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Assessment of Neuroprotective Effects
of Neurotropin in Cultured Rat Dorsal
Root Ganglion Neurons Using HighThroughput Imaging
Abstract
Background: Neurotropin, a non-protein extract derived from inflamed rabbit skin
following inoculation with vaccinia virus, is an analgesic agent. The mechanism
of action of neurotropin has been partially clarified. No experimental study,
however, has been undertaken to assess oxaliplatin-induced neurotoxicity using
quantitative in vitro high-throughput image analysis. In the present study, to
elucidate the action of neurotropin on dorsal root ganglion (DRG) neurons, we
explored the antioxidative and anti-inflammatory activity of neurotropin. We
assessed the viability and morphological changes in cultured rat DRG neurons
treated with oxaliplatin and neurotropin.
Methods: We plated dissociated DRG neurons from female Sprague-Dawley rats
(100-120 g) into 96-well plates and added oxaliplatin and/or neurotropin. The cells
were examined with a fluorescence microscope, ImageXpress. The images were
analyzed with high content image processing software, MetaXpress. Cells treated
with neurotropin and oxaliplatin were lysed in Pierce RIPA Buffer and subjected to
western blot analysis.
Results: Significant increases in neurite length, neurite area, cell body area,
and neurite branching were observed in the presence of neurotropin in DRG
neurons treated with oxaliplatin. When the highest concentration of neurotropin,
40 neurotropin units (NU) mNU/mL, was applied, a marked effect was seen.
Neurotropin did not affect the phosphorylation of c-Jun N-terminal kinase, but
suppressed the phosphorylation of p38. This finding suggests that neurotropin
reversed oxaliplatin-induced apoptosis via suppression of the p38 mitogenactivated protein kinase signaling pathway.
Conclusion: The results of this in vitro study suggest a possible role for neurotropin
as a useful neuroprotective and anti-apoptotic agent.
Keywords: Neurotropin; Oxaliplatin; Neurotoxicity; Dorsal root ganglion neuron;
Apoptosis; High-throughput imaging
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Introduction
Colorectal cancer, which is a major global public health problem,
is the most commonly diagnosed cancer and the fourth cause of
cancer death worldwide [1]. However, colorectal cancer death
rates declined by about 3% per year for both males and females
between 2003 and 2012 [2]. Oxaliplatin, a platinum-based

chemotherapy drug, is effective in the treatment of advanced
metastatic colorectal cancer. However, it causes serious
acute neurotoxicity (triggered by cold exposure) and chronic
peripheral neurotoxicity (degeneration of sensory and motor
nerves) in patients. Peripheral neurotoxicity is the most frequent
dose-limiting toxicity with oxaliplatin [3]. A previous study
demonstrated that a large percentage of patients underwent
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dose reductions, which can significantly affect the efficacy of
treatment [4].
Acute neurotoxicity, which is characterized by abnormal
sensation, occurs at low cumulative doses within hours or
days of therapy. Patients recover after several hours or days.
Oxaliplatin-induced acute neurotoxicity may not be explained
by morphological damage to the peripheral nerves [5]. Chronic
neurotoxicity is related to the cumulative oxaliplatin dose and
persists for several months. In contrast to acute neurotoxicity,
the cumulative neurotoxicity due to oxaliplatin appears to involve
direct neurotoxicity to peripheral nerves. Morphological changes
were observed in dorsal root ganglia (DRGs) in rats treated with
oxaliplatin [6]. Because chronic neurotoxicity is a serious doselimiting side effect, patients decline oxaliplatin treatment [7].
Chronic pain often lasts for a long time, resulting in poor quality
of life for affected individuals.
Oxaliplatin is degraded to a variety of reactive intermediates,
including oxalate and dichloro (1, 2-diaminocyclohexane)
platinum [8]. In rats, repeated administration of oxaliplatin causes
cold hyperalgesia in the acute phase and mechanical allodynia
in the chronic phase [9]. Oxalate derived from oxaliplatin is
implicated in cold hyperalgesia but not mechanical allodynia
[9]. Chronic neurotoxicity is difficult to treat. Therefore, use of
analgesics in the clinical management of chronic neurotoxicity is
important.
Various drugs have been developed to prevent or treat these two
types of oxaliplatin-induced peripheral neurotoxicity. Gamelin
et al. reported that calcium and magnesium infusions relieve
peripheral neurotoxicity [10]. Several antiepileptic agents, such
as carbamazepine and gabapentin [11], amifostine [12], and
glutathione [13] have demonstrated some degree of success in
preventing and treating oxaliplatin-induced acute neurotoxicity.
However, no standard treatment for neurotoxicity has been
developed.
Neurotropin, a non-protein extract derived from inflamed rabbit
skin following inoculation with vaccinia virus, is an analgesic
agent. Neurotropin has been used clinically for many years in
Japan for the treatment of various types of chronic pain, including
post-herpetic neuralgia, subacute myelo-optic neuropathy, lower
back pain, and other neuropathies. The mechanism of action
of neurotropin has been partially clarified. No experimental
study, however, has been undertaken to assess oxaliplatininduced neurotoxicity using quantitative in vitro high-throughput
image analysis. In the present study, to elucidate the action of
neurotropin on DRG neurons, we explored the antioxidative and
anti-inflammatory activity of neurotropin. We also examined
the effects of neurotropin on neurotoxicity in rat DRG neurons
using the ImageXpress screening system at 10× magnification.
This screening system for evaluating neurotoxicity would benefit
from automated and quantitative in vitro assays that observe
morphological changes in DRG neurons.
We hypothesized that oxaliplatin causes neuronal synapses to
deteriorate in the early phase, finally causing neurite degeneration
and death of neurons. Thus, we used the ImageXpress screening
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system to assess synapse plasticity and changes in neuronal
morphology to assess putative neuroprotective effects of
neurotropin. Thus, we used the ImageXpress screening assay to
quantify the morphological changes in neurites and cell bodies.
After image acquisition, the images were auto-quantified by
specialized image analysis software, MetaXpress Version 1.7.
The analysis data are potential indicators of neurotoxicity, and
we were able to quantify changes in the morphology of these
neurons under different conditions.
Here, we report a new way of quantifying morphological
changes in cultured rat DRG neurons treated with oxaliplatin
and neurotropin utilizing this automated, quantitative, highthroughput imaging system. Using this assay system, we were
able to quantify cell and neurite parameters.
The main contributions of this paper are: (1) we found significant
increases in neurite length, neurite area, cell body area, and
neurite branching in the presence of neurotropin in DRG neurons
treated with oxaliplatin. (2) We demonstrated that neurotropin
reversed oxaliplatin-induced apoptosis via suppression of the
p38 mitogen-activated protein kinase signaling pathway.

Related Work
Kawashiri et al. showed that repeated administration of
neurotropin can alleviate oxaliplatin-induced mechanical
allodynia by suppressing axonal degeneration [14]. A
prospective, open-label, randomized, single-center, pilot
clinical trial to evaluate treatments using neurotropin for
patients with oxaliplatin-induced neurotoxicity reported that
oral administration of neurotropin may effectively and safely
decrease chronic neurotoxicity [15].

Materials and Methods
Primary culture of adult DRG neurons
All animal experimental protocols were approved by the
Institutional Animal Care and Use Committee of Ehime University,
and the experiments were conducted according to the Ethical
Guidelines for Animal Experiments of Ehime University. Sixweek-old female Sprague-Dawley rats (Charles River, Yokohama,
Japan) were housed individually and maintained under light/
dark cycles, with food and water available ad libitum. After 1
week of acclimation, the rats were anesthetized with isoflurane
and euthanized. Primary cultures of adult DRG neurons were
established as previously described [16]. Briefly, ganglia from
the thoracolumbar region were dissected out from the rats and
digested in Ham’s F-12 medium (Wako, Osaka, Japan) containing
2 mg/mL collagenase (Worthington Biochemical Corporation,
Freehood, NJ) at 37°C for 120 min. Subsequently, the ganglia
were incubated in Ca2+/Mg2+-free Hanks’ balanced salt solution
(HBSS; Sigma-Aldrich, St. Louis, MO) containing 2.5 mg/mL
trypsin (Sigma-Aldrich) at 37°C for 15 min. Ganglia were then
triturated using a fire-polished glass pipette in HBSS and purified
by density gradient centrifugation (5 min, 200×g) with 30%
Percoll (GE Healthcare Bio-Science Corp., Piscataway, NJ). The
isolated cells were plated at a density of 5000 cells/well in 96-well
This Article is Available in: www.jbiomeds.com
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plates coated with poly-l-lysine (Sigma-Aldrich). DRG neurons
were cultured for 2 weeks in Ham’s F-12 medium containing
10% fetal bovine serum (Hyclone, Logan, UT), 2% B-27 serumfree supplement (Thermo Fisher Scientific, Rockford, IL), and 1%
penicillin-streptomycin-amphotericin B suspension (Wako) at
37°C in a humidified 5% CO2 atmosphere.

Drugs and cell culture
Neurotropin was a kind gift from Nippon Zoki Pharmaceutical
Co., Ltd. Neurotropin was dissolved in Ham’s F-12 medium.
Oxaliplatin was purchased from Tokyo Chemical Industry Co. Ltd.
DRG neurons were treated with neurotropin at concentrations
of 4 and 40 neurotropin units (NU) mNU/mL and/or 0.1 μM
oxaliplatin.

Fluorescent staining
Cells were fixed with 4% paraformaldehyde in phosphatebuffered saline (PBS) at 4°C for 15 min, rinsed twice with PBS,
and then blocked with BlockHen (Aves Labs, Tigard, OR) for 15
min at room temperature to reduce nonspecific staining. The
96-well plates were incubated with anti-beta III tubulin antibody
(1:1000; Abcam, Cambridge, UK) as the primary antibody at
room temperature for 1 hour and rinsed three times. The 96well plates were incubated with goat anti-chicken IgY H&L (FITC;
1:500; Abcam) as the secondary antibody at room temperature
for 1 hour, rinsed three times, and then stained with Hoechst
33342 (0.1 mg/mL; Dojindo, Kumamoto, Japan) for 20 min at
room temperature.

Analysis with ImageXpress and MetaXpress
The cells were examined with a fluorescence microscope,
ImageXpress Micro (Molecular Devices, Sunnyvale, CA). The
images were analyzed with high content image processing
software, MetaXpress (Molecular Devices). The images were
acquired with a 600 ms exposure time. Neurites and cell bodies
were identified using the Angiogenesis module of MetaXpress.
Neurite parameters were set to a 2-pixel minimum and a 22-pixel
maximum, and cell body parameters were set to a width of over
22 pixels. Total neurite length, total neurite area, total cell body
area, and total neurite branching per well were determined using
the ImageXpress screening system. The Angiogenesis module
has low time complexity and is suitable for this analysis. The
algorithm flowchart is shown in Figure 1.

Cytotoxicity of neurotropin
The toxicity of neurotropin was assayed using the direct cell
counting function of the ImageXpress software. Two weeks after
seeding the DRG neurons, different concentrations of neurotropin
were added to the 96-well plate. The cultures were further
incubated for 1 week, and then neuronal nuclei were stained with
Hoechst 33342 (0.1 mg/mL) for 20 min at room temperature. Six
replicates of all experiments were performed. The relative cell
viability (%) was expressed as the percent of untreated control
cells in cell culture medium without neurotropin. The cell
counting algorithm, which is the cell scoring application module
of MetaXpress software, detected stained nuclei in each well of
the 96-well plate.
© Under License of Creative Commons Attribution 3.0 License

Figure 1 Algorithm flowchart of Angiogenesis module.

Western blot
Cells treated with neurotropin and/or oxaliplatin were lysed
in Pierce RIPA Buffer (Pierce Biotechnology, Rockford, IL) and
subjected to western blot analysis. Each sample containing 30
μg of protein was electrophoresed on a 10% SDS gel at 200 V
for 60 min at room temperature. Proteins were transferred
onto polyvinylidene difluoride membranes (Bio-Rad, Hercules,
and CA). Blots were blocked in PBS with 5% nonfat dry milk and
0.1% Tween for 1 hour at room temperature. Membranes were
washed and then incubated with 1:1000 dilutions of monoclonal
thioredoxin (TRX) rabbit antibody (Cell Signaling Technology,
Beverly, MA), monoclonal p38 mitogen-activated protein kinase
(MAPK) rabbit antibody (Cell Signaling Technology), monoclonal
phospho-p38 (pp38) MAPK rabbit antibody (Cell Signaling
Technology), c-Jun N-terminal kinase (JNK) rabbit antibody
(Cell Signaling Technology), phospho-JNK rabbit antibody (Cell
Signaling Technology), or beta-actin rabbit antibody (Cell Signaling
Technology) at 4°C overnight. Next, the membranes were
incubated with anti-rabbit IgG HRP conjugate (1:2000; Promega,
Madison, WI) as the secondary antibody at room temperature
for 1 hour. Bands were visualized by chemiluminescence using
ImmunoStar LD (Wako), and luminescent images were analyzed
with ImageQuant LAS 4010 (GE Healthcare, Chicago, IL).

Statistical Analysis
Data were analyzed using a repeated measures one-way analysis
of variance followed by Tukey’s test for post-hoc comparisons.
A p value less than 0.05 denoted the presence of a statistically
significant difference. All statistical analyses were performed
using Graphpad Prism version 6.0 (Graphpad Software, San
Diego, CA).

Results
The viability of DRG neurons exposed to neurotropin
The viability of DRG neurons exposed to neurotropin is shown in
Figure 2A. We found no change in the viability of DRG neurons
treated with different concentrations (4 and 40 mNU/mL) of
neurotropin. The general morphology of the DRG neurons
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incubated with or without neurotropin in phase contrast
microscopy is shown in Figure 2B-2D. No significant cytotoxicity
at concentrations below 40 mNU/mL was observed.

The effects of neurotropin on neurite length,
neurite area, cell body area, and neurite
branching
Because neurotropin may exert a protective effect against
oxaliplatin-induced mechanical allodynia by suppressing axonal
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degeneration [14], we developed an automated protocol to
determine whether neurotropin protects against oxaliplatininduced morphological changes in DRG neurons. DRG neurons
were grown in the absence of neurotropin, 4 mNU/mL
neurotropin, or 40 mNU/mL neurotropin and treated with 0.1
μM oxaliplatin for 7 days and fixed. Representative images of
vehicle and oxaliplatin-treated cultures in the absence of added
neurotropin and in the presence of 4 or 40 mNU/mL neurotropin
at day 7 are shown in Figure 3. Quantification of neurite length,

Figure 2 Cytotoxicity of neurotropin in DRG neurons. (A) Cell viability of DRG neurons cultured in the absence or presence of neurotropin (4
or 40 mNU/mL) for 1 week. The general morphology of DRG neurons incubated without neurotropin (B). The general morphology
of DRG neurons incubated with 4 mNU/mL (C) or 40 mNU/mL (D) neurotropin. Scale bar: 40 μm. (original magnification, ×200).
Abbreviations: DRG, dorsal root ganglion; NU, neurotropin units.

Figure 3 Representative images of vehicle- and oxaliplatin-treated cultures in the absence of added neurotropin and in the presence of
4 or 40 mNU/mL neurotropin at day 7. (A) Control. (B) Oxaliplatin (0.1 μM). (C) Neurotropin (4 mNU/mL). (D) Neurotropin (40
mNU/mL). (E) Oxaliplatin (0.1 μM) plus neurotropin (4 mNU/mL). (F) Oxaliplatin (0.1 μM) plus neurotropin (40 mNU/mL).
Scale bar: 40 μm, Abbreviation: NU, neurotropin units.
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neurite area, cell body area, and neurite branching in DRG neurons
treated with control or oxaliplatin in the presence or absence of
neurotropin was performed using the ImageXpress screening
system (Figure 4). The results also indicated significant effects of
neurotropin on neurite length, neurite area, cell body area, and
neurite branching in DRG neurons treated with oxaliplatin.

Activation pp38 and JNK in DRG neurons
Western blotting of DRG neurons demonstrated activation of
the p38 MAPK pathway (Figure 5). Exposure of DRG neurons to
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neurotropin (40 mNU/mL) significantly decreased the level of
pp38, whereas the level of p38 was unchanged. In contrast, the
JNK MAPK pathway was not activated (Figure 5).

Expression of TRX in DRG neurons
We examined whether TRX expression was different between
oxaliplatin- and neurotropin-treated DRG neurons and DRG
neurons treated with oxaliplatin only. Western blotting showed
that neurotropin induced the expression of TRX in oxaliplatintreated DRG neurons in a dose-dependent manner (Figure 6).

Figure 4 Quantification of neurite length (A), neurite area (B), cell body area (C), and neurite branching (D) in DRG neurons. Total neurite
length, total neurite area, total cell body area, and total neurite branching per well were determined using the ImageXpress
screening system. *p<0.05, significantly different from oxaliplatin-treated DRG neurons in the absence of neurotropin, as
determined by one-way ANOVA followed by Tukey’s test for post-hoc comparisons. Abbreviations: DRG, dorsal root ganglion;
ANOVA, analysis of variance; NU, neurotropin units.

© Under License of Creative Commons Attribution 3.0 License
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Figure 5 Western blotting image of p38, pp38, JNK, pJNK,
and β-actin expression in DRG neurons. Thebottom
panel is a loading control with β-actin. Oxaliplatintreated neurons in the absence of neurotropin
showed much stronger pp38 expression compared
with oxaliplatin-treated neurons in the presence
of neurotropin (40 mNU/mL). Abbreviations: DRG,
dorsal root ganglion; JNK, c-Jun N-terminal kinase;
NU, neurotropin units.

Figure 6 Western blotting image of TRX and β-actin
expression in DRG neurons. The bottom panel
is a loading control with β-actin. Oxaliplatintreated neurons in the absence of neurotropin
showed much lower TRX expression compared
with oxaliplatin-treated neurons in the presence
of neurotropin (40 mNU/mL). Abbreviations:
DRG, dorsal root ganglion; TRX, thioredoxin; NU,
neurotropin units.

Discussion
Neurotropin decreases chronic neurotoxicity, but the mechanism
of action of neurotropin has been only partially clarified.
Accordingly, in vitro experiments were carried out to elucidate
the mechanism of action of neurotropin in DRG neurons.
In this report, we describe an automated, quantitative, highthroughput imaging system for multiparametric measurement of
the cellular response to investigate the efficacy of neurotropin.
In vitro high-throughput screening assays are needed to examine
and quantitate the cytoprotective effects of drugs on DRG
neurons. High-throughput imaging of neurons is particularly
useful for toxicity screening, as it can measure cell viability and
generate multiparametric readouts [17,18].
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In this study, we report the establishment of a quantitative highthroughput analysis method that included multiple parameters,
allowing for assessment of the morphological features of DRG
neurons. Specifically, the cytoprotective effect of neurotropin
was characterized by assessing the neurite length, neurite area,
cell body area, and neurite branching. We hypothesized that a
functional in vitro assay for neuronal morphology would be useful
for quantitation of the neuroprotective effect of neurotropin. As
shown in Figure 2, no neurotoxicity effect was observed in DRG
neurons treated with neurotropin at concentrations of 4 and 40
mNU/mL. Because neurotropin significantly increased the neurite
length, neurite area, cell body area, and neurite branching,
neurotropin treatment may decrease the neurotoxicity of
oxaliplatin (Figure 4).
Enhanced stability of microtubules leads to an increase in the
length of microtubule polymers and subsequently results in an
increase in neurite length [19]. Meanwhile, neurite stability could
be a reflection of microtubule stability, which may accordingly
prevent neurite retraction. Therefore, neurotropin may be
neuroprotective due to enhancement of microtubule stability.
Oxaliplatin treatment simultaneously decreases the total RNA
content of DRG neurons and alters the DRG neuronal size [20].
Oxaliplatin induces global transcriptional arrest, leading in turn
to neuronal atrophy. DRG neurons may be especially vulnerable
to oxaliplatin-induced neurotoxicity because they require high
levels of global transcriptional activity. The data presented in
this paper demonstrated that oxaliplatin reduced the cell body
size. In contrast, cell body size was maintained in the presence
of neurotropin. These considerations have led us to hypothesize
that neurotropin protects DRG neurons from oxaliplatin-induced
inhibition of transcription.
The increase in neurite branching after treatment of DRG neurons
with neurotropin was unexpected, and the mechanism by which
neurotropin increases neurite branching remains unexplained.
Cholesterol affects the membrane properties of neurites by
improving neurite adhesion to the extracellular matrix and
increasing the number of neuronal growth cones, both of which
enhance neurite branching [21]. Neurotropin significantly reduces
axonal transport in a concentration-dependent manner in DRG
neurons [22]. Axonal transport could convey some components
related to cholesterol metabolism, resulting in decreased neurite
branching of DRG neurons.
Oxaliplatin, which is a platinum-based anticancer drug, causes
peripheral neurotoxicity by damaging DRG neurons. This
mechanism of action involves platinum binding to DNA bases,
which inhibits DNA replication and transcription, resulting in
tumor cell cycle arrest and apoptosis [23]. Our results indicated
that neurotropin prevented oxaliplatin-induced neurotoxicity
and cell death in cultured DRG neurons. MAPK signaling plays an
important role in the sensitivity to anticancer drugs [24]. Activated
MAPK transmits extracellular signals to regulate many cellular
processes such as cell proliferation, migration, differentiation
[25], and apoptosis [26]. Six mammalian MAPK signaling
pathways have been characterized in detail: extracellular signalregulated kinase-1/2 (ERK1/2), ERK3/4, ERK5, ERK7/8, JNK, and
This Article is Available in: www.jbiomeds.com
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the p38 isoforms α/β/γ(ERK6)/δ [27-30]. Stress-activated MAPK,
p38 MAPK, and JNK play an important role in the treatment
outcome and sensitivity to anticancer drugs [24]. Treatment
with oxaliplatin activates phosphorylation of p38 MAPK [31].
The activation of JNK and p38 MAPK is critical for induction of
apoptosis [32]. Western blot analysis was performed to detect
JNK, pJNK, p38, and pp38 protein levels in DRG neurons following
oxaliplatin treatment (Figure 5). We observed that neurotropin
did not affect the phosphorylation of JNK but suppressed the
phosphorylation of p38 (Figure 5). This finding suggests that
neurotropin may alleviate oxaliplatin-induced apoptosis via
suppression of the p38 MAPK signaling pathway.
Although the mechanism underlying oxaliplatin-induced
neurotoxicity is not clearly understood, oxaliplatin may generate
formation of reactive oxygen species, which could interfere
with the antioxidant defense system, causing cytotoxic effects
and apoptosis [33-36]. TRX is a multifunctional protein with a
molecular mass of 12 kDa that acts as an antioxidant and antiapoptotic molecule [36,37]. TRX is a binding partner of apoptosis
signal-regulating kinase 1 (ASK1) and a negative regulator of
ASK1 [38]. TRX directly binds to ASK1 and inhibits ASK1 kinase
activity [38]. ASK1 is a MAPK kinase kinase (MKK) that activates
p38 MAPK (via activation of MKK3/MKK6) [39]. In this study, we
also examined the expression of TRX by western blotting (Figure
6). Treatment of neurotropin enhanced the expression of TRX in a
concentration-dependent manner (Figure 6), inhibited activation
of the p38 pathway (Figure 5), and protected DRG neurons from
oxaliplatin-induced neurotoxicity (Figures 3 and 4). These results
suggest that neurotropin may alleviate oxaliplatin-induced
apoptosis via the ASK1-p38 signaling pathway in DRG neurons
through the induction of TRX.
Neurotropin is a well-known analgesic agent, but its
neuroprotective effects have not been investigated. Neurotropin
enhances cytoprotective effects against a variety of oxidative
stressors in lung cells [40]. The effect mediated by the induction
of TRX attenuates reactive oxygen species production [40]. The
mechanism of pain relief by neurotropin is believed to be inhibition
of kallikrein-kinin activity [41,42]. Neurotropin contains a variety
of non-protein components, which may mediate antioxidative
and anti-inflammatory activity. Cytoprotective effects of TRX on
oxidative lung injury have been observed [40,43]. Taken together
with our in vitro data, the induction of TRX after neurotropin
treatment may inhibit apoptosis in DRG neurons.
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