
RESEARCH PAPER

KIF5A-dependent axonal transport deficiency disrupts autophagic flux in
trimethyltin chloride-induced neurotoxicity
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ABSTRACT
Trimethyltin chloride (TMT) is widely used as a constituent of fungicides and plastic stabilizers in the industrial
and agricultural fields, and is generally acknowledged to have potent neurotoxicity, especially in the hippo-
campus; however, the mechanism of induction of neurotoxicity by TMT remains elusive. Herein, we exposed
Neuro-2a cells to different concentrations of TMT (2, 4, and 8 μM) for 24 h. Proteomic analysis, coupled with
bioinformatics analysis, revealed the important role of macroautophagy/autophagy-lysosome machinery in
TMT-induced neurotoxicity. Further analysis indicated significant impairment of autophagic flux by TMT via
suppressed lysosomal function, such as by inhibiting lysosomal proteolysis and changing the lysosomal pH,
thereby contributing to defects in autophagic clearance and subsequently leading to nerve cell death.
Mechanistically, molecular interaction networks of Ingenuity Pathway Analysis identified a downregulated
molecule, KIF5A (kinesin family member 5A), as a key target in TMT-impaired autophagic flux. TMT decreased
KIF5A protein expression, disrupted the interaction between KIF5A and lysosome, and impaired lysosomal
axonal transport. Moreover, Kif5a overexpression restored axonal transport, increased lysosomal dysfunction,
and antagonized TMT-induced neurotoxicity in vitro. Importantly, in TMT-administered mice with seizure
symptoms and histomorphological injury in the hippocampus, TMT inhibited KIF5A expression in the hippo-
campus. Gene transfer of Kif5a enhanced autophagic clearance in the hippocampus and alleviated TMT-
induced neurotoxicity in vivo. Our results are the first to demonstrate KIF5A-dependent axonal transport
deficiency to cause autophagic flux impairment via disturbance of lysosomal function in TMT-induced neuro-
toxicity; manipulation of KIF5A may be a therapeutic approach for antagonizing TMT-induced neurotoxicity.

Abbreviations: 3-MA: 3-methyladenine; AAV: adeno-associated virus; ACTB: actin beta; AGC: automatic
gain control; ATG: autophagy-related; ATP6V0D1: ATPase H+ transporting lysosomal V0 subunit D1;
ATP6V1E1: ATPase H+ transporting lysosomal V1 subunit E1; CA: cornu ammonis; CQ: chloroquine; CTSB:
cathepsin B; CTSD: cathepsin D; DCTN1: dynactin subunit 1; DG: dentate gyrus; DYNLL1: dynein light
chain LC8-type 1; FBS: fetal bovine serum; GABARAP: GABA type A receptor-associated protein;
GABARAPL1: GABA type A receptor associated protein like 1; GABARAPL2: GABA type A receptor
associated protein like 2; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; IPA: Ingenuity Pathway
Analysis; KEGG: Kyoto Encyclopedia of Genes and Genomes; KIF5A: kinesin family member 5A; LAMP:
lysosomal-associated membrane protein; MAP1LC3B/LC3B: microtubule-associated protein 1 light chain
3 beta; NBR1: NBR1 autophagy cargo receptor; OPTN: optineurin; PBS: phosphate-buffered saline; PFA:
paraformaldehyde; PIK3C3/VPS34: phosphatidylinositol 3-kinase catalytic subunit type 3; PRM: parallel
reaction monitoring; siRNA: small interfering RNA; SQSTM1/p62: sequestosome 1; SYP: synaptophysin;
TAX1BP1: Tax1 binding protein 1; TMT: trimethyltin chloride; TUB: tubulin.
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Introduction

Trimethyltin chloride (TMT) is widely used as a constituent
of fungicides, plastic stabilizers in industrial and agricultural
fields [1], and it has been documented that TMT is detectable
in foodstuffs, beverages, and household items. TMT is also
generally acknowledged to have potent neurotoxic effects,
with many cases of human poisoning being continuously

reported over the past few decades [2–5]. It selectively induces
neuronal damage in both human and rodent central nervous
systems (CNS), especially in the hippocampus [6]. Toxicity
experiments in murine have revealed TMT toxicity to depend
on the dose, acute or chronic TMT administration protocols,
as well as the sensitivity to epilepsy-induced brain damage [7].
Dentate gyrus (DG) is susceptible to high dose exposure or in
mice. However, cornu ammonis (CA) is more vulnerable to
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low dose exposure or in rats. Its exposure to rodents caused
representative seizures and other behavioral alterations,
including hyperactivity, aggression, tail mutilation, as well as
impairment in learning and memory [8]. Our previous
research had shown SYP (synaptophysin) reduction and
dopaminergic system alteration may be involved in trimethyl-
tin-induced hippocampal damage and memory impairment in
BALB/c mice [9]. Despite numerous biochemical and neuro-
chemical studies on TMT, the underlying mechanism of its
neurotoxicity remains unknown.

Autophagy, a phylogenetically conserved process, is crucial
for eliminating aggregated proteins and damaged organelles
[10]. Cytoplasmic cargo is sequestered into vesicles called autop-
hagosomes by being engulfed by double membranes through the
formation of cup-shaped structures and is subsequently deliv-
ered to acidic lysosomes for degradation [11]. To maintain both
cellular and metabolic homeostasis, neurons depend signifi-
cantly on basal autophagy to achieve sufficient degradation of
misfolded and aggregated proteins or damaged organelles [12].
A defective autophagic process may be an important factor
contributing to neuronal cell death in many CNS disorders,
such as acute nervous system injury [10], neurodegenerative
diseases [12], and environmental heavy metal-induced neuro-
toxicity [13,14]. Fabrizi et al. had reported TMT-impaired
autophagic flux in different primary neural cells, including neu-
rons, microglial cells, and astrocytes [15–17]. Chloroquine (CQ)
and 3-methyladenine (3-MA) administration worsened TMT-
induced cell death while rapamycin rescued neural cells from
TMT-induced toxicity [15], thus suggesting autophagy may play
an important role in TMT-induced neurotoxicity.

In our study, proteomics, coupled with bioinformatics analy-
sis, revealed a critical role of the autophagy-lysosome machinery
in TMT-induced neurotoxicity. MAP1LC3B/LC3B (microtubule
associated protein 1 light chain 3 beta) turnover and mRFP-GFP
-LC3B assay confirmed the impairment of autophagic flux by
TMT, eventually contributing to Neuro-2a cell death. Notably,
TMT inhibited autophagic flux by inhibiting the lysosomal pro-
teolytic activity and altering lysosomal acidification without dis-
rupting autophagosome formation, maturation, and
autophagosome-lysosome fusion. Mechanistically, through
Ingenuity Pathway Analysis (IPA), for the first time, we found
KIF5A (kinesin family member 5A)-dependent axonal transport
serves as a key target in the TMT-induced blockage of autopha-
gic flux and neurotoxicity in vitro. Parallel Reaction Monitoring
(PRM) further validated that overexpression of Kif5a recovered
the level of autophagy-related proteins. Similarly, overexpression
of Kif5a effectively alleviated TMT-induced seizures, suppressed
histomorphological injury of the hippocampus, and restored
autophagy flux in vivo. Our findings highlight the enhancement
of KIF5A to improve autophagic flux as a promising approach
against TMT-induced neurotoxicity.

Results

Autophagy plays an important role in TMT-treated
Neuro-2a cells

Neurotoxicity of TMT in Neuro-2a cells was determined by
CCK-8 assays. Treatment of cells with 2, 4, and 8 μM TMT

for 24 h caused approximately 15%, 31%, and 44% reduc-
tions in cell viability, respectively (Figure 1A). Moreover,
after exposure to TMT, we observed a reduced number and
morphological changes in Neuro-2a cells [18] (Figure 1B).
To investigate the potential molecular mechanism of TMT
neurotoxicity, we determined the protein profile of the
8 μM TMT-treated group and control group using proteo-
mic analysis. As shown in Table S1, a total of 340 proteins
exhibited statistically significant changes in expression in
the TMT group compared to that in the control group,
with 204 proteins increased more than 1.2-fold, and 136
proteins were decreasing less than 0.8-fold. Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway
analysis investigated the pathways to determine the ones
significantly affected by TMT. Interestingly, proteins in the
“mitophagy,” “autophagy,” “lysosome,” and “phagosome”
sets were significantly enriched in the TMT-treated group
compared to that in the control group (Figure 1C).
Moreover, autophagy was among the top 10 canonical path-
ways identified by IPA (Figure 1D and S1). This notion
reinforced the possibility that autophagy plays an important
role in TMT-induced neurotoxicity.

TMT impairs autophagic flux in Neuro-2a cells

To assess the contribution of autophagy to TMT-induced
neuronal cell death, we investigated the mechanism by
which TMT affects autophagic flux in Neuro-2a cells.
During autophagy, the cytoplasmic form LC3B-I (18 kDa)
is processed and recruited to phagophores, where LC3B-II
(16 kDa) is generated by lipidation at the C terminus. Thus,
the amount of LC3B-II positively correlates with the number
of autophagosomes. This characteristic conversion from
endogenous LC3B-I to LC3B-II can be used to monitor
autophagic activity [19]. As shown in Figure 2A, TMT
increased the ratio of LC3B-II:LC3B-I expression in a dose-
dependent manner. Autophagy is a highly dynamic process,
and autophagosome accumulation may occur due to
increased autophagy induction or reduced autophagosome
turnover [20]. SQSTM1/p62 (sequestosome 1) is a ubiquitin-
binding protein that binds LC3B-II for cargo recruitment
and degradation [21]. Inhibition of autophagy correlates
with increased levels of SQSTM1 in mammals [20].
Immunoblot analysis showed that TMT treatment increased
the level of SQSTM1, which seems to confirm that TMT
impairs the autophagic degradation process [11]
(Figure 2B). CQ inhibits fusion between autophagosomes
and lysosomes to suppress autophagy at a late stage [22]. If
autophagy is induced, co-treatment with CQ will increase
the LC3B-II level. On the contrary, the LC3B-II level will not
be affected by the presence of CQ. TMT-induced accumula-
tion of LC3B-II and GFP-LC3B puncta was not significantly
enhanced in the presence of CQ, indicating that TMT inhi-
bits degradation of the autophagic contents (Figure 2C–D).
Together, these results provided strong evidence that TMT
impaired clearance of autophagosomes, resulting in their
accumulation in the cytosol. This conclusion supported
TMT to be a potent autophagy inhibitor rather than an
activator in Neuro-2a cells.
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TMT does not inhibit autophagy induction or
autophagosome maturation in Neuro-2a cells

Since autophagy is a multistep process, we investigated
whether TMT affects it at any stage prior to its induction.
The phagophores formed in cells are dynamic and dependent
on ATG5 (autophagy related 5) conjugation to ATG12 (auto-
phagy related 12) and PIK3C3/VPS34 (phosphatidylinositol
3-kinase catalytic subunit type 3) kinase activity [23]. We
transfected Neuro-2a cells with Atg5 small interfering RNA
(siRNA) in the presence or absence of TMT. Atg5 siRNA
effectively decreased the level of ATG5 protein, as shown in
Figure S2. Here, Atg5 knockdown or autophagy inhibitor

3-MA treatment did reduce the accumulation of LC3B-II
under TMT treatment, indicating that TMT has no obvious
effect on phagophore formation (Figure 3A,B).

Concurrent with autophagosome maturation, cargo incor-
poration occurs. Incorporation of one specific cargo, polyubi-
quitinated protein aggregates, is mediated by the receptor
protein SQSTM1 [24]. Cargo incorporation, which we evaluated
by the colocalization of GFP-LC3B and SQSTM1, occurs during
autophagosome maturation [20]. Unlike the control treatment,
TMT also led to SQSTM1 and GFP-LC3B puncta accumulation
with more extensive colocalization (Figure 3Cs and S3A). These
data indicated that TMT does not block the cargo incorporation
process associated with autophagosome maturation.
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Figure 1. Proteomics coupled with bioinformatics analysis reveals the important role of autophagy in TMT-treated Neuro-2a cells. (A) Cell viability was determined
using a CCK-8 assay in Neuro-2a cells treated with TMT at different concentrations (0, 2, 4, or 8 μM) for 24 h. All experiments were repeated at least 5 times. The
values are presented as means ± SEM. **P < 0.01 vs. the control group. (B) The morphology of Neuro-2a cells was observed after treatment with different
concentrations (0, 2, 4, or 8 μM) of TMT for 24 h. All cells were observed with a 20 × objective. Scale bar: 80 μm. Neuro-2a cells treated with TMT (8 μM) for 24 h and
control cells were harvested for proteomics, and the data were analyzed by (C) KEGG pathway enrichment analysis and (D) IPA to identify the top ten canonical
pathways.
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TMT does not affect autophagosome-lysosome fusion in
Neuro-2a cells

Fusion of autophagosomes and lysosomes is essential for autop-
hagic degradation. Decreased colocalization of the autophago-
some marker GFP-LC3B with the lysosomal marker LAMP2
(lysosomal associated membrane protein 2) would suggest
reduced fusion; however, this was not observed in TMT-treated

cells (Figure 4A,C and S4B). RFP-GFP-LC3B is another tool
used to detect fusion; GFP fluorescence is quenched when an
acidic environment is encountered. Typically, yellow puncta
represent pre-fusion autophagosomes, and red puncta repre-
sent post-fusion autophagosomes [14,20]. Since TMT signifi-
cantly increased the ratio of yellow to red puncta (Figure 4B,C
and S3B), if fusion indeed occurred, as suggested by
Figure 4A, then lysosomes are apparently less acidic.
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Figure 2. TMT inhibits autophagic flux in Neuro-2a cells. (A) and (B) Representative immunoblot and quantification analysis of LC3B and SQSTM1 in Neuro-2a cells
treated with TMT at different concentrations (0, 2, 4, or 8 μM) for 24 h. ACTB was used as an internal standard for protein loading. (C) A representative immunoblot
and quantification analysis of LC3B-II in Neuro-2a cells treated with TMT (8 μM) in the absence or presence of CQ (50 μM) for 24 h. ACTB was used as an internal
standard for protein loading. (D) Formation of GFP-LC3B puncta in Neuro-2a cells after treatment with TMT (8 μM) in the absence or presence of CQ (50 μM) for 24 h.
Scale bar: 5 μm. At least 30 cells were used to calculate the number of LC3B puncta. All experiments were repeated at least 5 times. The values are presented as
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TMT inhibits lysosomal functions in Neuro-2a cells

To determine whether TMT suppresses lysosomal functions,
we detected the levels of LAMP1 (lysosomal associated mem-
brane protein 1) and LAMP2 marker proteins distributed on
the surface of the lysosomal membrane. While TMT increased
the level of LAMP1, it had no effect on LAMP2 (Figure 5A,B),
thus suggesting accumulated lysosomes to be observed in the
TMT-treated Neuro-2a cells. Next, we assessed intracellular
proteolytic activity. DQ™ Red BSA is heavily labeled with
a strong self-quenching fluorescent BODIPY dye; proteolysis
of the BSA conjugates results in the dequenching of the

released protein fragments, and hence, fluorescence intensity
is positively correlated with proteolytic ability [25].
Intracellular proteolytic activity was obviously inhibited in
Neuro-2a cells by different concentrations of TMT treatment
over 24 h (Figure 5C). LysoSensor Green DND-189 dye is an
acidotropic probe that appears to accumulate in acidic orga-
nelles, such as lysosomes, and exhibits a pH-dependent
increase in fluorescence intensity upon acidification [26].
TMT reduced the LysoSensor Green DND-189 fluorescence
in a dose-dependent manner (Figure 5D), thereby demon-
strating that it altered lysosomal pH in Neuro-2a cells.
Together, the above results indicated impairment of
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autophagic flux by TMT by inhibiting lysosomal functions in
Neuro-2a cells.

KIF5A may be a key protein involved in regulating
TMT-impaired autophagic flux in Neuro-2a cells

To investigate the potential molecular mechanism of TMT-
impaired autophagic flux, we analyzed the molecular interaction
network by IPA. An important protein integrated network was
“Cell Morphology, Cellular Function and Maintenance, Cellular

Compromise,” with a Z score of 34. A total of 22 proteins,
including LC3/Atg8 family members such as MAP1LC3B,
GABARAP (GABA type A receptor-associated protein),
GABARAPL1 (GABA type A receptor associated protein like 1)
and GABARAPL2 (GABA type A receptor associated protein
like 2) and autophagy receptor proteins such as SQSTM1,
TAX1BP1 (Tax1 binding protein 1), OPTN (optineurin), and
NBR1 (NBR1 autophagy cargo receptor), were involved in this
autophagy-related network (Figure 6A, Table S2). Notably, IPA
showed the inhibition of KIF5A signaling pathway to significantly
correlate with autophagy-related proteins, and KIF5A to be an
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important regulator of autophagic flux by interaction with
GABARAP, GABARAPL1, and GABARAPL2 (Figure 6A).
Moreover, western blotting analysis revealed that KIF5A expres-
sion was reduced in a dose-dependent manner in the TMT-
treated Neuro-2a cells (Figure 6B). Hence, we hypothesized that
KIF5A might act as a critical factor in TMT-impaired autophagic
flux.

Kif5a overexpression prevents TMT-induced neurotoxicity
and autophagic flux impairment in Neuro-2a cells

To further confirm the potential role of KIF5A in TMT-
impaired autophagic flux, we overexpressed Kif5a in Neuro-
2a cells (Figure S5A). As expected, Kif5a overexpression
obviously restored cell viability in 8 μM TMT-treated Neuro-
2a cells (Figure 7A and Table S6). More importantly, we
detected an improvement in proteolytic ability and restoration
of an acidic environment (Figure 7B,C, Table S7, and S8),
suggesting the overexpression of Kif5a to rescue lysosomal
function in Neuro-2a cells. Subsequently, the levels of LC3B-
II and SQSTM1 were also remarkably reduced by Kif5a over-
expression (Figure 7D,E). CQ treatment could successfully
block the effect of Kif5a overexpression on LC3B-II (Figure S6).

PRM is usually applied for proteomic data verification;
thus, we used PRM-based targeted proteomics to confirm
whether Kif5a overexpression produces any reversal of auto-
phagy-related proteomics. Although PRM could not steadily
recognize MAP1LC3B and NBR1 due to a lack of unique

peptides, overexpression of Kif5a led to a significant decrease
in the level of SQSTM1 (Figure S7A, Table S3). Consistently,
the degradation of TAX1BP1, GABARAPL2, and OPTN was
also enhanced by Kif5a overexpression (Figure S7b–D,
Table S3). Interestingly, overexpression of Kif5a had no sig-
nificant effect on LAMP1 expression (Figure S7E, Table S3).
Together, these results demonstrated the protection of Neuro-
2a cells from TMT-induced neurotoxicity due to Kif5a over-
expression via the maintenance of autophagic flux.

Kif5a overexpression restores axonal transport in
primary hippocampal neurons

To further investigate the mechanism by which KIF5A reduction
could induce lysosomal dysfunction, we first detected the interac-
tion betweenKIF5A and LAMP2. TMT significantly disrupted the
interaction between KIF5A and LAMP2 in Neuro-2a cells (Figure
S8). KIF5A is microtubule-dependent molecular motors for intra-
cellular transport and had been reported to transport various
types of cargo, including lysosome, in the neurons of mammalian
nervous systems [27]. Lysosome moves bi-directionally along
microtubule tracks between the center and periphery of neurons,
and its positioning and motility influence multiple functions [28].
Hence, we detected the axonal transport of lysosomes in primary
hippocampal neurons. TMT significantly reduced cell viability of
primary hippocampal neurons (Figure S9) and inhibited KIF5A
expression (Figure 8A). Next, we observed axonal transport via
live imaging of isolated hippocampal neurons grown on
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microfluidic chambers (Figure 8B), which separated axons from
dendrites [29]. TMT decreased the average anterograde transport
velocities and anterograde transport percent of lysosomes.
Importantly, Ad/Kif5a effectively rescued the TMT-induced axo-
nal transport defects (Figure 8C–E). Together, KIF5A-dependent
axonal transport defects may be involved in TMT-induced lyso-
somal dysfunction and autophagic flux impairment.

Kif5a deficiency causes TMT-impaired autophagic flux
in vivo

We next determined whether KIF5A deficiency causes TMT-
impaired autophagic flux in vivo. C57BL/6 J mice received a single
intraperitoneal injection of 2.8 mg/kg TMT for 24 h. Seizure is
a representative symptom of the acute phase of TMT exposure in
mice [8]. In the TMT-administered mice, seizure score was sig-
nificantly elevated than the controls (Figure 9A). The hippocam-
pus is recognized as the main target of TMT neurotoxicity. Nissl

staining of the hippocampuswas performed for histological obser-
vation. As shown in Figure 9B, neurons in the control group were
regular and intact, with abundant cytoplasm and Nissl bodies. In
the TMT group, greatest changes were observed in the DG region,
including neuronal cell loss, nuclear shrinkage, and dark staining
of neurons [30]. In addition, the neurons in the CA1 and CA3
regions exhibited loss of Nissl staining compared to that in the
control group. Some neurons had blurred cell outlines, atrophic
cell bodies, and vacuolization, thus revealing TMT-induced neu-
ronal damage in the hippocampus (Figure 9C).

Notably, immunofluorescence and western blotting analysis of
the TMT-treated hippocampus showed a block of autophagy,
evidenced by the remarkable accumulation of LC3B-II and down-
regulation of KIF5A (Figure 10A and S10). Moreover, the levels of
LAMP1 and LAMP2 were not significantly different between the
control group and the TMT group (Figure 10B,C). In addition, we
screened the mRNA levels of the vacuolar H+-ATPase family,
which is important for maintaining an acidic environment of
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the lysosome [31]. Of all the vacuolar H+-ATPases expressed in
the hippocampus, Atp6v1e1 (ATPase H+ transporting lysosomal
V1 subunit E1) andAtp6v0d1 (ATPase H+ transporting lysosomal
V0 subunit D1) exhibited significantly changedmRNA levels after
TMT administration (Figure S11). However, there was no obvious
change at the protein level (Figure 10F,G), as well as intralysoso-
mal pH in the hippocampus (Figure 10D,E), and these results

demonstrated that vacuolar H+-ATPases are not involved in
TMT-associated lysosomal dysfunction in vivo. CTSB (cathepsin
B) activity was dramatically decreased in the TMT-treated mice,
although there was no obvious change in the activity of CTSD
(cathepsin D) (Figure 10H,I), hence confirming a dramatic
impairment of lysosomal protease activity.
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Kif5a overexpression antagonizes TMT-induced
neurotoxicity and autophagic flux impairment in vivo

To further investigate whether KIF5A protects against TMT-
induced neurotoxicity in vivo, adeno-associated virus
(AAV)-Kif5a was constructed and delivered to mice by tail

vein injection. As expected, Kif5a overexpression effectively
restored the level of KIF5A in the TMT group (Figure 11A,
S5, and S12). Kif5a-overexpressing mice obviously alleviated
seizure symptoms (Figure 11B and Movie S1-3) and hippo-
campal injury (Figure 11C,D) compared to TMT group mice.
Meanwhile, Kif5a overexpression also reduced the
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accumulation of LC3B-II (Figure 11E and S12) and increased
CTSB activity in the hippocampus (Figure 11F). Together, the
overexpression of KIF5A alleviated TMT-induced neurotoxi-
city by restoring autophagic flux in vivo.

Discussion

TMT is a byproduct of organotin compounds, which are domi-
nant polyvinyl chloride stabilizers. These stabilizers are utilized
in the United States, and >15,000 tons are used annually in
Europe [32]. In China, due to the wide industrial applications
of organotin compounds, new patients with TMT poisoning are
continuously reported [33]. Workers exposed to TMT exhibit
urine levels of TMT up to 3.75–13.31 μM [34]. Humans occu-
pationally exposed to TMT develop a syndrome characterized by
disorientation, amnesia, hearing loss, aggressive behavior, com-
plex partial and tonic-clonic seizures, nystagmus, ataxia, and
mild sensory neuropathy [2,4,35]. The limited reports limbic
system damage in humans appears to overlap quite well with
those in rodents [36]. Several studies have indicated that TMT-

induced neuronal injury is mainly due to mitochondrial dys-
function, Ca2+ overload, or neuroinflammation [6]. However,
based on proteomics coupled with bioinformatics analysis, our
results are the first to demonstrate that: (i) autophagy plays an
important role in TMT-induced neurotoxicity; (ii) TMT impairs
autophagic flux via inhibiting lysosomal function, specifically
suppressing proteolytic activity and changing the lysosomal
pH; and (iii) KIF5A-dependent axonal transport is involved in
TMT-induced neurotoxicity and lysosomal dysfunction both
in vitro and in vivo. Our results provide new insight into TMT-
induced neurotoxicity.

Previous studies had indicated, based on immunoblotting
analysis and biochemical tests, the expression of several
important proteins and activities of some enzymes are signif-
icantly altered in response to TMT treatment. Mass spectro-
metry-based proteomics is a broadly effective method for the
identification, characterization, and quantification of proteins
that directly perform biological functions in cells [37]. A total
of 340 proteins exhibited a ≥ 1.2-fold change at the protein
level between the control group and the TMT group.
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Multidimensional analysis of the proteome sometimes allows
us to deeply understand various cellular and physiological
processes [38]. In our study, analysis with KEGG, which is
one of the databases commonly used in pathway research,
demonstrated that a large number of proteins are involved
in autophagy after TMT exposure. Moreover, IPA, which is

a tool that uses the most comprehensive and well-documented
biochemical analysis database, also confirmed autophagy-
lysosome-associated pathways to be significantly affected in
TMT-treated Neuro-2a cells. Interestingly, microarray-based,
genome-wide expression analysis was used earlier to investi-
gate the molecular changes, including neuroinflammation,
intracellular Ca2+ overload, and oxidative stress, occurring in
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the TMT-injured hippocampus [39]. Our study, based on
proteomics coupled with bioinformatics analysis, provided
new evidence for the important role of autophagy in TMT-
induced neurotoxicity.

Neuro-2a cell is a widely used nervous cell line that
explores the mechanism underlying neurological diseases,
such as heavy metal-induced neurotoxicity [14], neurodegen-
erative diseases [40], biotoxin screening [41], and neurite
extension [42]. Moreover, Neuro-2a was also used to investi-
gate the autophagy-associated mechanisms in CNS, including
neurodegenerative diseases [43], melatonin pharmacology
[14,44], and chronic cerebral hypoperfusion [45]. Hence,
Neuro-2a was applied in our study to test whether autophagy
is involved in TMT-induced neurotoxicity. Autophagy is
a highly dynamic process in which cytoplasmic cargo targeted
for degradation is enclosed in autophagosomes [46]. In the
CNS, neurons require high levels of energy to perform their
functions, and transport proteins, organelles, and autophago-
somes for intercellular communication with specialized struc-
tures (axons, dendrites, and synapses). Defects in autophagic
pathways may affect energy metabolism and intercellular
communication, hence contributing to neurotoxicity [13].
Recently, TMT has been described to induce the accumulation
of autophagic vacuoles in the rat brain; similar vesicles have
also been found in exposed (poisoned) human brains [16].
Consistent with these previous studies, our results also
showed blockage of autophagic flux by TMT in Neuro-2a
cells. Autophagic flux is a multistage process that includes
the induction stage, in which the phagophore forms, the
maturation stage, in which the phagophore expands into an
autophagosome, the fusion stage, in which the autophago-
some fuses with the lysosome, and a final degradation stage
in the lysosome [11]. In our study, we found TMT did not
affect autophagy induction, autophagosome maturation, or
autophagosome fusion with lysosomes but significantly
impaired lysosomal function. Hence, lysosomal dysfunction
is the key reason for TMT-induced autophagy impairment.

Lysosomes are known as terminal degradation stations and
respond dynamically to many cellular processes, especially in
autophagy [47]. Lysosomal dysfunction due to abnormal solu-
ble lysosomal hydrolases, membrane proteins, or lysosomal
accessory proteins has been associated with neuropathology,
especially in lysosomal storage disorders and many other CNS
diseases [48]. Accumulation of lysosome-like structures or
acidic vacuoles, as well as the increased expression of
LAMP1, have been reported in TMT neurotoxicity
[15,49,50]. We also observed an increase in the level of
LAMP1, further confirming injured nerve cells to contain
accumulations of lysosomes and lysosome-like structures.
Moreover, lysosomal function largely depends on lysosomal
hydrolase activity and the acidic environment of the lysoso-
mal lumen [51]. The most important biochemical feature of
lysosomes is their acidic lumen (pH 4.5 ~ 5.0), which contains
>50 acidic hydrolases and lipases designated for all types of
macromolecules [52]. Results of the present study show
impairment of lysosomal function by TMT via inhibition of
lysosomal proteolysis and alteration of lysosomal pH.
Consequently, the lysosome is a critical target of TMT insult.

The IPA-identified autophagy-related network, affected
most significantly by TMT, showed decreased input through
KIF5A, a microtubule-dependent molecular motor that
belongs to the kinesin superfamily of proteins and has been
reported to transport various types of cargo in the neurons of
the mammalian nervous system [27,53]. KIF5A is established
to be involved in the transport of lysosomes, synaptic vesicle
precursors, synaptic membrane precursors, other diverse vesi-
cles, and mitochondria [27]. Recently, Blakeslee WW group
reported KIF5A to regulate the intracellular transport of
cargo, such as autophagosomes, in cardiomyocytes [54]. Our
results demonstrated an obvious reduction of KIF5A expres-
sion TMT, and obvious reduction of TMT-induced lysosomal
dysfunction and autophagic flux impairment by overexpres-
sion of KIF5A. However, the mechanism by which KIF5A
reduction could promote lysosomal dysfunction has not yet
been clearly elucidated.

TMT

Isolation membrane Autophagosome

Lysosome Autolysosome

Anterograde transport

TMT-induced 

seizures

Hippocampal neurons

Figure 12. Schematic model of autophagic flux impairment caused by KIF5A-dependent axonal transport deficiency in TMT-induced neurotoxicity.
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Neurons are extremely polarized cells consisting of a small
cell body, branched dendrites, and an extended long axon.
Axonal transport is fundamental for neuronal development
and maintenance of effective neuronal function in mature cells,
owing to the extreme polarity and size of these cells [55]. The
axon depends on the biosynthetic and degradative activities of
the soma and participates in intracellular neural transmission for
responding effectively to trophic signals or stress insults [56].
The degradative housekeeping functions of lysosomes would be
indispensable for neurons to clear misfolded proteins and
damaged organelles, and their movement is crucial to many
cellular functions, while anterograde axonal transport is kinesin-
mediated and retrograde transport depends on the dyneinmotor
[57]. Importantly, TMT impaired lysosomal anterograde trans-
port in primary hippocampal neurons, and reduced the levels of
KIF5A but not DYNLL1 (dynein light chain LC8-type 1) or
DCTN1 (dynactin subunit 1) (Table S5 and Figure S13).
Overexpression of Kif5a significantly rescued lysosomal antero-
grade transport. Therefore, KIF5A reduction-dependent axonal
transport defects may be involved in TMT-induced lysosomal
dysfunction and autophagic flux impairment.

TMT can impair the hippocampus of both humans and ani-
mals since it is soluble in both water and lipids and can easily cross
the blood-brain barrier [8]; it induces two typical phenomena in
the acute phase: histomorphological injury of the hippocampus
and seizures [58,59]. In rodents, TMT induces an extensive neu-
ronal loss in the hippocampus characterized by swelling, nuclear
pyknosis, karyolysis, and necrosis [8,60]. These injuries are closely
associated with behavioral abnormalities, including ataxia, aggres-
siveness, tail mutilation, vocalization, and seizures [61,62]. Among
them (these symptoms), a seizure is the most representative
symptom in TMT-administered rodents [63]. Consistent with
previous studies, we observed remarkable histomorphological
injury of the hippocampus and seizures in vivo after TMT admin-
istration. Notably, KIF5A deficiency induces epilepsy in both
humans [64] and mice [65] and is associated with myoclonic
seizures in humans [66]. In our study, TMT obviously decreased
KIF5A expression, and the overexpression of Kif5a effectively
alleviated TMT-induced seizures, suppressed histomorphological
injury of the hippocampus, and restored autophagy flux.
Accordingly, our results suggested that the activation of KIF5A-
dependent autophagy contributes to the antagonism of TMT-
induced neurotoxicity in vivo.

Collectively, these results provide new evidence of KIF5A-
dependent axonal transport deficiency, causing dysfunctional
autophagy in TMT-induced neurotoxicity (Figure 12). The
new findings of the present study bridge the knowledge gap
between autophagy and TMT-induced neurotoxicity. They
may also have implications for understanding the roles of
axonal transport and autophagy in the development of neu-
rological disorders induced by environmental stress.

Materials and methods

Cell culture and TMT treatment

Mouse neuroblastoma cells (Neuro-2a cells) were obtained
from the Cell Bank of the Institute of Biochemistry, and Cell
Biology (Shanghai, China, TCM29) and cultured with

DMEM/H (HyClone, SH30022.01) supplemented with 10%
fetal bovine serum (FBS; PAN-Biotech, P30-3302) and 1%
(v:v) penicillin/streptomycin (Sigma-Aldrich, P4333). The
cells were grown in a 5% CO2 humidified atmosphere at 37°
C. TMT (Sigma-Aldrich, 146,498) and CQ (Sigma-Aldrich,
C6628) were dissolved in distilled deionized water to produce
a stock solution, which was then appropriately diluted with
cell culture medium before application. 3-MA (Sigma-
Aldrich, M9281), a poorly water-soluble drug, was dissolved
with sterilized phosphate-buffered saline (PBS; Beyotime,
C0221A) solution to produce a stock solution of 100 mM
3-MA. Before each trial, the stock solution was heated in
a water bath at 50°C and then diluted into working concen-
tration with culture medium, avoiding white flock formation
[67]. For TMT treatment, Neuro-2a cells were grown to
70 ~ 80% confluence and treated with different concentrations
(0, 2, 4, 8 μM) of TMT for 24 h [18]. For CQ treatment,
Neuro-2a cells were treated with 8 μM TMT with or without
CQ (50 μM) for 24 h [68]. For 3-MA treatment, Neuro-2a
cells were treated with 8 μM TMT with or without 3-MA
(2 mM) for 24 h [14].

Primary hippocampal neurons were isolated from C57BL/6
newborn mice (P0-P1) under stereomicroscope [69,70].
Dissociated hippocampal neurons were cultured in poly-
L-lysine (Sigma-Aldrich, P4832)-coated glass bottom dishes
with DMEM/F-12 medium (Gibco, 11,330,032) containing
10% FBS, 10% horse serum (Gibco, 26,050,088) and 1% (v:v)
penicillin/streptomycin in a 5% CO2 humidified atmosphere
at 37°C. At 24 h after seeding, the medium was replaced by
Neurobasal-A Medium (Gibco, 10,888,022) supplemented
with 2% B-27 (Gibco, A3582801) and 1% GlutaMAX (Gibco,
35,050,061) for 7 d for the assay. Primary hippocampal neu-
rons were treated with 0, 0.5, 1 and 2 μM TMT for 24 h [71].

Preparation of AAV-Kif5a

To overexpress Kif5a in the CNS in vivo, the AAV PHP.eB
was generated from OBio Technology (Shanghai, China) and
used as a vector [72]. Kif5a cDNA was acquired by digesting
a Kif5a plasmid (Sangon Biotech, China) and extracting the
DNA fragment from an agarose gel using the MiniBEST
Agarose Gel DNA Extraction Kit Ver. 3.0 (Takara, 9762).
Kif5a cDNA was subsequently packaged it into an AAV
PHP.eB vector (pAAV-CMV-Kif5a-3FLAG -CW3SL, AAV-
Kif5a; titer: 6.27 × 1012 V.G./mL, 5.47 × 1012 V.G./mL and
9.8 × 1012 V.G./mL) by OBio Technology. The control was an
empty vector (AAV-null; titer: 1.52 × 1013 V.G./mL and
1.7 × 1013 V.G./mL).

Animal administration and experimental design

Male C57BL/6 J mice were purchased from Vital River
Laboratories (Beijing, China) and housed two to three per
cage with ad libitum access to food and water with a 12-h
light/dark cycle. All animal experimental procedures were
conducted in accordance with institutional animal welfare
guidelines and were approved by the Third Military Medical
University Animal Care and Use Committee.
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To investigate TMT-induced autophagic flux dysfunction
and neurotoxicity in vivo, 8-week-old C57BL/6 J mice were
randomly divided into 2 groups: (1) the control group mice
(n = 25/group) and (2) the TMT group mice (n = 25/group).
The TMT group received a single intraperitoneal (i.p.) injection
of 2.8 mg/kg TMT dissolved in saline. The control group mice
received an injection of the same volume of saline [73]. After
TMT treatment for 24 h, the mice were perfused transcardially
with 0.9% saline under pentobarbital anesthesia. Hippocampal
tissues were collected from the sacrificed mice and placed in
liquid nitrogen. The samples were stored at −80°C until use.

To investigate the protective effect of KIF5A on TMT-
induced autophagic flux dysfunction and neurotoxicity
in vivo, 5-week-old C57BL/6 J mice were randomly and
equally divided into three groups: (1) the AAV-null+control
group (n = 25/group), (2) the AAV-null+TMT group
(n = 25/group) and (3) the AAV-Kif5a+TMT group
(n = 25/group). For the AAV-Kif5a+TMT group, the mice
were intravenously injected with 2 × 1011 AAV-Kif5a dis-
solved in saline. For all AAV-null groups, the mice received
the same dose of AAV-null by injection. After 3 weeks, the
AAV-null+TMT and AAV-Kif5a+TMT group mice were
administered (i.p.) 2.8 mg/kg TMT, and the AAV-null+con-
trol group mice received the same volume of saline by
injection. After TMT treatment for 24 h, the mice were
perfused transcardially with 0.9% saline under pentobarbital
anesthesia. Hippocampal tissues were collected from the
sacrificed mice and placed in liquid nitrogen. The samples
were stored at −80°C until use.

To investigate the efficiency of Kif5a overexpression in
C57BL/6 J mice, 5-week-old C57BL/6 J mice were randomly
and equally divided into two groups: (1) the AAV-null group
(n = 10/group), (2) the AAV-Kif5a group (n = 10/group). For
the AAV-Kif5a group, the mice were intravenously injected
with 2 × 1011 AAV-Kif5a dissolved in saline, and the AAV-
null group received the same dose of AAV-null. After
3 weeks, the mice were perfused transcardially with 0.9%
saline under pentobarbital anesthesia. Hippocampal tissues
were collected from the sacrificed mice and placed in liquid
nitrogen. The samples were stored at −80°C until use.

Adenovirus upregulation of Kif5a

An adenovirus expressing mouse Kif5a gene, Ad/Kif5a, and
adenovirus expressing a control (null) gene, Ad/control, were
both commercially purchased from OBio Technology
(Shanghai, China). Two days prior to TMT treatment, pri-
mary hippocampal neurons were infected with Ad/control or
Ad/Kif5a for 48 h.

Cell viability assay

The Cell Counting Kit-8 (CCK-8; Dojindo, CK04) assay was
used to measure cell viability according to the manufacturer`s
instructions [74]. Neuro-2a cells (1 × 104) were seeded in 96-
well plates, and primary hippocampal neurons (2 × 104) were
seeded in poly-L-lysine-coated 96-well plates Then, 100 μL of

medium containing 10% CCK-8 reagent was added to a subset
of wells after different treatments and incubated for 45 min at
37°C. Then, the OD value was measured at 450 nm using an
Infinite™ M200 Microplate Reader (Tecan, Switzerland).

Cell morphological observation

For morphological observation, 1 × 104 cells were seeded in
96-well plates at 70 ~ 80% confluence and treated with dif-
ferent concentrations (0, 2, 4, 8 μM) of TMT for 24 h. Then,
the cells were observed using an inverted microscope (LEICA
DM IRB, Germany).

Tandem mass tag-based quantitative proteomic analysis

Tandem mass tag-based quantitative proteomic analysis was
performed by Applied Protein Technology (Shanghai, China).
The treated cells were put into SDT lysis buffer (4% SDS,
100 mM Tris-HCl, 1 mM DTT, pH 7.6) and then boiled for
15 min. After centrifugation at 14,000 × g for 40 min, the
supernatant was quantified with the BCA Protein Assay Kit
(Beyotime, P0012). Two hundred micrograms of proteins for
each sample were digested by the filter-aided sample prepara-
tion method [75], and the peptide content was estimated by
UV light spectral density at 280 nm. Then, 100 µg of the
resulting peptide mixture was labeled using Tandem Mass
Tag™ Isobaric Mass Tagging Kits and Reagents (Thermo
Scientific, 90113CH) and fractionated using the Pierce High
pH Reversed-Phase Peptide Fractionation Kit (Thermo
Scientific, 84,868) according to the manufacturer’s instruc-
tions. Each fraction was injected for nanoLC-MS/MS analysis.
The peptide mixture was loaded onto a reversed-phase trap
column (Acclaim PepMap100, 100 μm*2 cm, nanoViper C18,
3 μm, 100 Å; Thermo Scientific, USA) connected to a C18-
reverse-phase analytical column (Easy Column, 10 cm long,
75 μm inner diameter, 3 μm resin, C18-A2; Thermo Scientific,
USA) in buffer A (0.1% formic acid; Fluka, 06450) and sepa-
rated with a linear gradient of buffer B (84% acetonitrile
[Merck, I592230123] and 0.1% formic acid) at a flow rate of
300 nL/min controlled by IntelliFlow technology (Aptbio,
Shanghai, China). LC-MS/MS analysis was performed on
a Q Exactive mass spectrometer (Thermo Scientific, USA)
that was coupled to an Easy-nLC 1000 instrument (Thermo
Scientific, USA) for 90 min. The mass spectrometer was
operated in positive ion mode. MS data were acquired using
a data-dependent top10 method, dynamically choosing the
most abundant precursor ions from the survey scan
(300–1800 m/z) for HCD fragmentation. The automatic gain
control (AGC) target was set to 3e6, and the maximum inject
time was set to 10 ms. The dynamic exclusion duration was
40.0 s. Survey scans were acquired at a resolution of 70,000 at
200 m/z, and the resolution for the HCD spectra was set to
17,500 at 200 m/z (Tandem Mass Tag 6plex), and 35,000 at
200 m/z (Tandem Mass Tag 10plex), and the isolation width
was 2 m/z. The normalized collision energy was 30 eV, and
the underfill ratio, which specifies the minimum percentage of
the target value likely to be reached at maximum fill time, was
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defined as 0.1%. The instrument was run with peptide recog-
nition mode enabled. MS/MS spectra were searched using
MASCOT engine (version 2.2; Matrix Science, UK) embedded
into Proteome Discoverer 1.4 (Thermo Scientific, USA).

Bioinformatics analysis

To investigate the role of diverse pathways in TMT neurotoxi-
city, pathway analysis was performed using the Kyoto
Encyclopedia of Genes and Genomes database (https://www.
genome.jp/kegg/pathway.html) and Ingenuity Pathway
Analysis (https://www.qiagenbioinformatics.com/; QIAGEN,
USA). To investigate possible molecular mechanisms, IPA was
conducted to analyze the molecular interaction network among
the proteins identified by LC-MS/MS.

Western blot analysis

The cells or tissue samples of 8 ~ 9mice were lysed in RIPA Lysis
Buffer (Beyotime, P0013B) with cOmplete™, Mini, EDTA-free
Protease Inhibitor Cocktail (Roche, 04693124001). After incuba-
tion on ice for 30 min, the protein concentrations of the super-
natants of the lysates collected after centrifugation for 15 min at
12,000 × g were measured using a BCA kit (Beyotime, P0011).
The total protein was boiled in SDS loading buffer (Beyotime,
P0015) and separated using 8-15% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. Subsequently, the proteins
were transferred to polyvinylidene fluoride membranes (Bio-
Rad, 1,704,272), blocked in 5% nonfat dry milk (Boster,
AR0104) for 1 h at room temperature, and then incubated over-
night at 4°C with antibodies against LC3B (Sigma-Aldrich,
L7543), SQSTM1 (Abcam, ab56416), LAMP1 (Invitrogen,
MA1-164), LAMP2 (Invitrogen, MA1-205 and PA1-655),
KIF5A (Abcam, ab5628), ATP6V1E1 (Bioworld Technology,
BS72008), ATP6V0D1 (Bioworld Technology, BS5977), ATG5
(Cell Signaling Technology, 12,994S), DYNLL1 (Invitrogen,
MA1-070), DCTN1 (Invitrogen, PA5-18,095), ACTB (actin
beta; Sigma-Aldrich, A1978), TUB (tubulin; Beyotime, AT819)
and GAPDH (glyceraldehyde-3-phosphate dehydrogenase;
Abcam, ab8245). The membranes were washed three times in
1 × TBST (Sangon Biotech, C520009) and then incubated with
the corresponding HRP-conjugated anti-mouse, anti-rabbit or
anti-goat (Beyotime, A0208, A0216 or A0181) secondary anti-
bodies for 1 h at room temperature. Next, the membranes were
washed and visualized using an Immobilon Forte Western HRP
substrate (Millipore, WBLUF0500). The bands were quantified
with ImageJ software (NIH). The relative optical density of the
target protein of each group was calculated compared to the
optical density of the ACTB, TUB, or GAPDH proteins [76].

Transfection

Based on themanufacturer’s instructions [77],Neuro-2a cells were
transfected with Opti-MEM® I reduced serum media (Gibco,
31,985,062) and Lipofectamine™ 2000 Transfection Reagent
(Invitrogen, 11,668–019). The cells were transfected with 2 μg/
mL GFP-LC3B plasmid (Cell Biolabs, CBA-401) or 0.8 μg/mL
Kif5a plasmid (Sangon Biotech, China), together with the same

concentration of a pcDNA3.0 plasmid (SangonBiotech, China) as
a control plasmid. Atg5 siRNA (100 nmol/L; Santa Cruz
Biotechnology, sc-41,446) or a control siRNA (100 nmol/L;
Santa Cruz Biotechnology, sc-37,007) were used for siRNA-
mediated silencing. After transfection for 24 h, the cells were
used for subsequent experiments.

Immunofluorescence analysis of Neuro-2a cells

Immunofluorescence was performed according to standard pro-
cedures [78]. In brief, cells were grown on gelatin-coated glass
coverslips. After pre-stage processing, the cells were fixed with
4% paraformaldehyde (PFA; Beyotime, P0099) in PBS for
30 min, followed by permeabilization with 0.25% Triton
X-100 (Sigma-Aldrich, T8787) in PBS for 10 min at room
temperature. Then, the cells were blocked with 10% BSA in
PBS. The fixed cells were incubated with mouse anti-SQSTM1
(1:100; Abcam, ab56416), rat anti-LAMP2 (1:100; Abcam,
ab13524) or rabbit anti-KIF5A (1:200; Abcam, ab5628) in
immunostaining dilution buffer at 4°C overnight. The slides
were then washed 5 times with PBS and incubated with an
Alexa Fluor® 568 donkey anti-rabbit IgG (H + L) antibody
(Invitrogen, A10042), an Alexa Fluor® 647 goat anti-rat IgG
(H + L) antibody (Invitrogen, A21247) or an Alexa Fluor® 568
donkey anti-mouse IgG (H + L) antibody (Invitrogen, A10037)
based on the source of the primary antibody, at 1:200 dilutions
for 1 h at 37°C. DAPI Staining Solution (Beyotime, C1005) was
used for nuclear counterstaining. The coverslips were mounted
on the glass slides using antifade mounting medium (Beyotime,
P0126). The stained samples were examined using a ZEISS
LSM800 confocal laser scanning microscope (ZEISS,
Germany) equipped with a 63 × or 40 × oil objective. The
colocalization coefficient was calculated using ImageJ software.
At least 30 cells were counted for each experiment.

RFP-GFP-LC3B assay

Premo™ Autophagy Tandem Sensor RFP-GFP-LC3B
(Invitrogen, P36239), which is a lentivirus carrying expression
cassettes that encode tandem fluorescence-tagged LC3B, was
used to evaluate the number of autophagosomes and auto-
lysosomes [14,20]. Briefly, 2 × 105 Neuro-2a cells were grown
on glass-bottom dishes and infected with lentivirus for 24 h.
Then, the Neuro-2a cells were treated with TMT for an addi-
tional 24 h. All samples were examined under a ZEISS LSM
780 confocal laser scanning microscope (ZEISS, Germany)
equipped with a 40 × or 63 × oil immersion objective.

DQ-BSA proteolytic activity assay

To examine lysosomal proteolysis activity, 1 × 104 cells were
plated in 96-well plates. Upon 80% confluency, the cells were
first loaded with 10 μg/mL DQ™ Red BSA (Life Technologies,
D-12,051) at 37°C for 6 h. Then, the cells were washed 3 times
in PBS, followed by treatment with other reagents. The fluor-
escence intensity of the cells was quantified using an Infinite™
M200 Microplate Reader with 590-nm excitation and 620-nm
emission filters.
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LysoSensor Green DND-189 staining

The quantification of the lysosomal pH was performed using
LysoSensor Green DND-189 (Invitrogen, L7535). Briefly, the
cells were loaded with 1 μM LysoSensor Green DND-189 in
prewarmed regular medium for 5 min at 37°C. Then, the cells
were washed twice with PBS. After treatment, the fluorescence
intensity of the cells was quantified using an Infinite™ M200
Microplate Reader with 485-nm excitation and 530-nm emis-
sion filters.

Live-cell imaging

Microfluidic chambers (Xona Microfluidics LLC, SND450)
with microgroove width of 450 μm allows axons to extend
to the adjacent compartment but excludes dendrites [29].
Microfluidic chambers were cleaned with a 1% Alconox solu-
tion (Sigma-Aldrich, Z273228) in MilliQ water, rinsed 6 times
with MilliQ water, dipped in 70% ethanol, and left to dry in
cell culture hood for 20 min under ultraviolet light. 5 × 104

primary hippocampal neurons were plated in poly-L-lysine-
coated microfluidic chambers. A higher volume of media was
maintained in the axonal compartment, and from this time
until use, a higher volume of media was maintained in the
soma compartment [79]. After different treatment, primary
hippocampal neurons incubated in medium containing
100 nM LysoTracker™ Red DND-99 (Invitrogen, L7528) for
30 min at 37°C. Cells were washed and then replaced with
fresh culture medium before imaging. Live-cell imaging was
performed using a ZEISS LSM800 confocal laser scanning
microscope (ZEISS, Germany) equipped with a 40 × oil objec-
tive and an Incubator PM 2000 RBT (PeCon, Germany) set at
37°C and 5% CO2. Time-lapse images were captured at
500 ms/frame for 2 min and processed and analyzed using
ImageJ. Kymographs were generated using ImageJ plugin-
KymoToolBox (https://github.com/fabricecordelieres/IJ_
KymoToolBox). Anterograde and retrograde motile vesicles
were defined as particles showing a net displacement of ≥
3 μm in one direction [80–82].

PRM MS analysis

About 200 μg protein of each sample added DTT to a final
concentration of 100 mM. The samples were boiled for
15 min and cooled to room temperature. Then, each sample
was mixed with 200 μL UA buffer (8 M urea [Bio-Rad,
161–0731], 150 mM Tris-HCl, pH 8.0), and centrifugated
in ultrafiltration tube at 14,000 × g for 40 min. Discard the
filtrate and add 100 μL IAA buffer (50 mM IAA [Bio-Rad,
163–2109] in UA) to shake at 150 × g for 1 min. After
incubation at room temperature for 30 min, each sample
was centrifuged at 14,000 × g for 20 min. Subsequently,
each sample was washed with 100 μL UA buffer 3 times
and 100 μL NH4CO3 buffer (50 mM) for 2 times at
14,000 × g for 20 min. After adding 40 μL NH4CO3 buffer
containing trypsin (1:50; Promega, 317,107), the samples
were shaken at 150 × g for 1 min and incubated for 16 h at
37°C. Centrifugation at 14,000 × g for 20 min and another
30 min following adding 40 μL NH4HCO3 buffer was used to

collect the peptides. After desalting and lyophilization, the
peptides were redissolved in buffer A. The peptide content
was estimated by UV light spectral density at 280 nm. The
peptide mixture was loaded onto a home-made trap column
(100 μm*50 mm, 5 μm-C1) connected to a home-made tip
column (75 μm*200 mm, 3 μm-C18) in buffer A and sepa-
rated at 300 nL/min for 2 min from 5 to 10% buffer B (98%
acetonitrile, 0.1% formic acid), a 43 min linear gradient to
from 10 to 30% buffer B and a 10 min linear gradient to
from 30 to 100% buffer B, maintained at 100% buffer B for
5 min. LC-PRM/MS analysis (Aptbio, Shanghai, China) was
performed by Q-Exactive HF mass spectrometer (Thermo
Scientific, USA) that was coupled to an Easy-nLC 1000
instrument (Thermo Scientific, USA) for 60 min. The mass
spectrometer was operated in positive ion mode. The full MS
scan was taken at a resolution of 60,000 at 200 m/z with
a scan mass range of 350 to 1800 m/z, a target AGC of 3e6,
and maximum inject time is 200 ms. After each full MS scan,
20 PRM scans (MS2 scans) were collected based on Inclusion
list at an isolation window of 1.6 Th, a resolution of 30,000 at
200 m/z, a target AGC of 3e6, and maximum injection fill
time is 120 ms. Peptides were selected for MS2 scans using
HCD operating mode with a normalized collision energy
setting of 27%. The sum of the top three fragment ion
intensities was calculated in Skyline (MacCoss Lab Software
version 3.5.0) and used to estimate peptide signal intensity.
Peptide concentration was calculated based on the ratio to
the heavy peptide standards that were added in a known
quantity.

Assessment of seizure severity

To assess the typical tremor/seizure behavior of the mice,
a rating scale, as described by Jingang Hou et al., was used
[58]. Twenty-four hours after TMT injection, twenty mice per
group were scored during a 5-min interval on a tremor/sei-
zure severity scale as follows: 1, normal behavior; 2, hyper-
responsiveness to sound and handling; 3, whole-body mild
tremor with normal motor activity; 4, whole-body tremor
with extended periods of immobility; 5, rigid posture; 6, fore-
limb clonus, rearing and falling; 7, repeated incidence of level
4 behavior; and 8, severe tonic-clonic behavior.

Nissl staining

Four treated animals per group were perfused transcardially
with 0.9% saline, followed by 4% PFA in PBS under pento-
barbital anesthesia. The removed brains were fixed overnight
in 4% PFA. Then, the brain tissues were dehydrated, cleared,
embedded in paraffin, and cut into 4-μm thick coronal
sections. The sections were mounted on slides and baked
in an oven at 65°C for 1 h. For Nissl staining, the sections
were stained with 0.5% toluidine blue (Sigma-Aldrich,
T3260) for 10 min. All the sections were coverslipped with
resinene, and digital images were acquired with an ECLIPSE
Ci-S microscope (NIKON, Japan). Compared with the nor-
mal cells with regular shape and even staining, the injured
neuronal cells in the hippocampus were loss, nuclear shrink-
age and stained darkly. For each mouse, one of the
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representative coronal brain sections was selected for statis-
tical evaluation. The number of the injured cells at 200×
magnification within the hippocampus DG, CA1, and CA3
regions were counted [83,84].

Immunofluorescence analysis of mouse brain sections

Four treated animals per group were perfused transcardially with
0.9% saline followed by 4% PFA in PBS under pentobarbital
anesthesia. The removed brains were fixed overnight in 4% PFA
and dehydrated in 30% sucrose. The dehydrated brains were
embedded in OCT at −20°C and sectioned at a thickness of
20 μm. The sections were washed three times with 0.3% Triton
X-100/PBS solution for 10min and blocked in 3% BSA and 0.3%
Triton X-100 in PBS for 1 h at room temperature. The sections
were incubated in primary antibody solutions overnight at 4°C.
The primary antibodies used included rabbit anti-LC3B (1:200;
Sigma-Aldrich, L7543) and rabbit anti-KIF5A (1:200; Abcam,
ab5628). The sections were further incubated with the appro-
priate Alexa Fluor® 568 donkey anti-rabbit IgG (H + L) antibody
for 2 h at room temperature. The cell nuclei were visualized by
staining with DAPI staining solution (Beyotime, C1005) for
10 min at room temperature. Then, the sections were mounted
on glass slides, and digital images were acquired at 200 × magni-
fication using a ZEISS LSM800 confocal laser scanning micro-
scope (ZEISS, Germany) [14].

CTSD activity assay

The Cathepsin D Activity Fluorometric Assay Kit (BioVision,
K143-100) was used to detect CTSD catalytic activity in the
hippocampi of 9 ~ 10 mice. Briefly, the hippocampus was
removed from the hemicerebrum and ground in 200 μL of
chilled CD Cell Lysis Buffer for 60 s at 30 Hz with
a TissueLyser II (QIAGEN, 85,300), followed by a 10-min
incubation on ice. After centrifugation, 50 μL of the super-
natant was transferred to a 96-well plate, and 52 μL of master
assay mix containing 50 μL of CD reaction buffer and 2 μL of
10 mM CD substrate was added to each sample. The samples
were incubated at 37°C for 30 min and were read with an
Infinite™M200 Microplate Reader with 328-nm excitation and
460-nm emission filters. The activity was normalized to the
protein concentrations of the samples [85].

CTSB activity assay

The Cathepsin B Activity Fluorometric Assay Kit (BioVision,
K140-100) was used to detect CTSB catalytic activity in the
hippocampi of 9 ~ 10 mice. Briefly, the hippocampus was
removed from the hemicerebrum and ground in 200 μL of
chilled CB cell lysis buffer with a TissueLyser II, followed by
a 10-min incubation on ice. After centrifugation, 50 μL of the
supernatant was transferred to a 96-well plate, and 50 μL of
CB reaction buffer and 2 μL of 10 mM CB substrate Ac-RR-
AFC was added to each sample. The samples were incubated
at 37°C for 30 min and were read with an Infinite™ M200
Microplate Reader with 400-nm excitation and 505-nm emis-
sion filters. The activity was normalized to the protein con-
centrations of the samples [86].

Measurement of intralysosomal pH in the hippocampus

The measurement of intralysosomal pH in the hippocampus
was performed according to the previous study [87]. Briefly,
hippocampi were removed from the hemicerebrum and tryp-
sinized by papain (Roche, 10,108,014,001) at 37°C. Then, the
tissues were triturated with DMEM/F-12 medium containing
10% FBS and 10% horse serum, filtered (70 μm), and centri-
fuged at 155 g for 5 min at 4°C. The pellet was resuspended
and incubated with 1 μM LysoSensor Green DND-189 in the
medium for 5 min at 37°C. After washing with ice-cold PBS,
samples were detected by flow cytometry (Accuri C6; BD
Bioscience, USA).

Total RNA extraction and quantitative real-time PCR
analysis

The hippocampi from the cerebral hemisphere of 8 mice were
ground in RNAiso Plus (TaKaRa, 9109) for 60 s at 30 Hz with
a TissueLyser II. The total RNA was isolated from the lysates,
and the concentration was determined using a NanoDrop
2000 spectrophotometer (Thermo Scientific, USA). One
microgram of total RNA was used for cDNA synthesis using
the PrimeScript™ RT Reagent Kit with gDNA Eraser (Takara,
RR047A). TB Green™ Premix Ex Taq™ II (TaKaRa, RR820A)
was used as a fluorescent dye, and all the primers used in this
experiment are shown in Table S3. Quantitative real-time
PCR was performed using the iQ5 Real-Time PCR
Detection System (Bio-Rad, USA). The mean fold-change is
shown as the natural logarithm of the RQ values, and the
error was estimated by evaluating the 2−ΔΔCt equation using
ΔΔCt plus the standard deviation and ΔΔCt minus the stan-
dard deviation [88].

Immunoprecipitation

The cells were lysed in Cell Lysis Buffer for Western and IP
(Beyotime, P0013) with cOmplete™, Mini, EDTA-free Protease
Inhibitor Cocktail. The lysates were clarified by centrifugation
at 12,000 × g for 15 min and incubated with 2 μg of an
antibody against LAMP2 (Abcam, ab13524) overnight at 4°C.
Then, Protein A Agarose (Beyotime, P2006) was added to the
lysates and incubated at 4°C for 4 h. After 3 washes with PBS,
the precipitates were solubilized with 20 μL of lysis buffer and
20 μL of SDS loading buffer (Beyotime, P0015). Subsequently,
the samples were denatured and analyzed by immunoblotting
with the antibodies against LAMP2 (Invitrogen, MA1-205) and
KIF5A (Abcam, ab5628). Secondary antibodies were used anti-
mouse IRDye 800CW (LI-COR Biosciences, 926–33,210) and
anti-rabbit IRDye 680RD (LI-COR Biosciences, 926–68,071).
The membranes were visualized using the Odyssey Imaging
System [89].

Statistical analysis

The data are expressed as the mean ± SEM. Comparisons of
the data among the groups were performed using one-way
ANOVA (Bonferroni’s multiple-comparison test) for para-
metric (normality and equal variance passed) data. Kruskal-
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Wallis ANOVA based on ranks followed by Dunn’s posthoc
test was used for nonparametric (normality and/or equal
variance failed) data. For experiments with only two groups,
a two-tailed Mann-Whitney rank-sum test (nonparametric) or
a two-tailed unpaired Student’s t-test was performed. In all
analysis, the null hypothesis was rejected at the 0.05 level. All
the counting analysis were performed in a blinded manner,
and colocalization was confirmed using 3D images.
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