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Introduction

SUMMARY

Background and Purpose: Sprawling (Sw/) is a radiation-induced mutation which has
been identified to have a nine base pair deletion in dynein heavy chain 1 (DYNCIHI:
encoded by a single gene Dynclhl). This study is to investigate the phenotype and the under-
lying mechanism of the Dynclhl mutant. Methods and Results: To display the phenotype
of Sw/ mutant mice, we examined the embryos of homozygous (Swl/Swl) and heterozygous
(Swl/+) mice and their postnatal dorsal root ganglion (DRG) of surviving Sw//+ mice. The
Swl/+ mice could survive for a normal life span, while Sw//Swl could only survive till embry-
onic (E) 8.5 days. Excessive apoptosis of Sw//+ DRG neurons was revealed during E11.5—
E15.5 days, and the peak rate was at E13.5 days. In vitro study of mutated DRG neurons
showed impaired retrograde transport of dynein-driven nerve growth factor (NGF). Mito-
chondria, another dynein-driven cargo, demonstrated much slower retrograde transport
velocity in Swil/+ neurons than in wild-type (WT) neurons. Nevertheless, the Sw/, Loa, and
Cra mutations did not affect homodimerization of DYNCIHI1. Conclusion: The Swi/Swi
mutation of Dynclhl gene led to embryonic mal-development and lethality, whereas the
Swl/+ DRG neurons demonstrated deficient retrograde transport in dynein-driven cargos
and excessive apoptosis during mid- to late-developmental stages. The underlying mecha-
nism of the mutation may not be due to impaired homodimerization of DYNCI1HI.

neurons. Hafezparast et al. reported that two independent
mouse strains generated by N-ethyl-N-nitrosourea (ENU)-

Axonal transport plays important roles on neurons survival, func-
tion, and morphogenesis. The long-distance axonal transport in
neurons mainly involves microtubules and their associated molec-
ular motors, cytoplasmic dynein and kinesins, two major motor
molecules [1,2]. Cytoplasmic dynein, one of the microtubule-
associated proteins transporting cargoes to the minus end of
microtubule, predominantly contributes to the retrograde axonal
transport of organelles, proteins, and vesicles in neurons [3,4].
Cytoplasmic dynein is one of the key molecules transporting
membrane-bound organelles back to the cell body. It consists of
two homodimerized heavy chains, and several intermediate
chains, light intermediate chains, and light chains, which assem-
ble into different dynein subcomplexes [3,5].

Dysfunction of dynein would cause severe disruptions in
long-distance retrograde axonal transport, and decrease the sur-
vival of long-axon neurons, including sensory and motor
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induced mutagenesis, Legs at odd angles (Loa) and Cramping 1
(Cral, further referred to as Cra), harbored dominantly inherited
missense point mutations in the cargo-binding domain of
DYNCIHI. Heterozygous mice from both lines showed an age-
related, progressive motor neuron disease, with cramping of
hind limbs, gait abnormalities, and paralysis in late stage of life
[6]. A nine base pair deletion in the cargo-binding domain of
DYNCIHI, close to the Cra mutation, was identified in mice
heterozygous as the radiation-induced mutation Sprawling (Swi)
[7]. These Swl/+ mice displayed an early-onset proprioceptive
sensory neuronopathy characterized by predominantly lumbar
proprioceptive  DRG neuron loss along with muscle spindle
degeneration, while locomotion and motor neuron numbers
appeared normal in these animals [7]. Swl/+ mice have a mod-
erate sensory neuropathy that does not affect the nociceptive
modality or motor function [7].

CNS Neuroscience & Therapeutics 22 (2016) 593-601 593



Dynein Swi/+ Mutant Impairs Axonal Transport

Neuronal system defects caused by cytoplasmic DYNCI1H1
mutations have been found in developmental and neurodegener-
ative diseases in mice as well as in humans. In 2010, the first
human DYNCIHI mutation (DYNCIHI"?%*?F) was found in an
individual with developmental delay, hypotonia, and brain mal-
formations [8]. Michael et al. reported a mutation in a large domi-
nant pedigree, c.917A>G in DYNCIHI, which led to a missense
substitute, p.His306Arg at highly conserved residue within the
homodimerization domain, leads to an autosomal dominant Char-
cot—Marie-Tooth disease [9]. Many other DYNCIHI mutations,
inducing quite different clinical phenotypes, have been recently
reported [10-12]. These studies highly strengthened the impor-
tance of dynein and retrograde axonal transport in neuronal func-
tion of humans.

Although many mutations related to DYNCIHI have been
revealed, the underlying mechanisms for the different pheno-
types of each mutation still remain largely unknown. In this
study, we tried to investigate the DYNCIHI mutation especially
in Swl/Swl embryos and Swi/+ mice and also explore the possi-
ble mechanisms underlying neuronal degeneration related to
dynein in vitro. We found an excessive apoptosis event of
Swi/+ DRG neurons during E11.5-E15.5 days, and the peak
rate was at E13.5 days. Furthermore, the retrograde transport
of dynein-driven NGF and mitochondria was affected in Swi/+
DRG neurons. Nevertheless, in vitro study showed evidence
which Swil, Loa and Cra mutations did not affect homodimer-
ization of dynein heavy chains. This study offers new insights
into the underlying mechanism for the specific phenotype of
Swl mutation and also points out a new direction for further
studies.

Materials and Methods
Mice

Swi/+ mutant mice were obtained as described previously [7].
The mice were genotyped by polymerase chain reaction (PCR)
analysis of tail biopsies. All mice were singly housed in Plexi-
glas cages in a controlled environment at a constant tempera-
ture of 24°C and humidity of 50 £ 10% with food and water
available ad libitum. For developmental studies, the day on
which a plug was detected in the morning was considered as
embryonic (E) 0.5 day. All experiments were carried out in
accordance with the guidelines laid down by the National Insti-
tutes of Health regarding the care and use of animals for exper-
imental procedures. Additionally, all experimental procedures
which involve in animals and animal cares were approved by
Medical Experimental Animal Administrative Committee of
Fudan University.

Tissue Processing

The mouse embryos at E11.5, E13.5, E15.5, E17.5 days and the
postnatal (P) 5-day-old mice were collected for tissue processing.
The embryos of wild-type (WT) and mutant mice were dissected
out from the uteri and immersed in the fixation solution (4%
paraformaldehyde in 0.1 M Millonig’s buffer, pH 7.4) for 2 h at
room temperature. Under the light microscopy, without
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staining, the embryos were displayed in grayscale pattern and
were examined for the gross anatomy, including three germ lay-
ers (endoderm, mesoderm, ectoderm layer) and two sac (amni-
otic sac, yolk sac) structures, and potential developmental
defects for the comparison of Swi/+, Swi/Swl, and WT mouse
embryos. Meanwhile, the postnatal dorsal root ganglia (DRGs)
were embedded in paraffin and sectioned into 7-um serial paraf-
fin sections.

Cell Culture and Transfection

Dorsal root ganglion neurons were isolated and cultured as
described in the previous study [13] from newborn mice (within
24 h after birth). Generally, freshly prepared cells were plated
onto Petri dishes (Falcon) for 1 h at 37°C in 5% CO, to allow
attachment of nonneuronal cells. The suspended DRG neurons
were then seeded onto sterile glass-bottomed culture dishes
(WillCo Wells BV, Amsterdam, the Netherlands) coated with
10 pg/mL poly-L-Lysin and 12 pug/mL laminin (Sigma, St. Louis,
MO, USA). All cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) with 10% fetal bovine serum (Gibco,
Waltham, MA, USA) and 2 mM 1-glutamine (Sigma). After 2-h
incubation, we changed the medium to D/F-12 medium (Gibco)
with 2 mM r-glutamine, 2% B27 (Gibco), and 50 ng/mL NGF
(Invitrogen, Waltham, MA, USA). Neurons were used for the
following experiments within 3 days of culture. Explant culture
of DRG was established from DRGs obtained from the E12.5 WT
and Swl/+ mouse. Briefly, DRGs were dissected and digested
with 0.25% trypsin/EDTA (Invitrogen) for 5 min. The ganglia
were placed into 24-well plates coated with collagen (4 mg/mL)
and then maintained in neuron culture medium for observation.
HEK 293T cells were maintained in DMEM with 10% fetal
bovine serum (Gibco) and transfected using Lipofectamine 2000
(Invitrogen). All cells were maintained in a humidified atmo-
sphere containing 5% CO,.

TUNEL and Immunohistochemistry

For apoptosis analysis, every fourth section in the series from
the cervical (C) 4 or lumbar (L) 4 was selected. Apoptosis was
quantified using a commercially available fluorescent terminal
deoxynucleotidyl transferase nick-end labeling (TUNEL) kit, in
accordance with the manufacturer’s protocol (ApopTag Kkit,
Chemicon, Billerica, MA, USA, S7100). Meanwhile, the sec-
tions were stained by DAPI for cell nuclear detection. Slides
were visualized at a magnification of x20 under Axiovert-25
microscope with digital imaging from Carl Zeiss Microlmaging
(Gottingen, Germany). The number of TUNEL positive cells
(green) was counted in 15 separate fields for each slide of
three independent experiments.

Campenot Chamber Experiment

The compartmentalized Campenot chambers were prepared as
described previously [14]. DRG neurons were plated into the
inner cell body compartment (CB) of the chambers, and axons
were allowed to grow into the outer distal axon compartment
(DA) (Figure 3B). DRGs from three Sw//+ mice and three WT
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littermates at E13.5 (three independent experiments) were dis-
sected and plated at 1 x 10° cells per culture in the inner cham-
ber. To eliminate nonneuronal cells, 0.3 uM Ara-C was added for
24 h. DRG cells were cultured in DMEM/10% FBS/1xP/S/
100 ng/mL NGF for 15 days, allowing the neurites to sufficiently
cross the barrier. Then, NGF was withdrawn from the cells in dif-
ferent compartments for 2 days. At DIV18, cells were fixed and
stained with phosphorylated neurofilament antibody (SMI-31,
Covance, Princeton, NJ, USA) to identify neurons and axons and
Hoechst 33258 (Sigma) to identify nuclei.

Construction of Plasmids

Total RNA was extracted from brains of WT and Sw//+ mutant
mice using the TRIZOL reagent (Invitrogen). Dynclhl cDNA was
reverse-transcribed by a specific primer (GAATTCTGT
CATGTTTGA) using First Stand ¢cDNA Synthesis Kit (Fermentas,
Waltham, MA, USA). DYNCIHI cDNA encoding amino acids 230-
1110 was amplified by PCR with the forward primer: 5'-GATCGC-
TAGCGGTGATAAGGTTGAAGAC and the reverse primer: 5'-AAT
TGCGGCCGCTTAGACCTTGCCGTAATCTAT. The cDNA fragment
was then inserted into the mammalian expression vector pcDNA3
(Invitrogen). To express flag-tagged dynein heavy chain protein
fragments, we subcloned the ¢cDNA fragments into pUHD30F, a
vector containing a flag tag [15], further replaced the flag tag with
GFP. Finally, eight plasmids were constructed (Table 1): pUHD30F-
flag-WT, pUHD30F-flag-Sw/, pUHD30F-flag-Cra, pUHD30F-flag-
Loa, pUHD30F-GFP-WT, pUHD30F-GFP-Swl, pUHD30F-GFP-Cra,
and pUHD30F-GFP-Loa. Firefly luciferase cDNA was amplified by
PCR from pGL3-Basic vector (Promega, Madison, WI, USA) and
inserted into pCMV to express FLAG-Luc as a blank control. The
confirmatory DNA sequencing was performed by ABI310 genetic
analyzer (Applied Biosystems, Foster City, CA, USA). All plasmids
were amplified using mini preparation kit (Qiagen, Hilden,
Germany) for cell transfection.

Co-immunoprecipitation and Immunoblotting

After transfection for 48 h, HEK293T cells were harvested using
lysis buffer. Co-immunoprecipitation (co-IP) using anti-flag M2
affinity resin (Sigma) was performed as described previously [16].
Briefly, after centrifugation of the lysate, the supernatant was
incubated with anti-flag beads for 2 h. The beads were washed
extensively six times with wash buffer, and the proteins bound to

Table 1 The transfection combination of GFP-tagged and flag-tagged
plasmids with their abbreviations in the article

Transfection combination of plasmid Abbreviations in text

pUHD30F-flag-wild type + pUHD30F-GFP-wild type F-WT/G-WT
pUHD30F-flag-Swl + pUHD30F-GFP-wild type F-SwWI/G-WT
pUHD30F-flag-Cra + pUHD30F-GFP-wild type F-Cra/G-WT
pUHD30F-flag-Loa + pUHD30F-GFP-wild type F-Loa/G-WT
pUHD30F-flag-Swl + pUHD30F-GFP-Cra F-Swl/G-Cra
pUHD30F-flag-Swl + pUHD30F-GFP-Loa F-Swl/G-Loa
pUHD30F-flag-Swl + pUHD30F-GFP-Swil F-Swl/G-Swil
Luci-flag + pUHD30F-GFP-wild type F-Luci/G-WT
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beads were then eluted with 0.8 mg of flag peptide/mL in a total
volume of 30 uL.

Protein samples were separated by 10% sodium dodecyl sul-
fate—polyacrylamide gel electrophoresis (SDS-PAGE). After pro-
tein transfer, the membrane was incubated in a blocking buffer
(5% nonfat milk in TBST) for 30 min and then with rabbit anti-
GFP antibody (Cell Signaling Technology, Danvers, MA, USA)
overnight at 4°C, then processed using an HRP-conjugated anti-
rabbit antibody (Millipore, Billerica, MA, USA) followed by ECL
detection (Thermo Scientificc Waltham, MA, USA). The same
membrane was stripped by stripping buffer for 30 min in a 55°C
water bath. After washing, the membrane was incubated with
rabbit anti-flag antibody (Sigma) overnight and then incubated
with HRP-antibody as the procedure of anti-GFP labeling.

Time-lapse Microscopy

Time-lapse microscopy was performed as described previously
[13]. To label mitochondria, neurons were treated with 100 nM
Mitotracker Red (Molecular Probes) which was diluted in
growth medium without serum. Neurons were incubated at
37°C for 1 min and then recover for 2 h in fresh media before
time-lapse microscopy recording. DRG cells from E12.5 WT mice
and Swi/+ mice were scanned at 37°C in an atmosphere of 5%
CO,, using Leica AS MDW system with a motorized stage and a
HCX PL APO 63/1.30 GLYC CORR 37°C objective. Images were
captured with a CCD camera (CoolSNAP HQ, Roper Scientific,
Tucson, AZ, USA). Vesicle movement was recorded every 2 sec-
onds. Images were then integrated for the continuous descrip-
tion or graph of vesicle movement or transport in the axons.
The final kymographs were generated from time-lapse images
using ImageJ software (NIH, Bethesda, MD, USA).

Statistics

All quantified data were analyzed by one-way ANOVA with a
Tukey’s posttest. Error bars represent standard deviation, and
P < 0.05 was considered statistically significant.

Results

Homozygous Swi/Swl Mutation Leads to
Embryonic Lethality and Maldevelopment of
Mouse Embryos

In the procedure of mouse breeding, we noticed that all
homozygous (Swl/Swl or —/—) embryos demised at E7.5—
E8.5 days, whereas the heterozygous (Swi/+ or —/+) embryos
could survive through the pregnancy and the postnatal 1-week-
old mice were evidently distinguishable from the WT mice due
to the unsteady gait and wobbly locomotion (Figure 1A), which
is consistent with our previous study [7]. To detect any mor-
phological changes in mutated embryos, we took out the
embryos at E7.5 days. The Sw//Swl mice had fetal defects in the
intrauterous development, based on their size, the mobility,
and the morphological abnormality. The size of the Swi/Swl
embryo body was much smaller than Swi//+ or WT embryo (Fig-
ure 1B-D). The morphological defects of Swi/Swl embryo were
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displayed as lack of amniotic sac, smaller size and unstructured
anatomy of somatic body (Figure 1D). These changes indicate
that Sw/ mutation influences the development of mouse
embryos, and dynein protein is essential for the survival of
mouse embryos.

DRG Neurons of Swi/+ Mice Exhibit Excessive
Apoptosis During Mid- to Late- Developmental
Stages

Based on a previous study [7], the number of Swi/+ DRGs neurons
was already decreased at E15.5 days. At birth (P0), the number of
Swl/+ DRGs neurons was decreased by 70%. To determine when
the changes of neuron number in Sw//+ mouse embryos occurred,
we analyzed the DRG neuronal apoptosis at different time points
(E11.5, El13.5, E15.5, El17.5, and P0.5) by TUNEL assay.
The apoptosis rate of WT DRG neurons was 7.89 £ 2.18%
at E11.5 days, 7.67 £ 2.56% at E13.5 days, 5.01 £+ 0.62% at
E15.5 days, 0.51 = 0.11% at E17.5 days, and 0.15 + 0.18% at
P0.5 days (Figure 2A). The apoptosis rate of Sw//+ DRG neurons
at those days was 6.73 + 1.08% at E11.5 days, 18.91 + 1.17% at
E13.5 days, 6.51 £ 1.02% at EI15.5 days, 2.48 + 0.41% at
E17.5 days, and 2.21 + 0.50% at P0.5 days (Figure 2A). The sta-
tistical analysis between two groups (Swl/+ and WT) showed that
the apoptosis rate of Swi/+ was significantly higher than that of
WT at the same embryonic age, noted by an apparent apoptotic
peak (18.91 £ 1.17%) at E13.5 in Swl/+(As shown in Figure 2B).
This finding demonstrated that an excessive apoptosis event
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Figure 1 Morphological analysis of WT, Swi/+,
Swl/Swl mouse embryos. To investigate the
influence of the Swl mutation on the
development of mouse embryos, we
compared mutated and WT mouse embryos at
E7.5 days. (A) The time line of observed
defects occurred in homozygous (—/—) and
heterozygous (+/—) mutated mice. (B-D) The
morphology of WT (B), heterozygous (C), and
homozygous (D) embryos showed that the size
of homozygous(—/—) embryos was much
smaller than heterozygous(+/—) or WT
embryos, and the amniotic sac (pointed out by
arrowhead) was absent in homozygous (—/—)
embryos.

occurred between E11.5 and E15.5 selective to DRG sensory
neurons.

Impairment of NGF Retrograde Transport
Increase Neuron Apoptosis in Developmental
Swi/+ DRG Neurons

To explore the underlying mechanism for the selective apoptosis
of sensory neurons in Sw//+ mice, we did primary neuron culture
and explant culture of DRGs from WT and Sw//+ mice. DRG neu-
rons from E12.5 Swi/+ mice showed significant decrease in cell
number and neurite outgrowth (Figure 3A). To explore whether
Swl mutation influences the retrograde axonal transport of
dynein-driven NGF, we cultured E12.5 DRG neurons from WT
and Sw//+ mice in a Campenot chambers system with or without
NGF deprivation in either cell body (CB) or distal axon (DA) com-
partment (Figure 3B). The condition of neuronal growth was
assessed by the apoptotic cell number and the visible axonal
growth in Campenot chambers. With complete NGF deprivation
for both the neuronal body and distal axon (None), the WT and
Swl/+ neurons showed high apoptosis rates, 10.4+2.83% and
11.742.7%, respectively, which did not differ significantly. When
NGF was withdrawn from the distal axons medium but not from
the neuronal body medium (CB), the neuronal apoptosis rate was
much lower and similar both in WT and Swi//+ neurons,
1.24£0.3% and 1.6+0.58%, respectively. When NGF was with-
drawn from the neuronal body medium while the distal axon
medium still contained NGF (DA), the neuronal apoptosis rate in

© 2016 John Wiley & Sons Ltd
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Figure 2 Dorsal root ganglion (DRG) neurons of Swl/+ mice exhibit
selective apoptosis at different developmental stages. To explore the
changes of neurons in mutated mouse embryos, we analyzed the DRG
neuronal apoptosis at different time points (E11.5, E13.5, E15.5, E17.5,
and PO0.5) by TUNEL assay. (A) Apoptotic cell numbers in Swi/+ mice were
significantly increased at E11.5 to P0.5 days, compared to that of WT,
whereas the peak apoptotic rate appeared at E13.5 days. (B)
Representative figures of TUNEL staining in Swl/+ mice and WT mice. At
least eight sections from each time points were stained and analyzed.
Scale bar 100 um. Data represent mean + SD *P < 0.05; ***P < 0.001.

the WT group was low, 1.0£0.5% compared to a significantly
higher apoptosis rate in the Swi/+ group 6.1£1.64% (P < 0.05)
(Figure 3C). The survival of DRG neurons needs endocytosed
NGF retrogradely transported from nerve terminals to cell bodies.
Thus, this chamber culture data strongly supported the notion
that disrupted retrograde axonal transport of some critical endo-
somes such as NGF probably leads to DRG neuron apoptosis in
Swi/+ mice.

Retrograde Transport of Dynein-Driven
Membrane-Bound Mitochondria was Impaired in
Developmental Swi/+ DRG Neurons

Dynein retrogradely transports membrane-bound organelles
including mitochondria. We quantified the velocity of mitochon-

ISY* mutation

dria transport to evaluate whether the Dynclh
affects the retrograde transport functionality of membrane-bound
cargo. Using time-lapse microscopy, we examined the transport
velocity of mitochondria by MitoTracker Red labeling in the E12.5
Swl/+ and WT DRG axons. When neurons were monitored for
224-second at 2-second intervals, 12 motile vesicles in average
were observed per 100 um axon. Fifteen neurons/axons from
each group were observed and analyzed. The average velocity of
mitochondria anterograde transport was 0.452 pum/min in Swi//+
axons and 0.418 ym/min in WT axons, respectively (P > 0.05).

© 2016 John Wiley & Sons Ltd
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Nevertheless, the velocity of retrograde transport of Swi/+ axons
was 0.357 ym/min, significantly slower than 0.604 ym/min in
WT axons (P < 0.05) (Figure 4B). These data indicated a signifi-
cant deficit of retrograde transport functionality of dynein-driven
mitochondria in Sw//+ axons.

Furthermore, the initial mitochondria movement, indicated by
the mean motile mitochondria counts, was analyzed in both direc-
tions. The mean anterograde motile mitochondrial counts were
2.43 in WT axons and 2.67 in Sw//+ axons (P > 0.05). The mean
retrograde motile mitochondria counts were 4.14 in WT axons
and 4.33 in Swl/+ axons (P > 0.05). This result implicated that
Swl/+ mutation did not affect the initial procedure of retrograde
mitochondria movement (Figure 4C).

Swi, Loa and Cra Mutations in DYNC1H1 Do not
Influence Heavy Chain Dimerization

Our data of embryonic development, neural cell apoptosis, and
retrograde transport velocity, could lead to the notion that the
DynclhI®*"* mutation causes dysfunction of the dynein protein.
As the Swi, Loa, and Cra mutations lie within the binding domain
of DYNCIHI and the completion of dynein functionality needs
homodimerization of two heavy chains of DYNC1H1, we then
asked whether these Dynclhl mutations influenced the homod-
imerization of dynein heavy chains in Swl/+ mice. Using co-IP and
immunoblotting, we evaluated the dimerization of three mutated
dynein heavy chains fragments (Swl, Loa, and Cra synthetic pep-
tides by mutagenesis and cloning in vitro, Figure 5A). First, we
detected the dimerization between mutant fragments and WT
control (Figure 5B). Our results did not show a significant differ-
ence in the ratios of the GFP-labeled and flag-labeled protein
between each group (Figure 5C), indicating that the labeled two
chains had similar levels of pull-down and that these mutations
did not influence the dimerization between mutants fragments
and WT controls. The Sw/ mutant fragment was then evaluated
specifically for their binding ability to Loa or Cra mutant fragments
(Figure 6A), which also did not show any significant difference
(Figure 6B). The co-IP findings demonstrated that the Swi
mutated DYNC1HI1 fragment has the same binding ability to
the other mutated DYNC1HI fragments, in other word, that
the dimerization of dynein heavy chain was not impaired by the
mutations of DYNC1HI.

Discussion

In this study, we further characterized the phenotypes of the Swi!
mutation in DYNC1H1 on morphology of embryos and DRG neu-
rons, the sensory neuron survival, retrograde transport function-
ality of dynein-driven membrane-bound vesicles in neuronal
axons. The Sprawling (Sw/) mouse, firstly described in 1967, had
been generated from an X-irradiation experiment [17]. However,
the causative mutation was not identified until 2007, Chen et al.
[7] determined that the defective sensory neuronal phenotype
arose from a nine base pair in-frame deletion in exon 12 of
Dynclhl that changed four amino acids (GIVT) to a single alanine
(A) residue in a cargo-binding domain. Heterozygous mice for Swi!
mutation have been reported displaying an early-onset sensory
neuronopathy with muscle spindle deficiency [18,19].

CNS Neuroscience & Therapeutics 22 (2016) 593-601 597
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The dynein complex has many critical housekeeping functions
in all cells, including orientation of the mitotic spindle, nuclear
positioning, Golgi maintenance, and endosomal dynamics
[20,21]. In the nervous system, the dynein complex takes on addi-
tional roles specific to neurons. Dynein is involved in multiple
neuron-specific processes, such as neuronal migration [22],
synapse formation [23], growth and development of neurites
[24], as well as axonal transport of microtubules, neurofilaments
[25], and organelles [26]. Homozygosity for null mutations of the
gene causes early embryonic lethality in both Drosophila and mice
[27,28]. Among three Dynclhl mutations, homozygous Loa and
Cra mice die by one day after birth, whereas Sw/ homozygotes die
at the late implantation to early gastrulation stage [6,7]. In this
study, we found that homozygous Swi/Swl embryos aborted at or
around E7.5 days, in agreement with previous finding and again
indicative of the importance of dynein in embryonic develop-
ment.

Chen et al. [7] observed a significant reduction in the number
of Swi/+ lumbar DRG proprioceptive sensory neurons compared
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Figure 3 Impaired retrograde transport of
nerve growth factor (NGF) results in excessive
apoptosis of Swl/+ DRG neurons. To explore
the underlying mechanism for the selective
apoptosis of sensory neurons in Swi/+ mice, we
cultured dorsal root ganglion (DRG) neurons
from WT and Swi/+ mice in Campenot
chambers system with or without NGF
deprivation in two compartments. (A) Both
primary neuron culture and explant culture of
E12.5 DRG neurons showed significant
decrease in cell number and neurite outgrowth
in Swl/+ mice. (B) The schematic diagram of
Campenot chambers system. In the laminin-
coated 35-mm tissue culture dish, a specialized
Teflon divider separates the compartment into
two parts, the distal axonal (DA) compartment
and the cell body (CB) compartment; the
growing axons of neurons penetrate the high
melting point gel underneath the divider into
the DA compartments. (C) DRG neuron
apoptosis in different groups with or without
NGF deprivation was analyzed by TUNEL and
quantified statistically. Data represent

mean + SD from three independent
experiments. *P < 0.05; N.S. not significant.

to that of WT mice at P0.5. In this study, we further detected an
excessive DRG neuronal apoptosis occurring between E11.5 and
E15.5 days, with a peak at E13.5 days. Lines of evidence have
shown that larger motor and proprioceptive sensory neurons
with longer axons are more vulnerable to the diseased condi-
tions than small-sized neurons [29]. Proprioceptive sensory neu-
rons possess a high energy demand and require significant
trafficking capacity and hence may be particularly more sensi-
tive to vesicular and axonal transport defects. It was reported
that there is a change of neurotrophins on DRG neurons during
development. In vitro studies have suggested that sensory neu-
rons switching from dependence on brain-derived neurotrophic
factor (BDNF) or NT-3, to dependence on NGF at approximately
E13 days [30]. We have observed an excess of apoptosis event
between E11.5 and E15.5 and a marked neuron loss at P0.5 in
the Swl/+ lumbar DRGs. This time frame of DRG neuron loss in
Swi/+ mice is consistent with the actions of neurotrophins on
DRG neurons during development, suggesting that disrupted
neurotrophin signaling may be responsible for sensory neuron

© 2016 John Wiley & Sons Ltd
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Figure 4 Retrograde axonal transport of mitochondria was significantly
impaired in Swl/+ DRG neurons. To quantify the axonal transport in Swi/+
DRG neurons, we employed time-lapse microscopy to examine the
transport rate of mitochondria labeled by Mitotracker Red in the axons of
Swl/+ and WT DRG neurons. (A) Kymographs of retrograde transport of
motile mitochondria in dorsal root ganglion (DRG) neurons from E12.5
Swl/+ and WT mice. Solid or hollow arrows indicate typical retrograde or
anterograde motile vesicles, respectively. (B) The mean velocity of
anterograde and retrograde transport of mitochondria in DRG neurons
was analyzed statistically. (C) The mean motile mitochondria counts
analyzed in each directions. For the figures shown in B and C, 15 neurons
from each group were observed and analyzed. Data represent
mean + SD from three independent experiments. *P < 0.05.

loss in Swi/+ mice. Dynein has been found to play an important
role in neurotrophic factor/Trk complexes transport [31,32]. It is
possible that the degeneration of proprioceptive sensory neurons
in Swil/+ mice is one of consequences of defective dynein-based
axonal transport. Results from our chamber experiments
revealed that the retrograde transport of NGF is impaired, which
could be one of the causes for the DRG neuron loss in Swi/+
mice.

Among these Dynclhl mutant mouse strains, Loa/+, Cra/+ mice
have been well studied and gave us many insights into the possi-
ble mechanisms of defects caused by Dynclhl mutations. A study
by Deng et al. [33] reported that the Loa mutation in Dynclhl led
to increased affinity of this subunit of cytoplasmic dynein to light
intermediate and a population of intermediate chains, and a sup-
pressed association of dynactin to dynein. It was also reported that

© 2016 John Wiley & Sons Ltd
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Figure 5 The Swl, Loa, and Cra mutations do not influence the
dimerization of DYNCTH1 fragments with WT DYNC1H1. To explore the
impact of the DYNC1H1 mutations on the structure of the dynein
complex, we measured the dimerization between mutated DYNC1H1
fragments and WT. Different combinations of plasmids with different
mutated DYNCTH1 fragments were co-transfected into HEK 293T cells
using co-IP and immunoblots for further analysis. (A) Domain diagram of
the DYNCTH1 protein showing the position of the known mouse mutants
(Loa, Swl, Cra). (B) Immunoblot images of GFP-labeled and flag-labeled
proteins (GFP-WT set) in cell lysate and co-IP liquid. (C) Quantification of
the band density ratio. FLAG-Luci as a blank control. Numbers “1, 2, 3, 4”
represent “F-Cra/G-WT, F-Loa/G-WT, F-Swl/G-WT, F-WT/G-WT,” respectively.
Data represent mean + SD from three independent experiments.

there is a marked inhibition of motor run-length in vitro and
in vivo, and significantly altered motor domain coordination in the
dynein from Loa/+ mice [34]. The study on Loa/+ mice have also
shown that the Dynclhl mutation changed the conformation of
dynein heavy chain, modifying its interaction with dynein inter-
mediate chain (DIC), dynein light chain (DLIC1), and dynactin
[33,35]. It seems that the mutations in DYNC1H1 may influence
the coordination of subunits in dynein complex. The 9-bp Swi
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Figure 6 Dimerization between the Sw/ DYNCTH1 fragment and other
mutated DYNC1H1 fragments was not influenced by the mutations. The
dimerization between Swl DYNCI1H1 and other mutated DYNC1TH1
fragments was analyzed using above-mentioned co-IP assay. (A)
Immunoblot images of (flag-Sw/ set) in cell lysate and co-IP liquid. (B)
Quantification of the bands density ratio. FLAG-Luci as a blank control.
Numbers “1, 2, 3, 4” represent “F-Swl/G-Cra, F-Swl/G-Loa, F-Swl/G-Swl, F-
Swl/G-WT,” respectively. Data represent mean + SD from three
independent experiments.

deletion is outside the DIC binding region but within the putative
homodimerization domain [36]. To explore the underlying mech-
anism further, we asked whether the Sw/ mutation could influ-
ence the formation of the dynein complex. However, this study
showed that the mutated DYNC1H]1 fragments did not impair the
dimerization of two homogenous heavy chain fragments. Further
studies warrant expanding knowledge on the interaction between
different subunits in dynein complexes, such as DIC, DLIC1, dyn-
actin, and even the cargos transported by the dynein complexes.

J. Zhao et al.

With respect to neurodegeneration, defects in retrograde axonal
transport, mainly driven by cytoplasmic dynein, have already
been reported in several neurodegenerative diseases [3,37]. An
interesting phenomenon has been noticed in the studies of the
dynein-related diseases. Two independent studies have shown
that interactions between mutant SOD19”*# and the dynein Loa/+
and Cra/+ mutations with a significant involvement of motor neu-
rons can markedly attenuate motor neuron degeneration in dou-
ble-heterozygote mice [38,39]. Double mutants had an increased
rate of retrograde axonal transport in embryonic motor neuron
cultures compared with their single-mutant and WT littermates
[38]. No significant increase in life span was observed when the
Loa/+ mouse was crossed to two other SODI1-ALS models:
SODI®*"® and SODI1°®°® transgenic mice [40]. Similarly, no evi-
dence supports a significant delay of average survival time, body
weight loss or motor dysfunction in Swl/SODI®"*4
Despite intense research in this field, the molecular basis for these
DYNCI1HI1 functional discrepancies remains largely unknown at
present. More and more mutations identified in human DYNC1H1

mice [7].

are enriching the picture and clearly show pivotal roles for this
retrograde axonal transport motor complex in neuronal function.
The known mutations have overlapping phenotypes but remain
distinct from each other. This could be partly explained by poten-
tial disruption of binding by different cargoes and adaptors [41].
Many intriguing questions still remain, which may be the key
point to understand the functions of dynein and the underlying
mechanisms of selective neuronal dysfunction in dynein-related
neurodegenerative diseases (so called “dyneinopathies”).

In conclusion, the DynclhI®*”* mutation led to maldevelop-
ment of embryos, sensory neuron loss, and impaired mitochon-
dria transport in DRG neurons. Those deficits, coupling with the
failure of endocytosed NGF retrograde transportation in Swi/+
mice, could likely contribute to the excessive apoptosis of DRG
neurons during the development stages. All of these findings
could enrich our understanding of the pathogenesis underlying
Swl/+ mice and shed new insights onto the functions of dynein.
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