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Diethyldithiocarbamate, a superoxide dismutase inhibitor,
inhibits axonal transport in cultured mouse dorsal root ganglion neurons

Risa Isonaka

Department of Physiology, Kitasato University School of Medicine

Background: Axonal transport is an important neuronal cell function, as it serves to supply neuron
materials and conveys information.  Therefore, any change in axonal transport expresses the state of
neurons, and impairment of axonal transport precedes neuronal degeneration.  Reactive oxygen species
(ROS) and oxidative stress are implicated in neuronal damage and are an important pathology in
neurodegenerative diseases.  The Cu/Zn superoxide dismutase (SOD1) antioxidant enzyme protects
cells against ROS.
Objective: In this study, we investigated the effects of diethyldithiocarbamate (DDC), a SOD1 inhibitor,
on axonal transport in cultured dorsal root ganglion (DRG) neurons.
Methods: Anterograde and retrograde movements of particles in axons were observed in real-time by
video-enhanced microscopy.
Results: DDC significantly reduced axonal transport in a time-dependent manner without affecting
the diameter or morphology of neurites.  The DDC-induced suppression of axonal transport was
abrogated by pretreatment with the antioxidant, α-tocopherol.
Conclusions: These results suggested that DDC treatment increased endogenous oxidative stress in
DRG neurons, which in turn inhibited axonal transport, and that α-tocopherol could be helpful in
preventing oxidative stress-related impairment of axonal transport.
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Introduction

he superoxide anion radical is a reactive oxygen
species (ROS) produced as a natural product from

the mitochondrial respiratory chain and microsomal
electron transport system.1,2  Under normal conditions,
the balance between generation and elimination of ROS
is controlled by antioxidant enzymes.  However, ROS
are not completely eliminated by such enzymes, and
excess ROS (e.g., oxidative stress) damages the DNA,
proteins, and lipids in neuronal cells, leading to apoptotic
cell death.3,4  The Cu/Zn superoxide dismutase (SOD1)
is a major antioxidant enzyme that catalyzes endogenous
superoxide anion radicals.5  SOD1 missense mutations
have been identified in familial amyotrophic lateral
sclerosis (ALS),6 implicating reduced SOD1 activity in

SOD1-associated familial ALS.7,8  Therefore, SOD1 has
attracted attention as a protective enzyme against damage
caused by accumulation of oxidative stress and as a factor
involved in the pathogenesis of ALS.

Axonal transport is an important neuronal cell function
as it serves to supply neuronal material and conveys
information.  Axonal transport regulates neuronal
information through the supply of neurotransmitters in
the presynapse.9,10  We have recently used a reduced
preparation of cultured dorsal root ganglion (DRG)
neurons to study both the anterograde and retrograde
axonal transport under physiological conditions, and
demonstrated that this regulated process can be influenced
by certain substances such as neurotropin.11  Experimental
evidence indicates that changes in axonal transport reflect
changes in neuronal activity.  Impairment of axonal
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transport is considered to cause neuronal degeneration
and is involved in the pathogenesis of various
neurodegenerative diseases.12,13

Both SOD1 and axonal transport maintain normal
neuronal cell function.  It is, therefore, conceivable that
inhibition of either of the two could result in neuronal
dysfunction.  In this in vitro study, we used our reduced
p r e p a r a t i o n  t o  t e s t  t h e  d i r e c t  e f f e c t s  o f
diethyldithiocarbamate (DDC), a SOD1 inhibitor, on
axonal transport in cultured DRG neurons.

Materials and methods

Cell culture
The experimental protocol was approved by the Animal
Experimentation Ethics Committee of Kitasato University
School of Medicine and conformed to the National
Institutes of Health Guidelines for the Ethical Conduct
and Use of Animals.

Adult male C57BL/6 mice were euthanized by
intraperitoneal injection of pentobarbital sodium (50 mg/
kg of body weight).  The DRG were removed and then
incubated at 37℃ for 90 minutes in Ham's F-12 medium
(Life Technologies, Carlsbad, CA, USA) containing 2
mg/ml collagenase (Worthington Biochemical, Freehold,
NJ, USA).  Subsequently, the ganglia were enzymatically
and mechanically dissociated.11  The isolated cells were
plated onto poly-L-lysine-coated cover glass and cultured
for 48 hours in Ham's F-12 medium containing 10% fetal
bovine serum, penicillin (60μg/ml) and streptomycin
(100μg/ml) at 37℃ under humidified 5% CO2

atmosphere.

Solutions and drugs
The composition of physiological salt solution (PSS) was
used for perfusion 140 mM NaCl, 5 mM KCl, 1 mM
CaCl2,  1 mM MgCl2,  10 mM HEPES (4-([2-
hydroxyethyl])-1-piperazineethanesulfonic acid), and 5.5
mM glucose.  The SOD1 inhibitor, sodium N, N-
diethyldithiocarbamate trihydrate (Wako, Osaka), was
first dissolved in water at a high concentration (1 M,
stock solution), and then diluted with PSS to final
concentrations of 0.1μM, 1μM, 10μM, and 100μM.
As antioxidant, we used (±)-α-tocopherol nicotinate
(Sigma-Aldrich, Tokyo), which was dissolved in dimethyl
sulfoxide (DMSO, Wako).  The final concentration of
DMSO was 0.01%, which was confirmed in a series of
preliminary experiments to have no effect on axonal
transport.  The final concentration of α-tocopherol used
in the experiments was 1 mM.  The pH of all the solutions
used in the study ranged from 7.3 to 7.4.

Experimental cell preparation and video-enhanced
microscopic recordings
A cover glass was prepared for cell cultures as described
previously11 and then mounted onto the temperature-
controlled stage of an inverted Zeiss Axomat microscope
(Carl Zeiss, Oberkochen, Germany) equipped with an
oil immersion Plan-Apochromat 63 × 1.30 objective
(Carl Zeiss).  DDC solution was added to the chamber
using a Pasteur pipette, and the temperature of the stage
was maintained at 37℃.  Any expelled solution was
removed with an infusion pump.

The Nomarski differential interference images were
converted into analogue video images using a video
camera and a real-time digital video image enhancement
system.  The processed analogue images were displayed
on a video monitor and stored using a video recorder.11

The contrast enhancement and shading of each image
was set at the start of all the experiments.  By using this
method, we were able to observe particles measuring
≥50 nm traversing the axon.  Smaller particles measuring
<50 nm were sometimes difficult to view and were,
therefore, excluded from analysis to avoid potential
measurement inaccuracy.

Analysis of axonal transport
The numbers of particles (diameter ≥50 nm) moving
toward the axon terminal (anterograde) and back to the
cell body (retrograde) per unit time were counted
manually, on the replayed video, before and during the
addition of DDC.  Data are expressed as mean ± SD
percentage of the number counted before the addition of
DDC (in the control PSS medium, baseline).  Differences
between PSS and DDC treatments were tested by the
Mann-Whitney U test.

Measurement and analysis of neurite diameter
The diameter of the axon at a distance of 20μm from the
initial segment was measured on the captured images
before and after the addition of PSS and DDC using the
NIH Image J software version 1.44.14  The diameter was
measured before and after the addition of DDC.  All data
are expressed as mean ± SD percentage values relative
to the control value.  The percent change in the diameter
of neurons after 40 minutes of DDC treatment relative to
that of neurons treated for a similar period with PSS, was
compared by the Mann-Whitney U test.

Results

Effects of DDC on axonal transport in DRG neurons
At the start of experiments while DRG neurons were
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Figure 1.  Changes in anterograde and retrograde axonal transport of particles during treatment with PSS (A), and DDC without (C, E,
G, I) and with (D, F, H, J) pretreatment with α-tocopherol in cultured mouse dorsal root ganglion neurons.  Data are percentages of
moving particles during 40-minute treatment with PSS or DDC and are expressed as mean ± SD of 6 neurons, relative to the value before
treatment (baseline).  The rates of particle movement were significantly lower at all DDC concentrations compared with PSS (*P < 0.05,
**P < 0.01, Mann-Whitney U test).  (B) Comparison of the values after 40-minute treatment with DDC between with and without
pretreatment with α-tocopherol.  Data are expressed as mean ± SEM (#P < 0.05, ##P < 0.01, Mann-Whitney U test).
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exposed to PSS, the numbers of traversing organelles at
any particular region of the axon were the same in both
directions.  The number of particles traversing the axon
per unit time under control conditions (application of
PSS) was 48.3 (n = 54) in anterograde and 50.0 (n = 54)
in retrograde direction.  Changes in the number of particles
traversing the axons in anterograde and retrograde
directions in the neurite of DRG neurons were recorded
by video-enhanced microscopy during a 40-minute period
of treatment with DDC at 0.1μM, 1μM, 10μM, and
100μM.  The mean (±SD) percentage of moving
particles during the 40-minute treatment with DDC,
relative to the value before treatment (baseline), was 51%
at 0.1μM DDC (Figure 1C), 43% at 1μM (Figure 1E),
30% at 10μM (Figure 1G), and 9% at 100μM (Figure
1I).  At all concentrations, DDC significantly reduced
the rates of particle movement in both directions in a
time-dependent manner compared with PSS.

As shown in Figure 2, the axon diameter did not
change in the presence of even the highest concentration
of DDC (100μM) throughout the experimental period.
Relative to the baseline value, the percent change in axon
diameter after the 40-minute treatment with 100μM of
DDC (and other concentrations) was 99 ± 7%, which
was similar to that measured after the 40-minute treatment
with PSS, 101 ± 3% (P = 0.4751).  We also examined
the effects of DDC on the structure of cellular organelles
and cytoskeleton, which are important for axonal
transport.  Mitochondria, lysosomes, actin filaments,

microtubules, and neurofilaments were visualized and
identified.  Their structures in neurons treated with 100μM
of DDC for 40 minutes were clearly not different from
those of the control neurons (data not shown).

Effect of α-tocopherol on DDC-induced suppression of
axonal transport
Finally, we examined the effects of an antioxidant, α-
tocopherol, on the DDC-induced suppression of axonal
transport.  The rate of particle movement in DRG neurons
pretreated with α-tocopherol (1 mM) and subsequently
treated for 40 minutes with α-tocopherol (1 mM) plus
DDC (1μM, 10μM, or 100μM) was significantly higher
than in DRG neurons treated with DDC alone (Figure
1B, D, F, H, and J).  These results indicate that α-
tocopherol partially blocked the inhibitory effect of DDC
on axonal transport in DRG neurons.

Discussion

In the present study, we examined real-time axonal
transport in DRG neurons before and after SOD1
inhibition by DDC treatment.  The effect of inhibition of
SOD1 resembled that of accumulation of endogenous
oxidative stress, i.e., suppression of bidirectional axonal
transport.  The morphometric data showed that inhibition
of axonal transport occurred without any change in neurite
diameter or structure of organelles and cytoskeleton in
neurites.  We have recently reported that the same drug

Figure 2.  Video images of the neurite, acquired before (left panels) and 40 minutes after
treatment (right panels) with PSS (top) and 100μM DDC (bottom).  Scale bar, 5μm.  DDC
had no effect on the diameter of axons, compared with PSS (P < 0.05, Mann-Whitney U test).
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DDC stunted neurite growth.15  Although longer action
of the SOD1 inhibitor may result in structural changes,
the present findings, and our previous study,15 indicate
that accumulation of endogenous oxidative stress disrupts
axonal transport before morphological degeneration.  This
conclusion is in agreement with the findings of Fang et
al.,16 who showed that, one of the ROS, hydrogen
peroxide-induced inhibition of axonal transport in
cultured rat hippocampal neurons occurred relatively
early, before changes in mitochondrial morphology.
Furthermore, two other studies that examined the
expression of mutant SOD1 in a transgenic mouse model
of ALS demonstrated that impairment of fast and slow
axonal transport is an early pathogenic change in ALS.17,18

Considered together, the above studies and our findings
support the notion that the accumulation of endogenous
oxidative stress has a marked and immediate inhibitory
effect on axonal transport, and that such inhibition is, at
least in part, related to the subsequent morphological
degenerative changes in neuronal materials.

We also examined the effects of α-tocopherol, an
antioxidant, in preventing the DDC-induced inhibition
of axonal transport.  α-Tocopherol is a lipid soluble
antioxidant that interferes with the chain reaction of
oxidative stress.  Our results indicated that α-tocopherol
seems to be effective in preventing oxidative stress-
induced damage of axonal transport.  These results add
support to those of previous experimental studies that
described the beneficial effects of α-tocopherol.  Kruman
et al.19 showed pretreatment with α-tocopherol protected
cultured spinal neurons from SOD1 mice against
glutamate-induced oxidative stress-related excitotoxicity.
Furthermore, Gurney et al.20 reported that α-tocopherol
significantly delayed the onset of signs and clinical
symptoms in transgenic mouse model of familial ALS.
α-Tocopherol is also examined as therapeutic methods
against Alzheimer's disease (AD), oxidative stress plays
an important role in its pathogenesis.21,22  It is reported
that α-tocopherol could be useful in the prevention of
oxidative damage in a transgenic mouse model of AD.23,24

At this stage, however, clinical trials of antioxidants in
ALS patients have yet to be completed and their results
published.25,26  Other studies have also reported a negative
effect or a modest positive effect of antioxidants on
cognitive function in patients with AD or elderly
individuals.27  Our findings provide an evidence base for
the development of therapy for both impairment of axonal
transport- and oxidative stress-related neurodegenerative
diseases.

In conclusion, the present study demonstrated that
excess endogenous oxidative stress induced by the

inhibition of SOD1 suppressed bidirectional axonal
transport without apparent morphological changes in
neurites.  The results suggest that inhibition of axonal
transport occurs before morphological degenerative
changes of organelles and cytoskeleton; elements
involved in the regulation of axonal transport.  An
antioxidant α-tocopherol blocked the SOD1 inhibitor-
induced suppression of axonal transport.  Based on these
findings, α-tocopherol may be helpful in rescuing the
inhibition of axonal transport caused by oxidative stress.
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