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While oxidative stress has been implicated in small-fiber painful peripheral neuropathies, antioxidants are only partially effective to treat
patients. We have tested the hypothesis that Drp1 (dynamin-related protein 1), a GTPase that catalyzes the process of mitochondrial
fission, which is a mechanism central for the effect and production of reactive oxygen species (ROS), plays a central role in these
neuropathic pain syndromes. Intrathecal administration of oligodeoxynucleotide antisense against Drp1 produced a decrease in its
expression in peripheral nerve and markedly attenuated neuropathic mechanical hyperalgesia caused by HIV/AIDS antiretroviral [ddC
(2�,3�-dideoxycytidine)] and anticancer (oxaliplatin) chemotherapy in male Sprague Dawley rats. To confirm the role of Drp1 in these
models of neuropathic pain, as well as to demonstrate its contribution at the site of sensory transduction, we injected a highly selective
Drp1 inhibitor, mdivi-1, at the site of nociceptive testing on the dorsum of the rat’s hindpaw. mdivi-1 attenuated both forms of neuro-
pathic pain. To evaluate the role of Drp1 in hyperalgesia induced by ROS, we demonstrated that intradermal hydrogen peroxide produced
dose-dependent hyperalgesia that was inhibited by mdivi-1. Finally, mechanical hyperalgesia induced by diverse pronociceptive medi-
ators involved in inflammatory and neuropathic pain—tumor necrosis factor �, glial-derived neurotrophic factor, and nitric oxide—was
also inhibited by mdivi-1. These studies provide support for a substantial role of mitochondrial fission in preclinical models of inflam-
matory and neuropathic pain.

Introduction
Mitochondrial dysfunction has been implicated in neuropathic
pain states, including those produced as side effects of drugs used
to treat cancer (e.g., the platinum-based chemotherapeutics ox-
aliplatin and cisplatin) (Flatters and Bennett, 2006; Joseph and
Levine, 2006, 2009) and HIV/AIDS (e.g., the nucleoside reverse
transcriptase inhibitors) (Dalakas, 2001; Joseph et al., 2004; Osio
et al., 2006; Vanotti et al., 2007). The mechanical hyperalgesia
associated with these forms of painful peripheral neuropathy is
antagonized by inhibitors of mitochondrial functions, including
all five mitochondrial electron transport chain complexes (Jo-
seph and Levine, 2006), oxidative stress (Green et al., 2004; Osio
et al., 2006; Vanotti et al., 2007), generation of reactive oxygen
species (ROS) (Joseph and Levine, 2010), and apoptotic signaling
(Joseph and Levine, 2009). In patients, while antioxidants have
been shown to have efficacy against symptoms of peripheral
neuropathy associated with diabetes (Ziegler et al., 2004; Ar-
gyriou et al., 2006; Foster, 2007; Sima, 2007), complex regional
pain syndrome type I, and chemotherapy-induced painful

neuropathy (Bureković et al., 2008; Besse et al., 2009; Mijn-
hout et al., 2010; Pace et al., 2010), these effects have been
relatively modest. It has been suggested that this limited effi-
cacy is due to a failure to achieve sufficient antioxidant levels
within the mitochondrion (Murphy and Smith, 2007), the
major site of ROS generation (Inoue et al., 2003; Brand, 2010).
Of note in this regard, antioxidants targeted to the mitochon-
drion have been developed (Rocha et al., 2010; Li et al., 2011)
and are being studied in preclinical models (Gane et al., 2010;
Smith and Murphy, 2011).

Oxidative stress causes disturbances in mitochondrial dy-
namics (e.g., biosynthesis, transport, and fission and fusion),
and disturbances in mitochondrial dynamics lead to the in-
creased production of ROS (Bailey, 2003; Green et al., 2004;
Lin and Beal, 2006; Cassidy-Stone et al., 2008; Yu et al., 2008;
Chen and Chan, 2009; Li et al., 2010ab; Su et al., 2010; Wester-
mann, 2010; Otera and Mihara, 2011; Tan et al., 2011). Mito-
chondrial fission, in particular, has been shown to mediate
pathophysiological production of ROS (Bailey, 2003). There-
fore, in the present study we evaluated the role of mitochon-
drial fission in neuropathic pain states known to be associated
with mitochondrial dysfunction (e.g., antiretroviral and anticancer
chemotherapy) (Berger et al., 1993; Dalakas, 2001; Quasthoff and
Hartung, 2002; Joseph et al., 2004; Joseph and Levine, 2006, 2009),
hyperalgesia induced by mediators of inflammatory, and neuro-
pathic pain, and tested the hypothesis that ROS are upstream
mediators of dynamin-related protein 1 (Drp1)-dependent mi-
tochondrial fission in models of chemotherapy-induced neuro-
pathic pain.
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Materials and Methods
Animals. Experiments were performed on adult male Sprague Dawley
rats (200 –220 g; Charles River). Animals were housed three per cage,
under a 12 h light/dark cycle, in a temperature- and humidity-controlled
environment. Food and water were available ad libitum. All nociceptive
testing was done between 10:00 A.M. and 4:00 P.M. All experimental
protocols were approved by the University of California, San Francisco
Committee on Animal Research and conformed to National Institutes of
Health Guidelines for the Care and Use of Laboratory Animals. All efforts
were made to minimize the number of animals used and their suffering.

Nociceptive behaviors. The nociceptive withdrawal threshold in rat
hindpaw was measured using an Ugo Basile Algesymeter, as previously
described (Ferrari and Levine, 2010; Ferrari et al., 2010). Briefly, rats were
placed in an acrylic cylindrical restrainer with holes through which the
hind legs were free to extend. Four measures of nociceptive threshold
were taken at 5 min intervals, and the mean of the last three measures was
defined as the nociceptive threshold. The effect of hyperalgesic agents is
expressed as the percentage decrease in paw-withdrawal threshold com-
pared with the control paw-withdrawal threshold obtained before drug
application. The effect of inhibitors is expressed as the change in paw-
withdrawal threshold measured 30 min after administration of the inhib-
itor compared with that obtained immediately before its application.

Drugs. Oxaliplatin, 2�,3�-dideoxycytidine (ddC), the selective Drp1
inhibitor mdivi-1 (Cassidy-Stone et al., 2008; Tanaka and Youle, 2008),
hydrogen peroxide (H2O2), nerve growth factor (NGF), and epinephrine
were purchased from Sigma. Rat recombinant tumor necrosis factor �
(TNF�) was purchased from R&D Systems, and the nitric oxide (NO)
donor (�)-(E)-ethyl-2-[(E)-hydroxyimino]-5-nitro-3-hexeneamide
(NOR-3) and the glial-derived neurotrophic factor (GDNF) were pur-
chased from EMD Chemicals. Intradermal injections of experimental
agents were administered via a beveled 30 gauge hypodermic needle
attached by PE-10 polyethylene tubing to a microsyringe (10 �l; Hamil-
ton). Oxaliplatin and ddC were dissolved in 0.9% NaCl immediately
before intravenous injection, mdivi-1 was dissolved in DMSO (100%),
and H2O2 was diluted in distilled water. Stock solutions of NGF and
GDNF (1 �g/�l dissolved in 0.9% NaCl containing 0.5% BSA and stored
at �20°C), TNF� (dissolved in PBS 0.1% BSA), and NOR-3 (dissolved in
100% DMSO) were diluted in 0.9% NaCl immediately before injection.
Epinephrine was dissolved in distilled water with an equivalent amount
of ascorbic acid immediately before injection. The effect of each chemical
was determined in different groups of rats.

ddC-induced neuropathy. Nucleoside reverse transcriptase inhibitors
(NRTIs), used extensively in the treatment of HIV/AIDS, induce painful
peripheral neuropathy, which we have modeled in the rat (Joseph et al.,
2004). A single dose of the NRTI ddC (50 mg/kg, i.v.) produces a signif-
icant reduction in nociceptive threshold from day 1 after its administra-
tion, which persists for �20 d (Joseph et al., 2004).

Oxaliplatin-induced neuropathy. The cancer chemotherapeutic agent
oxaliplatin was dissolved in normal saline, and its volume was adjusted to
1 ml/kg for administration into a tail vein (2 mg/kg, i.v.) followed by a
bolus injection of an equal volume of saline via the same injection needle.
Paw-withdrawal threshold was found to be lowered on the 6th and 15th
day after oxaliplatin injection.

Oligodeoxynucleotide antisense to Drp1. The oligodeoxynucleotide
(ODN) antisense to Drp1 mRNA, 5�CCA CTA CGA CAA TCT GAG
GC3� (Invitrogen), was directed against a unique region of the rat mRNA
sequence. The corresponding EMBL GenBank accession number and
ODN position within the mRNA sequence are AF019043 and 812 to 831,
respectively. This sequence should block the translation of all six known
isoforms (according to UniProtKB/Swiss-Prot data base entry O35303).
The ODN mismatch sequence 5�ACA CTT CTA CAT TCG GAC GC3�
corresponds to the Drp1 antisense sequence with six bases mismatched
(denoted in bold).

ODNs were reconstituted in nuclease-free 0.9% NaCl to a concentra-
tion of 10 �g/�l and stored at �20°C until use. For each injection, rats
were anesthetized with 2.5% isoflurane. A dose of 40 �g (injection vol-
ume 20 �l) of Drp1 ODN antisense or mismatch was administered using
an insulin syringe with a 29 gauge needle inserted intrathecally, on the

midline between the fourth and fifth lumbar vertebrae, once daily for 3
consecutive days.

Protein extraction and Western blot. To confirm that the ODN anti-
sense to Drp1 mRNA produced a decrease in the protein expression level
of Drp1 in primary afferent fibers, a Western blot analysis was per-
formed. Saphenous nerves from anesthetized rats were ligated with 4-O
silk surgical suture, 1 cm above the knee-level bifurcation of the sciatic
nerve. A 5 mm section of the saphenous nerve proximal to the ligation
was harvested 24 h after the last injection of ODN, and protein extrac-
tion, SDS-PAGE gel electrophoresis, and Western blot analysis were per-
formed as previously described (Bogen et al., 2008; Summer et al., 2008).

Drp1 immunoreactivity was revealed with 1:500 affinity-purified rab-
bit anti-Drp1 antibody (NB110 –55288; Novus Biologicals) followed by
1:1000 horseradish peroxidase-conjugated donkey anti-rabbit antibody
(NA-934; GE Healthcare Biosciences). Immunoreactivities of the protein
samples were normalized using 1:1000 affinity-purified rabbit anti-�-actin
antibody (ab8227; Abcam) followed by 1:5000 horseradish peroxidase-
conjugated donkey anti-rabbit antibody (GE Healthcare Biosciences). Im-
munoreactivity was visualized using an enhanced chemiluminescence
detection system (Pierce Biotechnology). Results were analyzed by
computer-assisted densitometry, and levels of Drp1 immunoreactivity
were normalized with respect to �-actin levels in each sample. The per-
centage decrease in protein expression level was calculated as follows:
[normalized density for antisense � normalized density for mismatch]/
normalized density for mismatch � 100.

Statistics. In all behavioral experiments, the dependent variable was
paw-withdrawal threshold, expressed as the percentage change from
baseline. One-way between-subjects ANOVA or two-way repeated-
measures ANOVA was performed, as appropriate. In cases where more
than two groups were compared, Scheffé’s post hoc was used to determine
the basis of significant differences. Student’s t tests were performed for
the data shown in the lower part of Figure 1 A and in Figure 5. Data are
presented as mean � SEM.

Results
Role of Drp1 in ddC and oxaliplatin neuropathy
To evaluate the role of Drp1 in neuropathic pain, two very differ-
ent, but complementary, methods were used to block Drp1 func-
tion, as follows: (1) intrathecal administration of an ODN
designed to be antisense to Drp1 mRNA, to produce a decrease in
its expression level in the primary afferent nociceptor; and (2)
intradermal injection of the mitochondrial division inhibitor
mdivi-1 at the site of nociceptive testing, to both confirm a role of
Drp1-mediated mitochondrial fission as well as to evaluate its
contribution in the peripheral terminal of the primary afferent
nociceptor.

Spinal intrathecal injection of ODN antisense for mRNA en-
coding Drp1, 40 �g/d for 3 consecutive days, produced a 24%
decrease in the level of Drp1 in the saphenous nerve (ODN anti-
sense, N � 6; compared with ODN mismatch, N � 6; p � 0.027)
(Fig. 1A). Of note, since Drp1 is present in all cells in the nerve,
this value must underestimate the attenuation of Drp1 expres-
sion within the primary afferent nerve fibers. This protocol for
Drp1 ODN antisense administration decreased ddC-induced
mechanical hyperalgesia (DRP1 AS; N � 6) (Fig. 1B) by 76.8%,
when compared with the effect of ODN mismatch (DRP1 MM;
N � 6) (Fig. 1B).

To confirm the contribution of Drp1 to ddC-induced me-
chanical hyperalgesia as well as to demonstrate that the site of
action of Drp1 in the inhibition of neuropathic pain is the periph-
eral terminal of the primary afferent nociceptor, we evaluated the
effect of intradermal injection of the selective Drp1 inhibitor
mdivi-1 on ddC-induced mechanical hyperalgesia. We found
that mdivi-1 produced a dose-dependent inhibition of ddC-
induced hyperalgesia (0 –10 �g/paw, N � 6, p � 0.001) (Fig. 2A)
and at the highest dose (10 �g) markedly reversed the neuro-
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pathic mechanical hyperalgesia (Fig. 2B). Neither the ODN an-
tisense for Drp1 nor the mitochondria division inhibitor mdivi-1
induced changes in the baseline mechanical threshold by itself
(data not shown).

We also evaluated the role of Drp1 in another model of mito-
chondrial function-dependent painful peripheral neuropathy,
namely, that induced by the commonly used platinum-based
cancer chemotherapeutic agent oxaliplatin (Gamelin et al., 2002;
Lehky et al., 2004; Tournigand et al., 2004; Kelland, 2007; Joseph
and Levine, 2009). Injection of oxaliplatin (2 mg/kg, i.v.) pro-
duced a significant decrease in mechanical nociceptive threshold
(Joseph et al., 2008). In this form of chemotherapy-induced pain-
ful peripheral neuropathy, which is thought to have two distinct
phases (Joseph et al., 2008; Joseph and Levine, 2009), intradermal
mdivi-1 (3 �g/paw) inhibited mechanical hyperalgesia in both

phases (both p � 0.001), with phase 1 evaluated on the 6th day
and phase 2 on the 15th day after injection of oxaliplatin (Fig. 3).

Role of Drp1 in the hyperalgesia induced by reactive
oxygen species
Since several cancer chemotherapeutic agents (including oxalip-
latin) and HIV/AIDS therapies (including the NRTI ddC) are
thought to produce their side effects by generation of ROS (Skuta
et al., 1999; Kim et al., 2008), and, since we have shown that
antioxidants inhibit painful peripheral neuropathy induced by
ddC (Joseph and Levine, 2006) and oxaliplatin (Joseph and
Levine, 2009) by action at the peripheral terminal of the primary
afferent nociceptor, we determined next whether intradermal in-
jection of the Drp1 inhibitor mdivi-1 also reverses mechanical
hyperalgesia induced by ROS in the peripheral terminal of the
primary afferent nociceptor.

We first developed a model to determine whether ROS can act
at the peripheral terminal of the primary afferent nociceptor to
produce mechanical hyperalgesia. Local administration of hy-
drogen peroxide, a well established method for producing an
increase in intracellular ROS (Skjelbakken et al., 1996), produces
a dose-dependent decrease in mechanical nociceptive threshold
(N � 6, p � 0.001) (Fig. 4A). The Drp1 inhibitor mdivi-1 (3 �g)
markedly attenuated the effect of a concentration of hydrogen
peroxide (5 �l of a 1% solution) that produced maximal hyper-
algesia (p � 0.009) (Fig. 4B). Thus, the enhanced production of
ROS, which is thought to mediate the toxic side effects of HIV/
AIDS and cancer chemotherapy drugs, itself produces mitochon-
drial fission-dependent mechanical hyperalgesia.

Role of Drp1 in pronociceptive mediator-induced
hyperalgesia
Finally, we performed experiments to determine whether Drp1
plays a role in mechanical hyperalgesia induced by pronocicep-
tive mediators implicated in inflammatory and neuropathic pain,
including cytokines and growth factors, as well as to confirm the
contribution of mitochondria at the site of sensory transduction
in the peripheral terminal of the primary afferent nociceptor. We
evaluated the ability of mdivi-1, injected intradermally at the site
at which the mediator was injected and nociceptive testing was
performed, to inhibit mechanical hyperalgesia induced by intra-

Figure 1. Role of Drp1 in ddC-induced neuropathic pain. A, Knockdown of Drp1. Analyzing
the expression of Drp1 in rats treated with ODN MM or AS for Drp1 mRNA demonstrated a
significant reduction of Drp1 protein levels in the saphenous nerve; MM � 87 � 7; AS � 66 �
7 arbitrary units normalized to the reference protein �-actin (N � 6; **p � 0.027, unpaired
Student’s t test) showed a 24% decrease in Drp1 protein. Of note, the calculated molecular
weights of Drp1 and �-actin are 84 and 42 kDa, respectively. B, Attenuation of chemotherapy-
induced hyperalgesia by Drp1 ODN antisense. Rats were treated with a single intravenous
injection of ddC (50 mg/kg). 2 d later, ODN antisense (DRP1 AS, Œ) or mismatch (DRP1 MM, ‚)
(40 �g) for Drp1 mRNA was injected intrathecally on 3 consecutive days. Mechanical nocicep-
tive threshold was measured, by the Randall–Selitto paw-withdrawal test, on the second and
fifth day post-ddC injection. N � 6 paws for both groups. One-way ANOVA showed a significant
difference between the AS and MM groups on the fifth day (F(1,10) � 141.960; *p � 0.001).

Figure 2. Effect of local injection of Drp1 inhibitor mdivi-1 on ddC-induced hyperalgesia. A,
Dose–response curve for the effect of intradermal mdivi-1 on the hyperalgesia induced by
intravenous injection of ddC. Rats received a single injection of ddC (50 mg/kg). Ten days later
mdivi-1, (0, 0.1, 1, 3, and 10 �g) was administered in separate groups. Mechanical thresholds
were tested 30 min after mdivi-1 administration. One-way ANOVA showed a significant differ-
ence (F(4,25) � 1287.841; p � 0.001). Scheffé’s post hoc tests showed that the effects of all
doses except 0.1 �g were significantly different (*p � 0.001) from the control group (0 �g,
vehicle); however, there was no significant difference in the effects of doses between 3 and 10
�g (p � 0.151 and 0.941, respectively); therefore, we chose the 3 �g dose for this study. B,
Attenuation of ddC-induced hyperalgesia by mdivi-1. For this experiment, the maximal dose of
mdivi-1 (10 �g; n � 6) or vehicle (n � 6) was administered 10 d after ddC injection in separate
groups of rats. Mechanical thresholds were tested before and 30 min after injections. As shown
in A, mdivi-1 (f) attenuated ddC-induced hyperalgesia, but vehicle (�) had no effect. The
two-way repeated-measures ANOVA showed a significant main effect of group (F(1,10) �
60.503; *p � 0.001), a significant group � time interaction (F(1,10) � 35.133; *p � 0.001), as
well as a significant main effect of time (F(1,10) � 31.385; *p � 0.001).

Figure 3. Effect of the Drp1 inhibitor on early and late phases of oxaliplatin-induced neu-
ropathy. A single dose of oxaliplatin (2 mg/kg) was administered intravenously. Intradermal
injection of mdivi-1 (3 �g, n � 6) or vehicle (n � 6) was performed on the sixth day (first
phase, left) or on the 15th day (second phase, right) post-oxaliplatin injection. Mechanical
thresholds were tested before and 30 min after mdivi-1 (F and f) or vehicle (E and �)
administration. mdivi-1 significantly attenuated both phases of oxaliplatin-induced hyperalge-
sia. For early-phase hyperalgesia, a two-way repeated-measures ANOVA showed a significant
main effect of group (F(1,20) � 64.590; *p � 0.001), a significant group � time interaction
(F(1,20) � 50.641; *p � 0.001), and a significant main effect of time (F(1,20) � 48.010; *p �
0.001). For late-phase hyperalgesia, there was also a significant main effect of group (F(1,8) �
35.666; *p � 0.001), a significant group � time interaction (F(1,8) � 41.183; *p � 0.001), and
a significant main effect of time (F(1,8) � 49.882; *p � 0.001).
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dermal injection of NGF (Malik-Hall et al., 2005), TNF� (Parada
et al., 2003), the NO donor NOR-3 (Aley et al., 1998), and epi-
nephrine (Leene et al., 1976). While intradermal injection of
mdivi-1 (3 �g) significantly inhibited hyperalgesia induced by
NOR-3 (1 �g; N � 6, p � 0.003), TNF� (0.1 �g; N � 6, p � 0.001),
and GDNF (10 ng; N � 6, p � 0.001), it did not significantly inhibit
hyperalgesia of similar magnitude induced by NGF (1 �g; N �
6, p � NS) or epinephrine (0.1 �g; N � 6, p � NS) (Fig. 5).

Discussion
Many of the side effects of chemotherapeutic agents used in the
treatment of cancer and HIV/AIDS, including their neurotoxic ef-
fects on the peripheral nervous system, are thought to be, at least in

part, the consequence of oxidative stress
(Joseph et al., 2008; Kallianpur and Hulgan,
2009), which in turn leads to overpro-
duction of ROS (Mondal et al., 2004;
Gogvadze et al., 2009) and neurotoxicity.
Clinical trials with antioxidants, however,
have reported only a relatively modest inhi-
bition of symptoms in patients with diverse
forms of painful peripheral neuropathies
(Ziegler et al., 2004, 2006; Chen et al., 2009),
suggesting the possibility that therapeutic
interventions targeted upstream to the pro-
duction of ROS might be more effective.
Since mitochondrial fission may be neces-
sary for the overproduction of ROS (Su et
al., 2010), we evaluated the hypothesis
that mitochondrial fission plays a role in the
ROS-dependent pain symptoms associated
with chemotherapy-induced neuropathies.

We found that spinal intrathecal ad-
ministration of ODN antisense to Drp1
attenuated ddC-induced mechanical hy-
peralgesia. Similar to the effect of Drp1
antisense, intradermal injection of the se-
lective Drp1 inhibitor mdivi-1 markedly
attenuated the mechanical hyperalgesia
induced by ddC. Of note, mdivi-1 displays
a high degree of selectivity for dynamins
involved in mitochondrial fission, having
no effect even on other dynamin-related
proteins (e.g., mitochondrial fusion dy-
namins and the endocytic dynamin)
(Lackner and Nunnari, 2010).

To demonstrate that Drp1 is involved
in mechanical hyperalgesia associated
with other forms of painful peripheral
neuropathy induced by neurotoxic agents
that are also thought to produce their toxic
side effects secondary to generation of
ROS, we evaluated the effect of mdivi-1 on
the mechanical hyperalgesia associated with
oxaliplatin-induced peripheral neuropathy
(Joseph and Levine, 2009). Again, mdivi-1
markedly attenuated the mechanical hyper-
algesia in oxaliplatin-induced peripheral
neuropathy. Of note, mdivi-1 has been
shown previously to be efficacious in rodent
models of renal damage induced by another
platinum-based chemotherapeutic agent,
cisplatin (Brooks et al., 2009; Lackner and
Nunnari, 2010), which also produces pain-

ful peripheral neuropathy as a clinically important dose-limiting side
effect (Peltier and Russell, 2002).

Since oxidative stress induces mitochondrial fragmentation
(i.e., fission) (Wu et al., 2011), we tested for a role of mitochon-
drial fission in the mechanical hyperalgesia induced by excessive
ROS. In these experiments, we evaluated the effect of mdivi-1 on
hydrogen peroxide-induced mechanical hyperalgesia. One of the
best recognized effects of hydrogen peroxide in the cell is in the
generation of oxidative stress (Stone and Yang, 2006). Of note,
hydrogen peroxide can be produced in response to, among other
stimuli, cytokines and growth factors, and is found in concentra-
tions up to 1 mM in diseased tissue (and extracellular administra-

Figure 4. Hydrogen peroxide (H2O2)-induced mechanical hyperalgesia is dependent on Drp1 activation. A, Increasing doses of
H2O2 (control, 0.1, 0.3, 1, 3, 10%) were administered intradermally into the dorsum of the hindpaws in separate groups of rats.
Testing was performed 5, 15, and 30 min later. Higher doses of H2O2 induced significant hyperalgesia at all three time points. The
two-way repeated-measures ANOVA showed a significant main effect of group (F(5,28) �21.351; p �0.001), but neither the main
effect of time (F(2,56) � 775; p � 0.466) nor the group � time interaction (F(2,56) � 1.885; p � 0.067) were significant. Scheffé’s
post hoc tests showed a significant difference between the control and the three highest H2O2 groups (*p � 0.001 for all three) but
not the group that received 0.1% H2O2 (p � 0.115). B, Effect of mdivi-1 (3 �g/paw) on H2O2-induced hyperalgesia. mdivi-1 (F,
3 �g, n � 6) or vehicle (E, n � 6) was administered 5 min before H2O2 in separate groups of rats. Testing was performed 5, 15,
and 30 min after H2O2 (1%) administration into the same site. mdivi-1 attenuated H2O2-induced hyperalgesia. A two-way
repeated-measures ANOVA showed a significant main effect of group (F(6,5) � 11.126; #p � 0.009), a significant group � time
interaction (F(12,10) � 5.578; p � 0.013), and a significant main effect of time (F(2,10) � 17.522; p � 0.002).

Figure 5. Involvement of Drp1 in the mechanical hyperalgesia induced by mediators implicated in inflammatory and neuro-
pathic pain. The effect of mdivi-1 (3 �g) was evaluated in five different models of acute hyperalgesia, including NO (A), TNF� (B),
GDNF (C), NGF (D), and epinephrine (EPI) (E). mdivi-1 (full symbols) or vehicle (empty symbols) was injected 10 min before the
nitric oxide donor NOR-3 (1 �g), TNF� (0.1 �g), or EPI (0.1 �g). Rats treated with GDNF (10 ng) or NGF (1 �g) received mdivi-1
or vehicle 1 or 24 h later, respectively. Mechanical thresholds were evaluated 30 min after mdivi-1/vehicle injection by the
Randall–Selitto paw-withdrawal test. Student’s t tests showed significant attenuation of the mechanical hyperalgesia induced by
NOR-3 (�, t(10) � 3.902; **p � 0.003), TNF� (F, t(10) � 8.474; *p � 0.001), and GDNF (�, t(10) � 10.953; *p � 0.001) in the
groups treated with mdivi-1. No significant effect of mdivi-1 was observed on NGF- or EPI-induced hyperalgesia (f, t(10) � 1.307;
p � 0.220 and Œ, t(10) � 1.281; p � 0.229, respectively). N � 6 for all groups.
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tion of hydrogen peroxide mimics the generation of hydrogen
peroxide by cytokines and growth factors) (Veal et al., 2007).
Furthermore, it has been shown that mutations in Drp1 that
produce a decrease in its function display resistance to hydrogen
peroxide-induced apoptotic cell death (Wu et al., 2011), a
mitochondria-dependent effect of hydrogen peroxide. That hy-
drogen peroxide can be converted rapidly to other ROS (Veal et
al., 2007) raises the possibility that multiple ROS may contrib-
ute to the symptoms in patients with various forms of
chemotherapy-induced painful neuropathy. To confirm a role of
Drp1 in ROS-induced mechanical hyperalgesia, we developed a
model of hydrogen peroxide-induced hyperalgesia. We found
that intradermal injection of hydrogen peroxide at the site of
nociceptive testing produced a concentration-dependent de-
crease in mechanical nociceptive threshold. Also, the mechanical
hyperalgesia induced by even the highest dose of hydrogen per-
oxide was markedly attenuated by mdivi-1.

Since we are now just beginning to understand how extracel-
lular stimuli such as cytokines and growth factors modulate in-
tracellular signaling to control oxidative stress and mitochondrial
dynamics (Wu et al., 2011), we performed a preliminary evalua-
tion of the role of Drp1 in mechanical hyperalgesia induced by
pronociceptive cytokines and growth factors. We found that
while mdivi-1 markedly attenuated mechanical hyperalgesia in-
duced by the NO donor NOR-3, the growth factor GDNF, and
TNF�, it did not significantly attenuate similar magnitude hyper-
algesia induced by NGF or epinephrine. While the signaling path-
ways by which NO, TNF�, and, potentially, other pronociceptive
agonists activate Drp1 remains to be established, these findings
suggest Drp1 to be involved in the generation of inflammatory as
well as neuropathic pain.

Among its known functions in the cell, mitochondrial fission
is upstream of caspase activation in the apoptotic signaling path-
way (Li et al., 2010b). Drp1 activation of proapoptotic caspases,
however, may not immediately produce cell death, as it can be
reversed, in part, dependent on the magnitude of the insult (Bar-
soum et al., 2006). Thus, enhanced mitochondrial fission might
be able to perturb neuronal function via apoptotic signaling
pathways without leading to cell death. Of note in this regard,
Cheng and Zochodne (2003) have shown that while there is a
chronic elevation of caspase 3, a proapoptotic caspase, in periph-
eral nerves of rats with diabetic painful peripheral neuropathy,
there is no evidence of death of sensory neurons, even 1 year after
induction of neuropathy. Furthermore, we have shown that
caspase inhibitors can attenuate mechanical hyperalgesia in mod-
els of cisplatin and oxaliplatin painful peripheral neuropathy (Jo-
seph and Levine, 2009). What determines whether activation of
caspase signaling pathways induces apoptotic cell death versus
enhancing neuronal activity remains to be determined.

Mitochondrial fission is a cytoskeleton-dependent phenome-
non (Liu et al., 2009; Saks et al., 2010), and cytoskeleton is the
major cellular target of cancer chemotherapeutic agents such as
the vinca alkaloids and taxanes (Jordan and Wilson, 2004; Ris-
inger et al., 2009). These cytoskeleton-targeted chemotherapeu-
tic agents, which also cause mitochondrial fission (Wang et al.,
2009) and an increase in ROS (Huang et al., 2005; Gogvadze et al.,
2009), produce a small-fiber sensory painful peripheral neurop-
athy as a dose-limiting side effect (Postma et al., 1995; Polomano
and Bennett, 2001; Quasthoff and Hartung, 2002). Of note, che-
motherapeutic agents that target cytoskeleton affect mitochon-
drial movement, leading to excessive fission (Rovini et al., 2011).
Whether Drp1 also contributes to pain in models of these forms

of chemotherapy-induced painful neuropathy remains to be
determined.

In conclusion, while accumulating evidence has implicated
mitochondrial dysfunction, and especially oxidative stress, in the
pathophysiology of several forms of painful peripheral neuropa-
thy, especially those produced as side effects of chemotherapeutic
drugs, antioxidants have been only marginally effective in the
treatment of patients with diverse forms of painful peripheral
neuropathy. Here we provide evidence that mitochondrial fis-
sion, an important component of mitochondrial dynamics that
regulates multiple mitochondrial functions, may provide a more
effective target for the treatment of neuropathic pain. While fur-
ther studies are needed to more precisely define the role of mito-
chondrial fission in the pathophysiology of neuropathic pain, the
recent development of small-molecule inhibitors of mitochon-
drial fission, such as mdivi-1, suggests that one may soon be able
to therapeutically target mitochondrial fission in symptomatic
peripheral neuropathies.
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