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Abstract

Axons of dopaminergic neurons projecting from substantia nigra to striatum are severely affected in the early stage of
Parkinson’s disease (PD), with axonal degeneration preceding the loss of cell bodies. Our previous study indicated that
the dysfunctional retrograde axonal transport could lead to the death of dopaminergic neurons resulting in PD (10.1111/j.1471-
4159.2008.05526.x). However, dynein, as the main molecule involved in retrograde axonal transport, was not affected. This
study aimed to verify the hypothesis that dynactin rather than dynein may be one of the key factors in the retrograde
degeneration of dopaminergic neurons in the early stage of PD. Dynactin morpholino was used to inhibit the expression of
dynactin in transgenic (Vmat2:GFP) zebrafish, resulting in a significant decrease of diencephalon dopamine neurons and
synuclein aggregation in the basal plate region. In the dopaminergic SH-SY5Y cell line, dynactin-siRNA knockdown resulted in
the expression of dynein shifting from dispersed distribution to concentration in synapses and cytoplasm near axons, and
the fusion rate of dynein to dynactin was decreased, especially in axons, which blocked the retrograde axonal transport of
a-synuclein and autophagy flow. Our results linked the knockdown of dynactin gene to the dysfunction of axonal microtubule
transport system, suggesting that dynactin may be one of the key factors contributing to the retrograde degeneration of
dopaminergic neurons in the early stage of PD.
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Introduction

The main cause of Parkinson’s disease (PD) is the
degeneration and death of dopaminergic neurons in the
substantia nigra of the midbrain (1). Recent studies
suggest that oxidative stress (2), mitochondrial dysfunc-
tion (3), abnormal aggregation of a-synuclein caused by
the ubiquitin proteasome system (4), and lysosome
dysfunction (5) might play important roles in the degen-
eration and death of dopaminergic neurons. Although
many studies have been performed on how to protect
dopaminergic neurons from the above factors, the results
show that inhibition of the degeneration of dopaminergic
neurons could only delay the onset of PD, but not
completely prevent its occurrence and development (6–8).

It is generally believed that PD symptoms are not
obvious until the loss of dopaminergic neurons is up to
80% in the substantia nigra (9,10), but it is not known what
happens before that. Studies indicate that the degenera-
tion of dopaminergic neurons was initially more prominent
in the axons and more severe in the substantia nigra
striatum system (11). Axons of dopaminergic neurons
projecting from the substantia nigra to the striatum were
seriously affected in the early stage of PD, and the
degeneration of these axons preceded the loss of cell
bodies (12). The decrease of synapses projecting to the
striatum was more severe than that of neurons in the
substantia nigra (9,10). The proportion of synapses lost in
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the striatum was 50–70% while only 30% in the substantia
nigra (13), suggesting that the loss of nerve terminals of
dopaminergic neurons in the striatum was more serious
than that of neuronal bodies in the substantia nigra.
Studies on early PD patients showed that the death of
dopaminergic neurons in the substantia nigra of the
midbrain not only started from the neuronal bodies, but
also from the terminals projecting to the striatum (11). All
these studies indicate that the degeneration of dopami-
nergic (DA) axons in the striatum occurs earlier than that
in cell bodies, and axonal degeneration could be an
important target for triggering the damage and even the
death cascade of dopaminergic neurons in the substan-
tia nigra.

In our previous study, the microtubule depolymeriza-
tion agent colchicine was injected into the striatum of
mice, and the degeneration of the microtubule of DA
axon terminals and blockage of retrograde axonal
transport were detected, ultimately inducing neuronal
death (14), suggesting that the microtubule dysfunc-
tion in the axon might play an important role in the
pathogenesis of PD. Uchihara proposed that it was the
dysfunctional retrograde transport protein that caused
the death of dopaminergic neurons and resulted in PD
(15). However, the specific mechanism that influences
the retrograde axonal transport is unknown. Although
dynein is the main molecule involved in retrograde
axonal transport (16), our previous study showed that
its function was not affected when nocodazole blocked
the retrograde axonal transport of striatum-derived
glial cell line-derived neurotrophic factor (GDNF) to the
substantia nigra, leading to the death of dopaminergic
neurons (17). Therefore, this may be due to the
dysfunction of some molecule, such as dynactin rather
than dynein. On the one hand, dynein always binds to
dynactin when it performs its function and hardly acts
alone (18). Dynactin can help dynein to bind to RNA,
protein, mitochondria, Golgi bodies, and even viral
inclusion bodies (19,20).

On the other hand, there is a high correlation between
dynactin and PD. In gene analysis of patients with familial
PD, it was found that the heterozygous variant dynactin
was highly correlated with the occurrence of the disease
(21). Knockdown of dynactin reduced the retrograde
axonal transport (22). Mutations of dynactin in mice could
lead to severe PD symptoms (23). Therefore, we
hypothesized that dynactin may be one of the key factors
for the retrograde degeneration of dopaminergic neurons
in the early stage of PD.

To verify this hypothesis, mycalolide B (MB, a specific
dynactin inhibitor) and dynactin morpholino (MO) were
used to intervene with the activity and expression of
dynactin in Tg (Vmat2:GFP) zebrafish, and the changes of
dopamine neurons and synuclein aggregation in the
diencephalon were observed. Then, dynactin-siRNA
knockdown was performed in the SH-SY5Y cell line and

the autophagy flow pathway and status of the retrograde
axonal transport were investigated.

Material and Methods

Zebrafish strain and maintenance
The AB genetic background zebrafish (Danio rerio)

were obtained from Southwest University in Chongqing,
China, and the Tg (Vmat2:GFP) transgenic zebrafish were
a gift from Prof. Jiulin Du of the Institute of Neuroscience,
China. The zebrafish were raised and maintained at
28.5°C in the zebrafish lab of the Development and
Regeneration Key Laboratory of Sichuan Province, where
the animal work was conducted. Embryos were staged
according to hours post-fertilization (hpf) based on
morphological criteria (24). To better observe the internal
structures of the embryos, they were incubated with 0.2
mM 1-phenyl-2-thiourea (Sigma, Germany) from 24 hpf to
inhibit pigment development.

Zebrafish swimming behavior
Zebrafish larvae at 72 hpf were placed individually into

Petri dishes, with a marked coordinate paper placed under
the dish. High-resolution cameras were used to record
the movement of the zebrafish in the water, and the
recordings were analyzed using EthoVision software
(Noldus, Netherlands).

Cell culture and treatments
SH-SY5Y cells were obtained from the Cell Bank of

the Chinese Academy of Sciences (China) and main-
tained in a DMEM/F12 nutrient mixture (11320082, Gibco,
USA) with L-glutamine supplemented, heat-inactivated
FBS (10% v/v), and penicillin–streptomycin (1% v/v) at
37°C under a humidified atmospheric condition containing
5% CO2. After one week of cultivation, when the cell
density reached 80%, cell passage experiments were
conducted. In order to obtain a dopaminergic phenotype,
the cells were treated with retinoic acid (RA)/phorbol-12-
myristate-13-acetate (PMA) in a medium supplemented
with RA (10 mM) for three days; then the medium was
removed and replaced with growth medium containing
PMA (80 nM) for three days. Mycalolide B (60 mg/L) was
added to SH-SY5Y cells for 36 h before western blot (WB)
and immunofluorescence experiments.

Construction of pCMV-C-BFP-a-Synuclein expression
plasmid and stable transfection

a-Synuclein ORF sequence was obtained from NCBI
(NCBI; NM_00345.3). The full length human a-synuclein
template originated from the recombinant plasmid
pDONR221.

SH-SY5Y cells were transfected with pCMV-C-BFP-a-
Synuclein using polyethylenimine. 24 h after transfec-
tion, the cells were cultured in the pressure selection
medium containing 400 mg/mL G418. After 10B14 days,
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the G418-resistant cell colonies were isolated using
cloning rings. Cell clones were seeded onto a 6-well plate
with 0.5� 106 cells per well and grown to a density of
100% for 24 h. The cell clone with the highest expression
level was subjected to single cell cloning using the limited
dilution method. The cell clone was maintained in the
culture medium containing 200 mg/mL G418. When the
cell density reached 80%, cell passage experiments
were conducted. The offspring cells were still cultured in
DMEM/F12 nutrient mixture with L-glutamine supplement-
ed, heat-inactivated FBS (10% v/v), penicillin-streptomy-
cin (1% v/v), and 200 mg/mL G418 for subsequent siRNA
knockdown experiments.

siRNA knockdown
SH-SY5Y and SH-SY5Y/pCMV-C-BFP-a-Synuclein

cells were transfected with dynactin siRNA and negative
control siRNA using Oligofectamine and Lipofectamine
RNAi Max reagents. Firstly, 0.3 mL dynactin siRNA, 0.75
mL Lipofectamine, and 16 mL opti-MEM were mixed and
added to the cells (cells were cultivated in DMEM/F12
nutrient mixture without FBS). After 12 h of cultivation at
37°C, 0.2 mL dynactin siRNA, 0.6 mL Lipofectamine RNAi
Max, and 50 mL opti-MEM mixture were added to the cells.
After 24 h of cultivation at 37°C, the cells were treated for
subsequent experiments.

Transient transfection
Dynactin siRNA was transfected with Oligofectamine

and Lipofectamine RNAiMAX reagents, and pCMV-C-BFP-
a-Synuclein and mTagRFP-mWasabi-LC3 (donated by
Prof. Cuihong Zhou, Peking University, China) were
transfected with polyethylenimine. After 24 h of dynactin
siRNA transfection using Lipofectamine RNAi Max reagent,
pCMV-C-BFP-a-Synuclein plasmid (400 ng), mTagRFP-
mWasabi-LC3 plasmid (600 ng), 6 mL polythenimine, and
50 mL Opti-MEM mixture were added to the cells. After 6 h,
Opti-MEM culture medium was replaced with DMEM/F12
nutrient mixture with L-glutamine-supplemented, heat-inac-
tivated FBS (10% v/v) and penicillin-streptomycin (1% v/v),
and cultivated 24 h for further experiments.

MO and mRNA microinjection
The standard negative control MO and dynactin

antisense MO were prepared. Dynactin mRNA was
obtained by in vitro transcription using a commercial kit
(00512434, Invitrogen, USA). All MOs (10 ng/nL) or
mRNA (50 ng/mL) were injected into embryos at the 1–4
cell stage to down-regulate or rescue the target genes.
Microinjection was performed using a Premium WPI
micromanipulator (SYS-PV830, World Precision Instru-
ments, USA).

Protein extraction and western blot analysis
The protein extraction and western blot analysis were

performed as described previously (25). The PVDF

membranes were probed with primary antibodies over-
night at 4°C. After incubation with the horseradish
peroxidase-conjugated secondary antibodies for 1 h at
room temperature, proteins were detected by chemilumi-
nescence (BIO-RAD,1705061, China). Data acquisition
and analysis were performed using ChemiDoc XRS+
(BIO-RAD).

TUNEL staining
The SH-SY5Y cells were stained with TUNEL. To

evaluate the extent of apoptosis, TUNEL-positive cells in
five fields per sample were counted.

Whole mount in situ hybridization
Whole mount in situ hybridization was performed as

described previously (26), using the established antisense
probes b-synuclein, th1, and g-synuclein. The antisense
probes were prepared using cDNA (from day 3 embryos)
to amplify the template by PCR, and the antisense probe
was synthesized according to the kit manual.

Immunofluorescence and image analysis
Immunofluorescence was performed as described

previously (25). Primary antibodies were applied at 4°C
overnight. Secondary antibodies were added for 1 h at
room temperature, then finally washed before being
mounted on microscope slides with mounting medium
with DAPI. Images were taken with a confocal microscope
(Olympus, FV1000, Japan) with the same scanning
parameters (HV=500, CV=200) for all samples. Each
Immunofluorescence experiment included 12 individuals
per group for imaging, and each set of experiments was
repeated three times.

Live cell imaging
Cells cultured in a special confocal culture dish were

observed using a confocal microscope (Olympus,
FV1000) at 24 h after cell processing. Using a 60�
objective lens, the parameters were set to red, blue,
and green, and three channels were taken together.
One picture was taken every 4 s, with a resolution of
512� 512, and 40 pictures were taken per cell. Transport
of axonal synuclein autophagosome was analyzed by
confocal microscopy with acquisition at 0.8 Hz for 120 s.
The percentage of moving synuclein autophagosome was
evaluated in four different time frames per axon in at least
12 axons per condition.

Statistical analysis
Data visualization and analysis were performed using

GraphPad Prism 6 (GraphPad Software Inc., USA).
Statistical analysis was conducted using either Student’s
t-test or two-way ANOVA for comparisons between
multiple groups, followed by Dunnett’s test or Tukey’s
test for post hoc pairwise comparisons. For information on
all reagents, please refer to Table 1.
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Table 1. All reagents used in the research.

Reagent or Resource Source Identifier Year of purchase

Primary antibodies

Rabbit monoclonal anti-GAPDH (1:5,000) Abcam ab181602 2017

Rabbit monoclonal anti-Lc3 (1:1000) Cell Signaling Technology 12741 2018

Goat polyclonal anti-Dynactin (1:500) Abcam ab11806 2018

Mouse monoclonal anti-p62 (1:500) Abcam ab56416 2018

Mouse monoclonal anti-Lc3 (1:500) Abclonal A17424 2018

Mouse monoclonal anti-b-tubulin (1:500) TransGen Biotech HC101-02 2018

Rabbit anti-synuclein (1:500) Cell Signaling Technology 4179S 2018

Rabbit polyclonal anti-Dynein (1:500) Novus NBP1-90490 2018

Mouse monoclonal anti-tyrosine hydroxylase (1:200) millipore AB152 2018

Rabbit anti-Ph3 (1:100) GeneTex GTX128116 2018

Secondary antibodies

Goat anti-rabbit igg Alexa Fluor 488 (1:2000) Life Technology A-11008 2018

Goat anti-rabbit igg Alexa Fluor 568 (1:2000) Life Technology A-11011 2018

Donkey anti-mouse igg Alexa Fluor 594 (1:2000) Life Technology A-21203 2018

Donkey anti-goat igg Alexa Fluor 594 (1:2000) Life Technology A-11058 2018

Donkey anti-goat igg Alexa Fluor 488 (1:2000) Life Technology A32814TR 2018

Rabbit igg HRP (1:5000) Abcam ab6721 2018

Mouse igg HRP (1:5000) Abcam ab97046 2018

Goat igg HRP (1:5000) Millipore AP003 2018

Chemicals

L-glutamine Gibco Cat. No. 11320033 2019

Fetal bovine serum (FBS) Gibco Cat. No. 10099141 2019

Penicillin–streptomycin Gibco Cat. No. 15140122 2019

Mycalolide B (MB) Wako Cat. No. 13212081 2019

pCMV-C-BFP vector Beyotime Biotechnology #D2621 2019

G418 Gibco Cat. No. 10131027 2019

Polyethylenimine Polyscience Cat. No. 24765 2019

Lipofectamine RNAiMAX Invitrogen 13778075 2019

Oligofectamine Invitrogen 12252011

Opti-MEM Gibco Cat. No. 11058021 2019

Vitro transcription kit Invitrogen Cat. No. 00512434 2019

Antisense probe synthesis kit Roche 11636090910 2019

TUNEL Beyotime Biotechnology C1089 2019

DAPI Beyotime Biotechnology Cat. No. P0131 2019

Polyvinylidene fluoride membranes Millipore ISEQ00010 2019

Oligonucleotides

Dynactin siRNA Life Technology s98708 and s98707 2019

Negative control siRNA Life Technology 4390843 2019

Negative control MO

50-CCTCTTACCTCAGTTACAATTTATA-30
Gene Tools Customization 2018

Dynactin MO (300 mM)

50-GCCGTCTGAACTCATCTTACCGAGC-30
Gene Tools Customization 2018

Primer: zebrafish TH1 forward

50-cgaattcaagcagctccacatc-30
Invitrogen Customization 2018

Primer: zebrafish TH1 reverse

50-caatgtctccgatcatcttcc-30
Invitrogen Customization 2018

Primer: zebrafish b-synuclein forward

50-gaagcacaaggacgaagaagg-30
Invitrogen Customization 2018

Primer: zebrafish b-synuclein reverse

50-gctggatttgggcttggaatg-30
Invitrogen Customization 2018

Primer: zebrafish g-synuclein forward

50-cagcgtccaggatggatgtt-30
Invitrogen Customization 2018

Primer: zebrafish g-synuclein reverse Invitrogen Customization 2018

Continued on next page
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Results

Knockdown of the dynactin gene led to a decrease
of dopaminergic neurons in the diencephalon of
zebrafish

The dopamine neurons in the zebrafish diencephalon
are similar to those in the substantia nigra pars compacta
in humans (27). After knockdown of the dynactin gene
through MO or administration of MB, abnormal embryonic
development in zebrafish was detected, including spinal
deformities and pericardial effusion. The dynactin (DCTN)
MO group and the MB group showed increased mortality
at 24 hpf, but the mortality rate was significantly lower at
72 hpf. In both the DCTN MO group and the MB group, the
swimming distance of 72 hpf zebrafish became shorter
and their swimming speed decreased significantly (Sup-
plementary Figure S1).

Tyrosine hydroxylase (TH) antibody was used to label
diencephalon dopaminergic neurons at 48 and 72 hpf after
the knockdown of dynactin gene through MO. Confocal
microscopy showed that the number of TH+ neurons in
DCTN MO and MB groups decreased significantly at the
above time points (Figure 1A, B, D, E, F, and H). Co-
injection of DCTN MO and dynactin mRNA rescued the
loss of dopaminergic neurons caused by dynactin MO
(Figure 1C, G, M, and N).

In order to verify the effect of dynactin knockdown on
the development of diencephalon dopaminergic neurons,
TH in situ hybridization in 48-hpf embryos was performed,
and the decrease of TH expression after dynactin knock-
down was detected (Figure 1I and J), which was rescued
by dynactin mRNA (Figure 1K). The expression of TH in
the MB group was also significantly decreased (Figure
1L), which was consistent with the TH immunohistochem-
ical results. These results suggested that the development
of dopaminergic neurons can be affected by the absence
of dynactin.

Synuclein aggregation increased in the basal plate
region after dynactin knockdown

The accumulation of synuclein is one of the reasons
of the degeneration of dopamine neurons. The results
showed that although there was no synuclein accumula-
tion in the ventral diencephalon dopaminergic neurons,
it was found in the area near the basal plate (the white

dotted line indicates the basal plate of zebrafish) in the
DCTN MO group and MB group (Figure 2A and B).
Because the axons of the dopamine neurons can project
to the basal plate area (28), the result implied that axon
transportation was blocked after DCTN MO. In order to
observe whether the expression of synuclein mRNA was
changed, in situ hybridization of synuclein was performed.
Since there is no a-synuclein in zebrafish, and b-synuclein
and g-synuclein are homologous to human a-synuclein,
the latter two were detected in zebrafish. Compared with
the control group, no increase of synuclein mRNA was
detected in the ventral diencephalon of the DCTN MO
and DCTN MO+mRNA groups (Figure 2C). This result
indicated that the increase in synuclein aggregation was
due to the deficiency of synuclein degradation in the
DCTN MO and MB groups.

Dynactin knockdown resulted in synuclein
aggregation in SH-SY5Y cells

Because the axons of dopamine neurons project to
the basal plate area (28), synuclein may accumulate in the
axons if the retrograde transport of synuclein protein in the
axons is damaged after the downregulation of dynactin,
harming the cells. In order to test this hypothesis, SH-
SY5Y cells were used to study the death of dopaminergic
neurons in vitro. RNA interference was used to knock
down dynactin in SH-SY5Y cells. Immunofluorescence
and western blot were used to detect the protein level of
dynactin in the cells, which was significantly decreased
(Figure 3A–C), indicating that dynactin siRNA worked
well. Synuclein immunofluorescence staining of SH-SY5Y
cells transfected with siRNA showed that synuclein
accumulated mainly in axons and in the cytoplasm near
axons (Figure 3D and E), suggesting that the down-
regulation of dynactin might cause abnormal synuclein
aggregation, which was related to axonal transport.

Autophagy pathway was blocked after dynactin
knockdown

In order to further explore the cause of synuclein
aggregation after dynactin knockdown, the autophagy
pathway of synuclein was investigated. Compared with
the control group (si-control), the number of autophago-
somes in dynactin siRNA group (si-dynactin) was sig-
nificantly increased and co-labeled with synuclein protein

Table 1. Continued

Reagent or Resource Source Identifier Year of purchase

50-gacaccacagatgtagaggag-30

Primer: human a-synuclein forward

5’-CGGGAATTCATGGATGTATTCATGAAA-3’

Invitrogen Customization 2018

Primer: human a-synuclein reverse

5’-CGGGGATCCGGCTTCAGGTTCGTAGTC-3’

Invitrogen Customization 2018
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(Figure 4A and B). There are two reasons for the increase
of autophagy: one is autophagy activation, the other is
autophagy blocking. In the experiment, mTagRFP-mWa-
sabi-LC3 plasmid was transfected into SH-SY5Y cells to
detect the change of autophagy flow. Plasmid mTagRFP-
mWasabi-LC3 has red and green fluorescence. If an
autophagosome fuses with a lysosome, green fluores-
cence decreases and red fluorescence increases. If an
autophagosome and a lysosome do not fuse, the green
fluorescence does not quench and the yellow dots
increase (26). The results showed that, compared with
si-control, the si-dynactin group formed obvious auto-
phagy and presented increased yellow fluorescent spots
(Figure 4C). WB results also showed an increase of p62
and LC3 I and a decrease of LC3 II in the si-dynactin
group (Figure 4D and E). Therefore, the abnormal
aggregation of synuclein protein in the si-dynactin group
was due to the blockage of the autophagy pathway, and
the autophagosome formed by synuclein protein could not
fuse with lysosomes for metabolism.

Knockdown of dynactin resulted in the inhibition of
synuclein autophagosome transport in SH-SY5Y cell
axons

The reason why autophagosomes and lysosomes
could not fuse was further investigated. A SH-SY5Y/BFP-
Synuclein stably transfected cell line was constructed.
When dynactin siRNA was transfected into the cell line,
synuclein appeared blue (Figure 5A). The transport of
autophagosomes formed by synuclein in axons was then
observed by transient transformation of mTagRFP-mWa-
sabi-LC3 plasmid in the cell line. The results showed
that when dynactin was knocked down, autophagosome
transport in axons was blocked, and a large number of
autophagosomes accumulated in the axonal colliculus
(Figure 5B and E), indicating that the transport of
autophagy was affected by the knockdown of dynactin.
The above results showed that after knockdown of
dynactin, the metabolism of synuclein was affected by
the blockage of autophagy flow, resulting in cell death
(Figure 5C and F).

Figure 1. Knockdown of the dynactin gene led to a decrease of dopaminergic neurons in the diencephalon. Immunofluorescence was
used to observe the changes of tyrosine hydroxylase (TH)-positive neurons in the diencephalon of zebrafish at 48 and 72 hpf. A and E,
Control MO group; B and F, DCTN MO group; C and G, DCTN MO+mRNA group; D and H, MB group. Scale bar, 100 mm. Expression
of TH in the diencephalon of zebrafish was detected at 48 hpf by in situ hybridization. I, Control MO group; J, DCTN MO group; K, DCTN
MO+mRNA group; L, MB group. The white and black dotted lines indicate the ventral area of the zebrafish diencephalon. Scale bar,
200 mm. M and N, Number of TH-positive neurons in zebrafish diencephalon at 48 and 72 hpf. Data are reported as means±SD.
aPo0.0001, compared with the Cont MO group; bPo0.05, compared with the DCTN MO group (two-way ANOVA, Tukey post hoc,
n=15–30 zebrafish per group). Cont MO: control morpholino; DCTN MO: dynactin morpholino; DCTN MO+mRNA: dynactin morpholino+
dynactin mRNA; MB: mycalolide B.
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It is known that dynactin and dynein form a retrograde
transport complex and perform retrograde transport
functions (18). Therefore, we knocked down dynactin in
the SH-SY5Y cell line and used dynein and dynactin
antibodies for co-labeling. The results showed that the
expression of dynein in the si-dynactin group shifted from
dispersed distribution to concentration in synapses and
cytoplasm near axons compared with the si-control group.
Dynein was not co-labeled with dynactin in the axon,
suggesting that the retrograde axoplasmic transport was
blocked (Figure 5D and G). Therefore, the decreased
expression of dynactin caused a disorder in synuclein
metabolism due to the failure of fusion between autophago-
somes and lysosomes as well as retrograde axoplasmic

transport obstruction, which may be an important reason for
the early onset of PD.

Discussion

Dynactin p150Glued is the largest and most important
subunit in the dynactin macromolecular complex. It is
involved in the initiation of retrograde axonal transport
mediated by dynein and plays an anti-mutation role in
stabilizing neuronal microtubules (29). The mutation of
DCTN1, which encodes the dynactin subunit p150Glued,
may lead to various neurodegenerative diseases, includ-
ing PD (23). In order to investigate how the expression of
dynactin in zebrafish affects the process of PD, MB was

Figure 2. Synuclein aggregation increased in the basal plate region after dynactin knockdown. A, Synuclein antibody and Tg (Vmat2:
GFP) transgenic zebrafish were co-labeled to detect synuclein protein at 72 hpf. The red staining shows synuclein protein, and the green
staining shows Tg (Vmat2:GFP) transgenic zebrafish. The white dotted line indicates the basal plate of zebrafish. Scale bar,
100 mm. B, Number of synuclein-positive spots in zebrafish basal plate region at 72 hpf. C, Expression of b-synuclein and g-synuclein in
the ventral diencephalon of zebrafish was detected by in situ hybridization. The black dotted line indicates the ventral diencephalon of
zebrafish. Scale bar, 200 mm. Data are reported as means±SD. aPo0.0001, compared with the Cont MO group; bPo0.0001, compared
with the DCTN MO group (two-way ANOVA, Tukey post hoc, n=15–30 zebrafish per group). Cont MO: control morpholino; DCTN MO:
dynactin morpholino; DCTN MO+mRNA: dynactin morpholino+dynactin mRNA; MB: mycalolide B.
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used as a specific inhibitor to dynactin, and Parkinson-like
symptoms were subsequently detected. The morpholog-
ical changes might be related to the mutagenicity and
cytotoxicity of MB, and the disequilibrium might be related
to neurotoxicity (30). Knockdown of dynactin resulted in
increased mortality in zebrafish embryos. Although sig-
nificantly higher mortality was observed primarily within
24 hpf, malformations were more pronounced at 72 hpf.
This suggests that the absence of dynactin severely
disrupted organ development in zebrafish, including a
smaller head and malformed pericardium. By 72 hpf, the
zebrafish nervous system was almost fully developed,
indicating that dynactin was involved in abnormal brain
development and nervous system dysfunction. In addition,
synuclein aggregation was detected in the basal plate
region of zebrafish, indicating that the reduced expression
of dynactin played a role in the degeneration process of
DA neurons, not only altering zebrafish behavior, but also
leading to synuclein aggregation. As is well known, the

aggregation of a-synuclein in dopaminergic neurons and
the formation of Lewy bodies are the most important
pathological factors for the diagnosis of PD. Although the
use of MPTP in zebrafish could induce a decrease in DA
levels and behavioral deficits in model animals, it could
not lead to the accumulation of Lewy bodies (31), suggest-
ing that MB might be a better candidate for studying the
mechanism of PD.

To further validate the role of dynactin in zebrafish, the
effects of DCTN knockdown on embryonic development and
dopaminergic neurons in zebrafish were detected. Dynactin
affected zebrafish locomotion behavior. After DCTN knock-
down, a decrease in dopaminergic neurons in the ventral
diencephalon of zebrafish was observed, and further
investigation was conducted on the SH-SY5Y cell line.

After dynactin knockdown by RNA interference in the
SH-SY5Y cell line, a large accumulation of synuclein was
detected in cells, with the distribution mainly concentrated
in axons and cytoplasmic axons, indicating that dynactin

Figure 3. Dynactin knockdown resulted in synuclein aggregation in SH-SY5Y cells. A, Expression of dynactin protein in SH-SY5Y
cells from the control group (si-control) and the dynactin siRNA group (si-dynactin) was detected by immunofluorescence. The red
staining shows the dynactin protein, and the blue staining shows the DAPI stained nuclei. Scale bar, 100 mm. B, Expression of
dynactin in SH-SY5Y cells was detected by western blotting. C, Quantification of dynactin to GAPDH shown in panel B. D, Number
of synuclein accumulated in axons and cytoplasm. E, Synuclein and b-tubulin antibodies were co-labeled to detect the expression of
synuclein in SH-SY5Y cells from the si-control and si-dynactin groups. The green staining shows the synuclein protein, the red staining
shows the b-tubulin protein, and the blue staining shows the DAPI stained nucleus. The arrow indicates the aggregated synuclein
protein. Scale bar, 50 mm. Data are reported as means±SD. aPo0.0001, compared with the si-control group (Student’s t-test, n=3
biological replicates).
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knockdown may lead to the abnormal aggregation of
synuclein, which is related to axonal transport. In the
process of retrograde axonal transport, a complex is
formed between dynactin and dynein to perform the
reverse transport function. Previous studies have shown
that almost all forms of a-synuclein can be degraded by
autophagosomes (32) except a-synuclein of monomer,
which is degraded by proteasomes (33). Autophago-
somes are formed at the top of axons. Damaged
organelles and misfolded proteins are wrapped to form
new autophagosomes, which initially move in two direc-
tions and then retrograde under the drive of dynein. When
they move from the distal axon to the proximal axon,
autophagosomes mature and degrade the cargo more
effectively (34). In this study, the synuclein accumulation
in dopaminergic neurons after knockdown of dynactin in
zebrafish was observed. However, it is unclear whether
the synuclein aggregation is due to the impaired auto-
phagosome maturation caused by retrograde transport
disorder, which in turn affects the clearance of a-
synuclein. Therefore, the following study was conducted.

In the living cell workstation, the accumulation of nerve
beads resembling axonal transport products was detected in
the dynactin knockdown group using the delayed photog-
raphy technique. To determine whether it was related to the
abnormal synuclein aggregation observed in the previous
section, the synuclein-BFP and mTagRFP-mWasabi-LC3
plasmids were transfected. In the siRNA knockdown group,
synuclein and LC3 showed normal anterograde axoplasmic
transport, while retrograde axonal transport was blocked.
The changes in intracellular autophagy flow, that is, the
accumulation of a large amount of LC3 near the synaptic
terminals and around the membrane in the siRNA knock-
down group, indicated that the knockdown of dynactin could
cause an increase of autophagy at the same locations
where the Lewy bodies appeared in dopaminergic neurons
in PD patients. Therefore, the decrease of dynactin may
hinder the retrograde axonal transport of senescent synu-
clein, which then accumulate in axons and cytoplasm near
the axon end. This distribution is different from the typical
site of autophagy increase, which is mainly around the
nucleus. The decrease of dynactin leading to changes in

Figure 4. After dynactin knockdown, the autophagosomes formed by synuclein increased abnormally through a blocking pathway.
A, Co-labeling of synuclein and LC3B proteins in the si-control and si-dynactin groups was detected in SH-SY5Y cells. Green staining
represents synuclein protein, red staining represents LC3B protein, and blue staining represents DAPI-stained nuclei. Scale bar,
100 mm. B, Number of autophagosomes in SH-SY5Y cells. aPo0.0001, compared with the si-control group (t=17.52, df=10).
C, Autophagy flow in SH-SY5Y cells in the si-control and si-dynactin groups was detected using the mTagRFP-mWasabi-LC3 plasmid.
Scale bar, 50 mm. D, Expression of LC3 and p62 proteins in SH-SY5Y cells was detected by western blot. E, Quantification of p62, LC3-
I, and LC3-II relative to GAPDH in panel D. Data are reported as means±SD. aPo0.0001, compared with the si-control group
(Student’s t-test, n=3 biological replicates).
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autophagy distribution may be one of the reasons for the
final accumulation of synuclein at the above sites.

In summary, after dynactin siRNA knockdown, the
fusion rate between dynein and dynactin decreased,
especially in axons, which blocked the retrograde axonal
transport of synuclein and autophagy flow. This may have
a particularly important contribution to the pathogenesis of
PD. On the one hand, the pathogenic forms of synuclein
could inhibit the stabilizing effect of tau on microtubules,
leading to microtubule depolymerization and axonal
transport disruption, and ultimately promoting dopaminer-
gic cell loss (35–37). On the other hand, impaired axonal
transport was accompanied by impaired autophagosome
maturation (38), and autophagy dysfunction was asso-
ciated with the pathogenesis of PD (39,40). Therefore,
dynactin may be one of the key factors contributing to the

retrograde degeneration of dopaminergic neurons in the
early stage of PD.
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Figure 5. Knockdown of dynactin resulted in the inhibition of synuclein autophagosome transport in SH-SY5Y cell axons. A, Expression
changes of BFP-Synuclein protein in the si-control and si-dynactin groups. The blue color represents synuclein protein. Scale bar,
50 mm. B, The mTagRFP-mWasabi-LC3 plasmid was transiently transfected into SH-SY5Y/pCMV-C-BFP-a-Synuclein cells to detect the
transport of synuclein autophagosomes in the axons of the si-control and si-dynactin groups. The blue color represents synuclein
protein, and the purple color indicates co-labeling of synuclein and LC3 proteins. Scale bar, 50 mm. C, Apoptosis in the si-control and
si-dynactin groups was detected by TUNEL assay. The red color represents TUNEL staining, and the blue color represents DAPI
staining. Scale bar, 100 mm. D, Dynein (red) and dynactin (green) were co-labeled in the si-control and si-dynactin groups. Scale bar,
50 mm. E, Average velocities of retrograde synuclein autophagosomes. F, Number of apoptotic SH-SY5Y cells. G, Non-fusion rate
of dynein and dynactin in axons. Arrows: Dynein and dynactin are not co-labeled in the axonal processes. Data are reported as
means±SD. aPo0.001 and bPo0.0001 compared with the si-control group (Student’s t-test, n=3 biological replicates).
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