assay kit (Ab-
cam, USA) and f-galactosidase assay kit (Abcam, USA), respectively.
Luminescence was measured using a luminometer (PerkinElmer, USA)
according to the manufacturer’s instructions. For quantification, ATP,
AP and p-Gal amounts were normalized to the amount of total pro-
tein in each sample using the BCA protein assay kit (Thermo Fisher
Scientific, USA).

Time-Lapse Imaging: Virus-transfected astrocytes were loaded with
FM2-10 (50 uM) in DMEM/F-12 containing 10% FBS for 2 h at 37 °C.
After washing for in PBS 20 min, astrocytes were transferred to the confo-
cal dish (CORNING, USA) for imaging under a confocal microscope with
a 40 x water-immersion objective. Before and after glutamate treatment,
the time courses of the changes in fluorescence of FM2-10 with 4 ¢ission
> 560 nm were obtained at an image interval of 1 second. The decrease
in the fluorescence intensity of the FM caused by photobleaching was less
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than 5% over a period of 10 min. Data analysis was performed with NIS
Elements (Nikon, Japan).

Chromatin Immunoprecipitation Assay: Chromatin immunoprecipita-
tion assay (ChIP) was performed using a SimpleChIP Enzymatic Chro-
matin IP Kit (Cell signaling, USA) according to the manufacturer’s pro-
tocol. Chromatin/DNA protein complexes of astrocytes were obtained by
cross-linking with 1% formaldehyde by incubation at a room temperature
for 20 min. Cell extracts were then sonicated to generate chromatin frag-
ments of 150-900 bp in length, and incubated with rabbit anti-TFEB anti-
body (1:50, Cell Signaling) or 1gG overnight at 4 °C with constant rotation.
After incubation, 30 uL of Protein G bead slurry was added to the lysates
and incubated for 2 h at 4 °C with rotation. The resins were washed 3 times
with ChIP buffer. Chromatin fragments were eluted from antibody/Protein
G beads with a ChIP elution buffer, and cross-linking was reversed with 5 M
NaCl and 2 pl of 20 mg ml~! Proteinase K. Finally, PCR was performed us-
ing primers designed to cover the putative TFEB/CLEAR sequence in the
mouse Mcoln1 promoter.

Stereotaxic Surgery: Mice were anesthetized with isoflurane and then
fixed in a stereotactic frame (RWD Life Science, China) before surgery. Co-
ordinates were measured from the bregma according to the mouse atlas.
A volume of 300 nl of virus was injected into the bilateral mPFC (anterior-
posterior (AP): +1.75 mm; medial-lateral (ML): + 0.3 mm; dorsal-ventral
(DV): — 2.5 mm) at a rate of 100 nl min~'. The needle was left in place
for 6 min after each injection to allow the virus to diffuse. The needle was
then slowly withdrawn, and the scalp was sutured.

For specific knockdown of astrocytic TRPMLT or TFEB, a virus con-
taining Cre under a gfaABC1D promoter (AAV2/9-gfaABC1D-EGFP-iCre-
WPRE-pA) or a control virus (AAV2/9-gfaABC1D-EGFP-WPRE-pA), pur-
chased from Taitool Bioscience (China), was bilaterally injected into the
mMPFC of Mcoln1fox/flox or Tfebflox/flox mice.

To overexpress TRPML1 in astrocytes, an AAV2/9-CMV-DIO-Mcoln1-
3xFlag-P2A-EGFP-tWPA virus or an AAV2/9-CMV-DIO-EGFP-tWPA virus
purchased from OBiO Bioscience was bilaterally injected into the mPFC of
Aldh111-CreERT2+/~; Mcoln X/ flox or Aldh 111-CreERT2+/~; Tfebox/ flox mice.

For fiber photometry, AAV-GfaABC1D-ATP1.0 or AAV-CamKlla-
Gcamp6s virus was unilaterally injected into the mPFC of Aldh1/1-
CreER™2/=; Mcoln1f1o¥/flox mice. A ceramic ferrule with an optical fiber
(200 um diameter, 0.37 numerical aperture (Inper, China)) was then
implanted over the infected cells of the mPFC (AP: + 1.75 mm; ML:
+ 0.3 mm; DV: — 2.5 mm) after virus injection. Three weeks after fiber
implantation, fluorescence signals were recorded.

Fiber Photometry:  After 2 weeks for viral expression, fiber photometry
was used to record ATP or calcium signals during the forced interaction
test using a commercialized system. The laser beam emanated from the
laser tube (488 nm) is reflected by a dichroic mirror focused by a 10x (NA
= 0.3) lens and coupled to an optical commutator. The fluorescence was
bandpass filtered (Thorlabs, USA) and collected with a photomultiplier
tube (Hamamatsu, Japan). An amplifier (Hamamatsu, Japan) was used
to convert the current output of the photomultiplier into a voltage sig-
nal, which was further filtered by a low-pass filter. The laser power at the
fiber tip was adjusted to 30 uW to minimize photobleaching. The optical
fiber was connected to the fiber photometry system using an optical fiber
sleeve. The videos were recorded and analyzed to determine the time of in-
teraction of CD1 mice with TRPML1 AcKO or Ctrl mice. Signal processing
was performed using MATLAB (MathWorks, USA). The z-score of popula-
tion of astrocytes or neurons was calculated using the following formula:
Z-score = (FSignaI— FBasaI) / STD (FBasaI)'

Chronic Social Defeat Stress:  Chronic social defeat stress (CSDS) was
performed according to previous protocols.! Prior to the start of de-
feat, CD1 mice (aggressor) were screened for aggressive behavior and
then placed on one side of a cage with a perforated translucent plastic
divider (0.6 cm X 46 cm x 15 cm). For 10 consecutive days, the adult
male C57BL/6) mouse or Aldh111-EGFP mouse was exposed to a different
CD1 mouse for 10 min each day. After 10 min of physical interaction, the
CD1 mouse and the test mouse were separated by a perforated translu-
cent plastic divider, allowing continuous chronic stress to persist in the
form of a threat for the next 24 h. Control mice were housed in equivalent
cages with members of the same strain and rotated daily to an unfamiliar

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

mouse, without being exposure to CD1 mice. The social interaction (SI)
test was performed to test avoidance behavior after the last bout of phys-
ical interaction.

Subthreshold Social Defeat Stress:  This procedure was identical to the
normal chronic social defeat stress procedure, except that the procedure
lasted for three consecutive days.

Social Interaction Test (SI): Social avoidance behavior was measured
using a two-stage social interaction test. Mice were placed in an open field
arena (42 cm X 42 cm X 42 cm) containing an empty plexiglass cage
(9.5 cm x 9.5 cm x 8 cm) on one side. Their movements were tracked
and recorded by a video tracking system (Ethovision XT, Noldus Informa-
tion Technology, Netherlands) for 2.5 min in the absence of the caged ag-
gressor (“no target”). Their movements were then tracked for 2.5 min in
the presence of the aggressor (“target”). The arena was cleaned with 75%
ethanol after each trial to remove olfactory cues. All behavioral tests were
conducted in the darkness. The interaction ratio was calculated as [(in-
teraction time, “target”) / (interaction time, “no target”)]. Mice with an
interaction ratio <1 were considered susceptible, and those with an in-
teraction ratio >1 were considered resilient. Mice that with open wounds
greater than 1.cm as a result of repeated defeats were excluded.[?"]

Forced Interaction Test: Mice were placed in an 8 cm X 15 cm Plexiglas
cylinder which was located in the center of a cage. A lid was placed over
the cylinder to prevent the aggressor from climbing in. The fluorescence
signal was recorded for 5 min. The CD1 aggressor mouse was then placed
in the cage outside of the cylinder. Fluorescence signals were recorded for
a further 5 min. All mice were subjected to forced interaction test (FIT)
both before and after exposure to SSDS.

Forced Swimming Test: After 30 min of habituation, mice were indi-
vidually placed into a clear glass cylinder (height 45 cm, diameter 19 cm)
filled with water to a height of 23 cm (23 to 25 °C). The mice swam for
6 min under normal light conditions. The immobility time during the last
4 min of the test was measured with a tracking system (Ethovision XT,
Noldus Information Technology, Netherlands). Increasing immobility in
mice was used to measure behavioral despair, while decreasing immobil-
ity was considered to have an anti-depressant effect. Under drug treatment
conditions, the forced swimming test (FST) was performed 30 min after
the injection.

Sucrose Preference Test: Mice were individually housed and habitu-
ated with two 60 ml tubes with stoppers filled with water for 2 days, fol-
lowed by two bottles of 1% sucrose for 2 days. After habituation, mice
were exposed to one bottle of water and one bottle of 1% sucrose so-
lution for 24 h. Bottle positions were switched each day. The sucrose
preference was calculated for each mouse using the formula 100 X (to-
tal consumption of sucrose/total consumption of both water and su-
crose). Data from one TRPML1 AcKO mouse were excluded due to a
place preference.

Elevated Plus Maze (EPM): The apparatus consists of a central plat-
form (5 cm X 5 cm) and two open arms (30 cm X 5 cmx 0.5 cm) and
two closed arms (30 cm X 5 cm x 15 cm) connected by the platform. The
apparatus was positioned 50 cm above the ground. After 30 min of habit-
uation, mice were placed in the middle platform of the two open arms and
allowed to explore freely for 5 min. The time spent in the open arms and
closed arms was tracked and recorded by Ethovision XT.

Open Field Test (OFT): The open field apparatus consists of a rectan-
gular chamber (40 cm X 40 cm X 30 cm) made of gray polyvinyl chloride.
After the 30 min habituation period, mice were placed in the center of the
apparatus and allowed to explore freely for 5 min. Cumulative time spent
in the center region and total distance were recorded using an automated
SuperFlex Open Field system (Omnitech, USA) and analyzed using Fusion
6.47 software (USA).

Rotarod Test: A rotarod training system (Med-associates, USA) was
used for motor learning. Mice were placed on the stationary rod for 2 min
for habituation. During the training period, mice were placed on the rod
at a fixed speed (8 rpm), and the speed was then uniformly accelerated
to 40 rpm/min after the mice remained reliably on the rod. Three training
sessions were performed over 2 days. To assess learning, the procedure
(4 to 40 rpm) was repeated for 3 consecutive trials. The latency to fall (in
seconds) was recorded.
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Pole Climbing Test: The pole test was performed as previously
described.[”?] Mice were placed top of a vertical pole (diameter: 1 cm,
height: 55 cm) with head-down and allowed to descend. This training was
repeated 4-6 times. In the next regular turning and descending procedure,
mice were trained 3—4 times by being placed on top of the pole with their
head up. Then, the mice were performed eight trials and the maximum du-
ration of each session is 30 s. The time to orient downward and the total
time to turn and descend the pole were recorded. The average of the eight
trials was used as the final score.

Statistical Analysis: Al statistical analyses were performed using SPSS
22.0 and GraphPad Prism 9.3.1 (GraphPad Software, USA). All data were
presented as the mean + SEM. Data were confirmed to be normally
distributed using the Shapiro-Wilk test. Two-tailed unpaired Student’s t-
tests or Mann-Whitney U tests were used to evaluate statistical signifi-
cance of differences between the two groups. The following statistical tests
were used for the comparisons between more than two groups: One way
ANOVA followed by Dunnett’s or Tukey’s multiple comparisons, Kruskal-
Wallis test followed by Dunn’s multiple comparison, two-way ANOVA fol-
lowed by Sidak’s multiple comparisons. Differences were considered to
be significant if p <0.05. Significance levels were indicated as follows:
#p <0.05, **p <0.01, *¥*¥p <0.001 and ****p <0.0001.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements

The authors thank Prof. Tian-Ming Gao, Southern Medical University,
for providing Aldh1/1-CreER™*/= and Aldh1I1-EGFP mice. This study
was supported by the National Natural Science Foundation of China
(32271062 to X.C.), STI2030-Major Projects (2022ZD0204700 to X.C.),
Guangzhou Key Research Program on Brain Science (202206060001 to
X.C.), Guangzhou Science and Technology Project (202007030013 to
T.-M.G.), Key-Area Research and Development Program of Guangdong
Province (2018B030334001, 2018B030340001 to T.-M.G.), and Medical
Scientific Research Foundation of Guangdong Province (A2023432 to
TG.).

Conflict of Interest

The authors declare no conflict of interest.

Author Contributions

J.-W.M. and P.--L.K. contributed equally to this work. X.C. conceived and
supervised the project. X.C., J.-W.M. and P.-L.K. designed the research and
wrote the paper. |.-W.M., J.F., R.M., F.G., and L.D. performed behavioral
experiments and stereotactic injection with the help of C.-L.L. and J.R.
J-W.M., P.-L.K. and Q.-L.Z. performed immunostaining, Western blotting
and qRT-PCR analysis. ).-W.M. and J.F. performed FACS and Simple West-
ern blot analysis. P.-L.K., L.-Y.C. performed cell culture with the help of
S.J.L. and T.G. Y.-L.W. and T.-T.G. collected blood from MDD patients. .-
W.M. and Q.-W.W. analyzed the data. T.-M.G. provided suggestions for this
research. All authors reviewed the manuscript.

Data Availability Statement

The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

Keywords

astrocytes, ATP, depressive-like behaviors, lysosomes, mucolipin TRP
channel 1, transcription factor EB

Received: April 1, 2024
Revised: August 9, 2024
Published online: September 12, 2024

(1]
(2]
(3]

(4]

(3]

(6]
7]

(8]

(9]

(1]
(1]
[12]

[13]

[14]
[15]

[16]

(7]

(18]
[19]
(20]
[21]

[22]

Ady. Sci. 2024, 11, 2403389

G. S. Malhi, J. J. Mann, Lancet. 2018, 392, 2299.

C. Hammen, Annual Rev. Clin. Psychol. 2005, 1, 293.

B. S. McEwen, N. P. Bowles, . D. Gray, M. N. Hill, R. G. Hunter, I. N.
Karatsoreos, C. Nasca, Nat. Neurosci. 2015, 18, 1353.

R. S. Duman, G. K. Aghajanian, G. Sanacora, J. H. Krystal, Nat. Med.
2016, 22, 238.

L. Leng, K. Zhuang, Z. Liu, C. Huang, Y. Gao, G. Chen, H. Lin, Y. Hu,
D. Wu, M. Shi, W. Xie, H. Sun, Z. Shao, H. Li, K. Zhang, W. Mo, T.
Y. Huang, M. Xue, Z. Yuan, X. Zhang, G. Bu, H. Xu, Q. Xu, J. Zhang,
Neuron 2018, 100, 551.

Y. Cui, Y. Yang, Z. Ni, Y. Dong, G. Cai, A. Foncelle, S. Ma, K. Sang, S.
Tang, Y. Li, Y. Shen, H. Berry, S. Wu, H. Hu, Nature 2018, 554, 323.
P. Cao, C. Chen, A. Liu, Q. Shan, X. Zhu, C. Jia, X. Peng, M. Zhang, Z.
Farzinpour, W. Zhou, H. Wang, J.-N. Zhou, X. Song, L. Wang, W. Tao,
C. Zheng, Y. Zhang, Y.-Q. Ding, Y. Jin, L. Xu, Z. Zhang, Neuron 2021,
109, 2573.

J. Fan, F. Guo, R. Mo, L. Y. Chen, J. W. Mo, C. L. Lu, ). Ren, Q. L. Zhong,
X. ). Kuang, Y. L. Wen, T. T. Gu, J. M. Liu, S. ). Li, Y. Y. Fang, C. Y. Zhao,
T. M. Gao, X. Cao, J. Clin. Invest. 2023, 133.

J. Q. Zhang, P. ). Rong, L. ). Zhang, H. He, T. Zhou, Y. H. Fan, L. Mo,
Q. Y. Zhao, Y. Han, S. Y. Li, Y. F. Wang, W. Yan, H. F. Chen, Z. L. You,
Sci. Adv. 2021, 7.

A. Ballabio, J. S. Bonifacino, Nat. Rev. Mol. Cell Biol. 2019, 21, 101.
R. E. Lawrence, R. Zoncu, Nat. Cell Biol. 2019, 21, 133.

Z. Padamsey, L. McGuinness, S. ). Bardo, M. Reinhart, R. Tong, A.
Hedegaard, M. L. Hart, N. J. Emptage, Neuron 2017, 93, 132.

H. Lui, ). Zhang, S. R. Makinson, M. K. Cahill, K. W. Kelley, H. Y.
Huang, Y. Shang, M. C. Oldham, L. H. Martens, F. Gao, G. Coppola,
S. A. Sloan, C. L. Hsieh, C. C. Kim, E. H. Bigio, S. Weintraub, M. M.
Mesulam, R. Rademakers, I. R. Mackenzie, W. W. Seeley, A. Karydas,
B. L. Miller, B. Borroni, R. Ghidoni, R. V. Farese, ). T. Paz, B. A. Barres,
E. ). Huang, Cell 2016, 165, 921.

Y. X. Xie, N. N. Naseri, J. Fels, P. Kharel, Y. Na, D. Lane, ). Burré, M.
Sharma, Nat. Commun. 2022, E13.

Y. Xu, S. Du, J. A. Marsh, K. Horie, C. Sato, A. Ballabio, C. M. Karch,
D. M. Holtzman, H. Zheng, Mol. Psychiatry 2021, 26, 5925.

J. H. Lee, D. S. Yang, C. N. Goulbourne, E. Im, P. Stavrides, A.
Pensalfini, H. Chan, C. Bouchet-Marquis, C. Bleiwas, M. ]. Berg, C.
F. Huo, ). Peddy, M. Pawlik, E. Levy, M. L. Rao, M. Staufenbiel, R. A.
Nixon, Nat. Neurosci. 2022, 25, 688.

M. I. Hossain, J. M. Marcus, ). H. Lee, P. L. Garcia, V. Singh, J. J.
Shacka, ). H. Zhang, T. I. Gropend, C. N. Falany, S. A. Andrabi, Au-
tophagy 2021, 17, 1330.

A. Fraldi, A. D. Klein, D. L. Medina, C. Settembre, Annu. Rev. Neurosci.
2016, 39, 277.

J. Sharma, A. di Ronza, P. Lotfi, M. Sardiello, Annu Rev Neurosci. 2018,
41, 255.

F. M. Platt, A. d’Azzo, B. L. Davidson, E. F. Neufeld, C. ). Tifft, Nat.
Rev. Dis. Prim. 2018,4, 27.

S. A. Golden, H. E. Covington 3rd, O. Berton, S. J. Russo, Nat. Protoc.
2011, 6, 1183.

X. Cao, L.-P. Li, Q. Wang, Q. Wu, H.-H. Hu, M. Zhang, Y.-Y. Fang, .
Zhang, S.-). Li, W.-C. Xiong, H.-C. Yan, Y.-B. Gao, J.-H. Liu, X.-W. Li,
L.-R. Sun, Y.-N. Zeng, X.-H. Zhu, T.-M. Gao, Nat. Med. 2013, 19, 773.

2403389 (16 of 17)

(23]
(24]
(25]

(26]

[27]

(28]

[29]

(3]

(31]
32

33]

(34]

35]
36]
137]
(38]

(39]

[40]

[41]

[42]

[43]
[44]

[45]

[46]

www.advancedscience.com

C.-L. Lu, J. Ren, J.-W. Mo, . Fan, F. Guo, L.-Y. Chen, Y.-L. Wen, S.-. Li,
Y.-Y. Fang, Z.-F. Wu, Y.-L. Li, T.-M. Gao, X. Cao, Biol. Psychiatry 2022,
92, 204.

M. Nedergaard, B. Ransom, S. A. Goldman, Trends Neurosci. 2003,
26, 523.

H. Xu, D. Ren, Annu. Rev. Physiol. 2015, 77, 57.

N. Y. Hu, Y. T. Chen, Q. Wang, W. Jie, Y. S. Liu, Q. L. You, Z. L. Li, X.
W. Li, S. Reibel, F. W. Pfrieger, J. M. Yang, T. M. Gao, Neurosci. Bull.
2020, 36, 530.

C. Dias, J. Feng, H. Sun, N. Y. Shao, M. S. Mazei-Robison, D. Damez-
Werno, K. Scobie, R. Bagot, B. LaBonte, E. Ribeiro, X. Liu, P. Kennedy,
V. Vialou, D. Ferguson, C. Pena, E. S. Calipari, J. W. Koo, E. Mouzon,
S. Ghose, C. Tamminga, R. Neve, L. Shen, E. |. Nestler, Nature 2014,
516, 51.

D. L. Medina, A. Fraldi, V. Bouche, F. Annunziata, G. Mansueto,
C. Spampanato, C. Puri, A. Pignata, ). A. Martina, M. Sardiello, M.
Palmieri, R. Polishchuk, R. Puertollano, A. Ballabio, Dev. Cell 2011,
21, 421.

J. M. LaPlante, M. Sun, ). Falardeau, D. Dai, E. M. Brown, S. A.
Slaugenhaupt, P. M. Vassilev, Mol. Genet. Metab. 2006, 89, 339.

M. Samie, X. Wang, X. Zhang, A. Goschka, X. Li, X. Cheng, E. Gregg,
M. Azar, Y. Zhuo, A. G. Garrity, Q. Gao, S. Slaugenhaupt, J. Pickel, S.
N. Zolov, L. S. Weisman, G. M. Lenk, S. Titus, M. Bryant-Genevier,
N. Southall, M. Juan, M. Ferrer, H. Xu, Dev. Cell 2013, 26, 511.

Z. Zhang, G. Chen, W. Zhou, A. Song, T. Xu, Q. Luo, W. Wang, X.-s.
Gu, S. Duan, Nat. Cell Biol. 2007, 9, 945.

Y. Dou, H. J. Wu, H. Q. Li, S. Qin, Y. E. Wang, J. Li, H. F. Lou, Z. Chen,
X. M. Li, Q. M. Luo, S. Duan, Cell Res. 2012, 22, 1022.

W. Cai, C. Xue, M. Sakaguchi, M. Konishi, A. Shirazian, H. A. Ferris,
M. E. Li, R. Yu, A. Kleinridders, E. N. Pothos, C. R. Kahn, J. Clin. Invest.
2018, 128, 2914.

W. Xiong, X. Cao, Y. Zeng, X. Qin, M. Zhu, J. Ren, Z. Wu, Q. Huang,
Y. Zhang, M. Wang, L. Chen, G. Turecki, N. Mechawar, W. Chen, G.
Yi, X. Zhu, J. Neurosci. : Offic. J. Soc. Neurosci. 2019, 39, 4606.

H. Morreau, N. J. Galjart, N. Gillemans, R. Willemsen, G. T. van der
Horst, A. d’Azzo, J. Biolog. Chem. 1989, 264, 20655.

X. Zhang, M. Hu, Y. Yang, H. Xu, Nat. Struct. Mol. Biol. 2018, 25,
1009.

D. Shen, X. Wang, H. Xu, Bioessays 2011, 33, 448.

J. Cerny, Y. Feng, A. Yu, K. Miyake, B. Borgonovo, |. Klumperman,
J. Meldolesi, P. L. McNeil, T. Kirchhausen, EMBO Rep. 2004, 5,
883.

W. Wang, Q. Gao, M. Yang, X. Zhang, L. Yu, M. Lawas, X. Li, M. Bryant-
Genevier, N. T. Southall, ). Marugan, M. Ferrer, H. Xu, Proc. Natl.
Acad. Sci. US A2015, 112, E1373.

Z. Wu, K. He, Y. Chen, H. Li, S. Pan, B. Li, T. Liu, F. Xi, F. Deng, H.
Wang, J. Du, M. Jing, Y. Li, Neuron 2022, 110, 770.

J. Liu, J. W. Mo, X. Wang, Z. An, S. Zhang, C. Y. Zhang, P. Yi, A. T. L.
Leong, |. Ren, L. Y. Chen, R. Mo, Y. Xie, Q. Feng, W. Chen, T. M. Gao,
E. X. Wu, Y. Feng, X. Cao, Sci. Adv. 2022, 8, eabo2098.

M. Sardiello, M. Palmieri, A. di Ronza, D. L. Medina, M. Valenza, V. A.
Gennarino, C. Di Malta, F. Donaudy, V. Embrione, R. S. Polishchuk,
S. Banfi, G. Parenti, E. Cattaneo, A. Ballabio, Science 2009, 325,
473.

N. Raben, R. Puertollano, Annu. Rev. Cell Dev. Biol. 2016, 32, 255.

J. X. Song, Y. R. Sun, I. Peluso, Y. Zeng, X. Yu, J. H. Lu, Z. Xu, M. Z.
Wang, L. F. Liu, Y. Y. Huang, L. L. Chen, S. S. Durairajan, H. J. Zhang,
B. Zhou, H. Q. Zhang, A. Lu, A. Ballabio, D. L. Medina, Z. Guo, M.
Li, Autophagy 2016, 12, 1372.

M. J. Gandal, J. R. Haney, N. N. Parikshak, V. Leppa, G. Ramaswami,
C. Hartl, A. J. Schork, V. Appadurai, A. Buil, T. M. Werge, C. Liu, K. P.
White, C. CommonMind, E. C. Psych, P.-B. W. G. i, S. Horvath, D. H.
Geschwind, Science 2018, 359, 693.

L. Sha, J. Li, H. Shen, Q. Wang, P. Meng, X. Zhang, Y. Deng, W. Zhu,
Q. Xu, Cell Rep. 2023, 42, 112975.

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

[47]

48]
(49]

[50]
(51]

(52]

53]

[54]

[55]

[56]

[57]

(58]

(59]

(60]

Adv. Sci. 2024, 11, 2403389

Y. G. Byun, N. S. Kim, G. Kim, Y. S. Jeon, J. B. Choi, C. W. Park, K. Kim,
H. Jang, J. Kim, E. Kim, Y. M. Han, K. J. Yoon, S. H. Lee, W. S. Chung,
Immunity 2023, 56, 2105.

D. de Quervain, L. Schwabe, B. Roozendaal, Nat. Rev. Neurosci. 2017,
18, 7.

S.). Lupien, B. S. McEwen, M. R. Gunnar, C. Heim, Nat. Rev. Neurosci.
2009, 10, 434.

J. Gao, H. Li, H. Lv, X. Cheng, Mol. Neurobiol. 2024, 61, 4992.

J. Qi, Q. Li, T. Xin, Q. Lu, J. Lin, Y. Zhang, H. Luo, F. Zhang, Y. Xing,
W. Wang, D. Cui, M. Wang, Autophagy 2024, 20, 1712.

A. Gulbins, F. Schumacher, K. A. Becker, B. Wilker, M. Soddemann,
F. Boldrin, C. P. Muller, M. J. Edwards, M. Goodman, C. C. Caldwell,
B. Kleuser, ). Kornhuber, I. Szabo, E. Gulbins, Mol. Psychiatry 2018,
23,2324,

C. H. Lo, ). Zeng, Transl. Neurodegener. 2023, 12, 29.

J. D. Quick, C. Silva, J. H. Wong, K. L. Lim, R. Reynolds, A. M. Barron,
J. Zeng, C. H. Lo, J. Neuroinflammation 2023, 20, 185.

X. P. Dong, D. Shen, X. Wang, T. Dawson, X. Li, Q. Zhang, X. Cheng,
Y. Zhang, L. S. Weisman, M. Delling, H. Xu, Nat. Commun. 2010, 1,
38.

D. Shen, X. Wang, X. Li, X. Zhang, Z. Yao, S. Dibble, X. P. Dong, T.
Yu, A. P. Lieberman, H. D. Showalter, H. Xu, Nat. Commun. 2012, 3,
731.

K. Venkatachalam, C. O. Wong, M. X. Zhu, Cell Calcium 2015, 58,
48.

S. Lin, L. Huang, Z. C. Luo, X. Li, S. Y. Jin, Z. J. Du, D. Y. Wu, W. C.
Xiong, L. Huang, Z. Y. Luo, Y. L. Song, Q. Wang, X. W. Liu, R. J. Ma,
M. L. Wang, C. R. Ren, J. M. Yang, T. M. Gao, Biol. Psychiatry 2022, 92,
179.

M. Jun, Q. Xiaolong, Y. Chaojuan, P. Ruiyuan, W. Shukun, W. Junbing,
H. Li, C. Hong, C. Jinbo, W. Rong, L. Yajin, M. Lanqun, W. Fengchao,
W. Zhiying, A. Jianxiong, W. Yun, Z. Xia, Z. Chen, Y. Zenggqiang, Mol.
Psychiatry 2017, 23, 883.

Y. F. Zhao, A. Verkhratsky, Y. Tang, P. llles, Neuropharmacology 2022,
220, 109252.

2403389 (17 of 17)

(61]

(62]

(63]
(64]

(65]

(66]

(67]
(68]

(6]

[70]

(71

[72]

www.advancedscience.com

X. J. Kuang, C. Y. Zhang, B. Y. Yan, W. Z. Cai, C. L. Lu, L. J. Xie, S. J.
Li, P. L. Kong, J. Fan, S. M. Pan, T. Guo, X. Cao, Theranostics 2022, 12,
3703.

Y. Akkoc, D. Gozuacik, Biochimica et Biophysica Acta (BBA) — Mol. Cell
Res. 2020, 1867.

D. Cora, F. Bussolino, G. Doronzo, Biomolecules 2021, 11.

H. Chen, S. Gong, H. Zhang, Y. Chen, Y. Liu, J. Hao, H. Liu, X. Li, Cell
Death Discov. 2024, 10, 84.

V. Krishnan, M. H. Han, D. L. Graham, O. Berton, W. Renthal, S. J.
Russo, Q. Laplant, A. Graham, M. Lutter, D. C. Lagace, S. Ghose, R.
Reister, P. Tannous, T. A. Green, R. L. Neve, S. Chakravarty, A. Kumar,
A. ). Eisch, D. W. Self, F. S. Lee, C. A. Tamminga, D. C. Cooper, H. K.
Gershenfeld, E. ). Nestler, Cell 2007, 131, 391.

X. Chao, S. Wang, K. Zhao, Y. Li, ). A. Williams, T. Li, H. Chavan, P.
Krishnamurthy, X. C. He, L. Li, A. Ballabio, H. M. Ni, W. X. Ding, Gas-
troenterology 2018, 155, 865.

J. A. Martina, H. I. Diab, L. Lishu, A. L. Jeong, S. Patange, N. Raben,
R. Puertollano, Sci Signal 2014, 7, ra9.

H. Guo, M. Pu, Y. Tai, Y. Chen, H. Lu, . Qiao, G. Wang, J. Chen, X. Qi,
R. Huang, Z. Tao, J. Ren, Cell Death Differ. 2021, 28, 320.

G. Doronzo, E. Astanina, D. Cora, G. Chiabotto, V. Comunanza,
A. Noghero, F. Neri, A. Puliafito, L. Primo, C. Spampanato, C.
Settembre, A. Ballabio, G. Camussi, S. Oliviero, F. Bussolino, EMBO
J. 2019, 38.

Q. Cao, Y. Yang, X. Z. Zhong, X. P. Dong, J. Biolog. Chem. 2017, 292,
8424.

J. Nakamura, T. Yamamoto, Y. Takabatake, T. Namba-Hamano, S.
Minami, A. Takahashi, ). Matsuda, S. Sakai, H. Yonishi, S. Maeda,
S. Matsui, |. Matsui, T. Hamano, M. Takahashi, M. Goto, Y. Izumi,
T. Bamba, M. Sasai, M. Yamamoto, T. Matsusaka, F. Niimura, M.
Yanagita, S. Nakamura, T. Yoshimori, A. Ballabio, Y. Isaka, JCI Insight
2023, 8.

F. Miozzo, E. P. Valencia-Alarcon, L. Stickley, M. Majcin Dorcikova, F.
Petrelli, D. Tas, N. Loncle, I. Nikonenko, P. Bou Dib, E. Nagoshi, Nat.
Commun. 2022, 13, 1426.

© 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

	Lysosomal TFEB-TRPML1 Axis in Astrocytes Modulates Depressive-like Behaviors
	1. Introduction
	2. Results
	2.1. Lysosomal Morphology and TRPML1 Levels in mPFC Astrocytes are Altered Following CSDS
	2.2. Astrocyte-Specific Knockout of TRPML1 Results in Depressive-Like Behaviors in Mice
	2.3. Astrocytic TRPML1 in the mPFC Modulates Depressive-Like Behaviors
	2.4. Knockdown of Astrocytic TRPML1 Impairs Lysosomal Exocytosis-Mediated ATP Release in the mPFC
	2.5. Astrocytic TFEB Mediates ATP Release in a TRPML1-Dependent Manner
	2.6. Overexpression of TRPML1 in the mPFC Rescues Depressive-Like Behaviors Induced by a Reduction in Astrocytic TFEB

	3. Discussion
	4. Experimental Section
	Supporting Information
	Acknowledgements
	Conflict of Interest
	Author Contributions
	Data Availability Statement

	Keywords


