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Chronic pain is maintained in part by long-lasting neuroplastic changes in synapses and several proteins critical for synaptic plasticity are
degraded by the ubiquitin–proteasome system (UPS). Here, we show that proteasome inhibitors administered intrathecally or subcuta-
neously prevented the development and reversed nerve injury-induced pain behavior. They also blocked pathological pain induced by
sustained administration of morphine or spinal injection of dynorphin A, an endogenous mediator of chronic pain. Proteasome inhibi-
tors blocked mechanical allodynia and thermal hyperalgesia in all three pain models although they did not modify responses to mechan-
ical stimuli, but partially inhibited responses to thermal stimuli in control rats. In the spinal cord, these compounds abolished the
enhanced capsaicin-evoked calcitonin gene-related peptide (CGRP) release and dynorphin A upregulation, both elicited by nerve injury.
Model experiments demonstrated that the inhibitors may act directly on dynorphin-producing cells, blocking dynorphin secretion. Thus,
the effects of proteasome inhibitors on chronic pain were apparently mediated through several cellular mechanisms indispensable for
chronic pain, including those of dynorphin A release and postsynaptic actions, and of CGRP secretion. Levels of several UPS proteins were
reduced in animals with neuropathic pain, suggesting that UPS downregulation, like effects of proteasome inhibitors, counteracts the
development of chronic pain. The inhibitors did not produce marked or disabling motor disturbances at doses that were used to modify
chronic pain. These results suggest that the UPS is a critical intracellular regulator of pathological pain, and that UPS-mediated protein
degradation is required for maintenance of chronic pain and nociceptive, but not non-nociceptive responses in normal animals.
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Introduction
One of the most significant public health problems worldwide is
the unsatisfactory treatment of chronic pain, and of neuropathic
pain in particular (Gureje et al., 1998; Ohayon and Schatzberg,
2003). Neuropathic pain may arise from nerve trauma, disease
states, or chemotherapeutic regimens, and is generally consid-
ered to be refractory to opioids (Hansson et al., 2001; Nicholson,
2003; Scadding and Koltzenburg, 2005). Persistent exposure to
opioids itself can lead to an abnormal enhanced pain state, as
shown in preclinical and clinical studies (Guignard et al., 2000;
Gardell et al., 2002; Ossipov et al., 2003, 2004; Joly et al., 2005;
Angst and Clark, 2006). To understand the mechanisms of en-

hanced pain, it is essential to identify molecular processes
through which pain transmission neurons develop a state of en-
hanced excitability.

Regulated protein synthesis as well as the selective protein
degradation mediated by the ubiquitin–proteasome system
(UPS) are two opposing processes that both regulate synaptic
plasticity. The UPS functions within synaptic boutons to control
the levels of presynaptic proteins (Speese et al., 2003). At the
postsynaptic level, the UPS regulates the surface expression and
internalization of NMDA- and AMPA-type glutamate receptors
(Colledge et al., 2003; Patrick et al., 2003; Moriyoshi et al., 2004).
Neuronal activity regulates synaptic composition through the
UPS, providing a link between synaptic activity, protein turn-
over, and the functional reorganization of synapses (Ehlers,
2003). Because of these properties, the UPS may play a role in
long-term synaptic modifications characteristic for chronic ab-
normal pain. Indeed, in a previous study, ionophoretic applica-
tion of proteasome inhibitors attenuated dorsal horn neuron fir-
ing evoked by innocuous and noxious stimuli, and a single
intrathecal injection of proteasome inhibitors in rats with
chronic constriction sciatic nerve injury (CCI) attenuated hyper-
algesia and allodynia (Moss et al., 2002). Based on this report, the
present study was undertaken to further characterize the ability of
proteasome inhibitors to both prevent and reverse behavioral
signs of enhanced abnormal pain.
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We demonstrate here that (1) proteasome inhibitors can both
prevent the development of behavioral signs of neuropathic pain
and reverse neuropathic pain established after spinal nerve liga-
tion (SNL), and that (2) the effects of the proteasome inhibitor
are reversible because chronic pain returns once the inhibitor
administration is terminated. We observe that proteasome inhib-
itors blocked the upregulation of spinal dynorphin and the en-
hanced capsaicin-evoked release of calcitonin gene-related pep-
tide (CGRP) from primary afferent terminals that are elicited by
SNL. Moreover, we demonstrate that proteasome inhibitors
abolished enhanced abnormal pain induced by sustained mor-
phine exposure (Guignard et al., 2000; Hansson et al., 2001;
Gardell et al., 2002; Nicholson, 2003; Ossipov et al., 2003, 2004;
Joly et al., 2005; Angst and Clark, 2006) and by the spinal admin-
istration of dynorphin A (Vanderah et al., 1996; Laughlin et al.,
1997).

Materials and Methods
Animal treatments and surgery. Male Sprague Dawley rats (Harlan, Indi-
anapolis, IN) weighing between 225 and 300 g were maintained in cages
in a climate-controlled room on a 12 h light/dark cycle with ad libitum
access to food and water. All testing procedures were performed in ac-
cordance with the policies and recommendations of the International
Association for the Study of Pain and the National Institutes of Health
guidelines for the handling and use of the laboratory animals and were
approved by the Institutional Animal Care and Use Committee of the
University of Arizona.

Intrathecal catheter placement. Rats were prepared for intrathecal drug
injections according to the method described by Yaksh and Rudy (1976)
and used routinely in our laboratories (Vanderah et al., 2000). Rats were
anesthetized with ketamine/xylazine (80 mg/kg/20 mg/kg) and the
atlanto-occipetal membrane was exposed and punctured. A section of
PE-10 tubing 8 cm in length was passed caudally from the cisterna magna
to the lumbar enlargement. The catheter was secured to the musculature,
the wound closed, and a 5 d recovery allowed before any subsequent
surgical procedures were performed. Intrathecal injections of epoxomi-
cin were made in a volume of 5 �l are followed by a 9 �l flush of saline.
Progress of the injection is monitored by the movement of a 1 �l air
bubble placed between drug solution and saline flush.

Drugs and doses. The � 1,� 1-epoxy-ketone tetrapeptide epoxomicin
(EMD Biosciences, La Jolla, CA) was used because it is the most selective
proteasome inhibitor available (Meng et al., 1999; Kisselev and
Goldberg, 2001). Epoxomicin preferentially inhibits the rate-limiting
chymotrypsin-like catalytic site of the proteasome as well as the trypsin-
like and the caspase-like sites, but does not inhibit nonproteasome pro-
teases such as trypsin, chymotrypsin, cathepsin B, papain, or calpain
(Meng et al., 1999; Kisselev and Goldberg, 2001). The synthetic tripeptide
aldehyde N-carbobenzoxyl-Leu-Leu-leucinal (MG132) (Calbiochem)
that also demonstrates preferential inhibition of the chymotrypsin-like
site, was used because it has the advantage of systemic activity (Tsubuki et
al., 1996; Adams et al., 1998; Kisselev and Goldberg, 2001). N-acetyl-Leu-
Leu-methioninal (ALLM) (Calbiochem) that is structurally similar to
MG132, but does not inhibit the proteasome, was used as a control
compound. Clasto-lactacystine �-lactone (Calbiochem), another highly
selective nonpeptide nonreversible proteasome inhibitor (Fenteany et
al., 1994), was selected to confirm the results obtained with structurally
unrelated inhibitor epoxomicin. Epoxomicin was administered in a dose
of 0.6 nmol given twice daily at 12 h intervals. This drug administration
protocol was based on the single intrathecal injections reported by Moss
and colleagues (2002) and determined by pilot experiments designed to
avoid excessive, and potentially toxic, doses. Vehicle for injection of ep-
oxomicin was 5% DMSO and 95% saline. MG132 was dissolved in saline
and administered twice daily (5 mg/kg) by subcutaneous injection.
ALLM and clasto-lactacystine �-lactone were dissolved in DMSO and
used in cellular studies.

SNL. Peripheral nerve injury was produced by tight ligation of the L5

and L6 spinal nerves as described by Kim and Chung (1992) and as

performed routinely in our laboratories (Malan et al., 2000; Burgess et al.,
2002; Gardell et al., 2003a,b). Anesthesia was induced with 2% halothane
in O2 at 2 l/min and maintained with 0.5% halothane in O2. The dorsal
vertebral column from L4 to S2 was exposed, and the L5 and L6 spinal
nerves of the left hindpaw were identified and carefully isolated. The L5

and L6 spinal nerves were tightly ligated distal to the dorsal root ganglion
with a 4 – 0 silk suture and the incision was closed. Sham control rats
underwent the same surgery and handling as the experimental animals,
but without SNL.

Behavioral assays. Responses to noxious thermal stimuli were deter-
mined by the hot-plate test. Latency to withdrawal and licking of a hind-
paw was determined by placing the animal on a metal plate maintained at
52°C. Importantly, all rats with nerve injury always responded by lifting
and/or licking the hindpaw ipsilateral to the nerve injury whereas ani-
mals with sham surgery did not demonstrate any preference in the hind-
paw response. The hot-plate latencies of the nerve-injured rats were con-
sistently significantly lower than those of the sham-operated animals. A
maximal cutoff of 40 s prevented tissue damage. Paw withdrawal thresh-
olds to light tactile stimuli were measured by probing the hindpaw with a
series of calibrated von Frey filaments (0.41, 0.70, 1.20, 2.00, 3.63, 5.50,
8.5, and 15 g) applied to the plantar aspect of the hindpaw according to
the “up-down” method as described previously (Chaplan et al., 1994).
Sham-operated rats did not respond to the cutoff filament (15 g). This
strength of tactile stimulus is not considered to be nociceptive (Chaplan
et al., 1994). Consequently, it was not possible to quantify a reduced
sensitivity, or “hypoesthesia” to non-noxious tactile stimuli. Higher
strengths of von Frey filaments had the effect of lifting the animal’s
hindpaw from the grid, thus necessitating the 15 g cutoff (Wang et al.,
2001; Burgess et al., 2002; Gardell et al., 2002, 2003a,b). Evidence of
tactile allodynia was confirmed in rats used for biochemical assessments.
Tactile allodynia and thermal hyperalgesia were determined by a signif-
icant ( p � 0.05) reduction in response values from pretreatment base-
line values. Antinociception was indicated by a significant increase in
hot-plate latency when referenced to the pretreatment values. Motor
coordination was determined with the rotarod test (Columbus Instru-
ments, Columbus, OH). The duration of maintaining balance on a rod (7
cm in diameter) turning at 10 rpm was measured. The cutoff latency was
120 s (Gardell et al., 2003b). The animals were exposed to the rotarod
each day for 3 d to adapt the rats to the apparatus. The rats were then
injected with epoxomicin or MG132 for 7 d as described above and tested
daily on the rotarod for periods of 120 s. Significant loss of motor coor-
dination may be indicative of sedation or of sensory or motor dysfunc-
tions (Gardell et al., 2003b). In addition, the animals were observed for
primary overt effects on behavior, such as exploratory behavior, gait, and
posture.

CGRP release assay. The evoked release of CGRP was done according
to Chen et al. (1996) and as described previously (Gardell et al., 2002,
2003b). The rats were killed by anesthetic overdose 18 h after the last
injection of vehicle or epoxomicin. Minced (0.2 mm) ipsilateral dorsal
quadrant of the lumbar spinal cord (relative to the side of surgery) was
superfused at 0.5 ml/min with oxygenated modified Kreb’s buffer (37°C,
pH 7.4). After 45 min, superfusate was collected in 3 min intervals, 15
min before the addition of capsaicin, for 6 min during infusion of 1 �M

capsaicin and then for 27 min afterward. The tubes were preincubated
with 100 �l of antibody to CGRP (Bachem/Peninsula, Torrance, CA) for
24 h at 4°C, mixed with 100 �l of [ 125I-Tyr0]CGRP(28 –37) and 50 �l of
goat antiserum to rabbit antibodies, coupled to ferric beads and incu-
bated for 24 h. Bound [ 125I]CGRP was separated from free tracer
through immunomagnetic separation (PerSeptive Diagnostics, Cam-
bridge, MA). Induced release (CGRP level above baseline) was expressed
as the percentage of an appropriate within-group control. Data for each
fraction were expressed as femtomoles of CGRP per milligram of tissue
and evaluated for deviation from normal distribution. We used ANOVA
with Fisher’s least significant difference test to determine when the level
of CGRP release was significantly above basal (unstimulated) levels and,
thus, corresponded to induced release. Data were normalized to the ap-
propriate sham-operated control group.

Dynorphin assay. Spinal dynorphin content was measured in the ipsi-
lateral dorsal quadrant of the lumbar enlargement of the spinal cord
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(relative to the side of surgery) as described previously (Wang et al., 2001;
Gardell et al., 2002). Spinal tissue was homogenized in 1 M acetic acid,
incubated for 30 min at 95°C, and centrifuged at 14,000 � g for 20 min at
4°C. Protein concentrations were determined with the bicinchoninic
acid method and immunoassay of rat tissue samples was done using a
commercial enzyme immunoassay system for dynorphin A(1–17)
(Bachem/Peninsula). Cell culture medium mixed with acetic acid was
run through SP-Sephadex ion exchange C-25 columns and dynorphin A
was analyzed by radioimmunoassay (RIA) as described previously
(Christensson-Nylander and Terenius, 1985).

Cell cultures. Mouse insulinoma (MIN6) cells (Miyazaki et al., 1990)
were cultured in DMEM, 10% heat-inactivated FBS, 0.1%
�-mercaptoethanol, and 20 mM glucose in the presence of proteasome
inhibitors or vehicle (0.003% DMSO). To measure secretion, MIN6 cells
were incubated in a modified Kreb’s-Ringer solution [containing (in
mM) 125 NaCl, 5.9 KCl, 1.28 CaCl2, 1.2 MgCl2, 25 HEPES, 0.1% BSA, pH
7.4, and 3 glucose; basal conditions] or in the same buffer with 20 mM KCl
(stimulated conditions) for 20 min (Zhang et al., 1997). Cell culture
medium was mixed with acetic acid (1 M final) and analyzed by RIA. MTT
colorimetric assay was performed as described previously (Mosmann,
1983).

Cell/tissue extracts. Extraction procedures were performed at 4°C.
Samples of ipsilateral segments of the lumbar spinal cord of the rat (10
samples/group, 40 samples total) or MIN6 cells were homogenized in
four volumes of nondenaturing buffer C (20 mM HEPES, pH 7.9, 0.42 M

NaCl, 25% glycerol, 1.5 mM MgCl2, 0.4 mM EDTA, 0.5 mM DTT, and
0.2% NP-40) supplemented with five times protease (Complete; Roche,
Mannheim, Germany) and proteasome (5 �M MG132; Affinity BioRe-
agents, Exeter, UK) inhibitors, centrifuged at 20,000 � g for 10 min.
Supernatant was kept at �80°C and used for Western blotting or an
electromobility shift assay (EMSA). Protein concentration was deter-
mined with the Micro BCA TM protein assay (Pierce, Rockford, IL).

Western blotting. Equal amounts of cell/tissue protein extracts were
resolved by SDS-PAGE on 10% Tricine precast gels (Novex, San Diego,
CA; Invitrogen, Carlsbad, CA) under reducing condition. Proteins were
transferred at 4°C onto a nitrocellulose membrane (Schleicher and
Schuell, Dassel, Germany) and stained by MemCode Reversible Protein
Stain kit (Pierce). Densitometry values of total protein load were used for
normalization of Western blot data. Similar results were obtained when
�-tubulin staining was used for normalization. After destaining, mem-
branes were blocked for 30 min in 5% nonfat milk, probed with primary
antibody to mono-ubiquitin/U5379 (1:100; Sigma, St. Louis, MO),
ubiquitin-activating enzyme E1A (1:3000; Affinity BioReagents), 20S
proteasome subunit �7/HC8 (1:3000; Affinity BioReagents), �-tubulin
1/SAP.4G5 (1:200,000; Sigma), ubiquitilated proteins/FK2 (1:1000; Af-
finity BioReagents), synaptophysin/SVP-38 (1:400; Sigma), ubiquitin
C-terminal hydrolase L1/PGP9.5 (1:2000; Affinity BioReagents), or rab-
bit anti-rat prodynorphin (PDYN) antibodies and developed with the
ECL detection system (Amersham Biosciences, Little Chalfont, UK).
Anti-PDYN antibodies were generated against rat PDYN C-terminal
fragment (235–248), conjugated with keyhole limpet hemocyanin via
Cys added to their N terminus, and affinity purified (Yakovleva et al.,
2006). Reference samples composed of pooled aliquots of all samples
were loaded onto two wells of each gel and their density values were used
to assure reproducibility on each blot and interblot comparison. Densi-
tometric analysis was done using Fujifilm (Kanagawa, Japan) Image
Gauge software. Samples were analyzed four times.

EMSA. The following oligonucleotides were SDS-PAGE purified and
[P 32] labeled with Klenow enzyme as described previously (Bakalkin et
al., 1993). The sequence of the plus strand of wild-type (wt) and mutant (m)
�B fragments of the immunodeficiency virus enhancer is shown; wt and m
�B sites are underlined and mutated nucleotides are indicated by bold letters:
wt �B, 5�- GGTGATCAGGGACTTTCCGCTGGGGACTTTCCAGGAT-
3�; m �B, 5�- GGTGATCATTCACTTTCCGCTATTCACTTTCCAGGAT-
3�. Minus strands were extended one to three nucleotides from the 5� end
and recessed by one to three nucleotides from the 3� end.

The EMSA was performed essentially as described previously
(Bakalkin et al., 1993). Protein extracts (10 �g) in buffer C were added to
the binding mixture (20 �l of 10 mM Tris-HCl, pH 7.5, 20 mM KCl, 1 mM

EDTA, 7.5% glycerol, 1.5 mM DTT, 20 �g BSA and 40 – 60,000 cpm
[ 32P]-labeled oligonucleotide) and incubated for 20 –30 min at room
temperature. The reaction mixture was loaded onto a 5% polyacrylamide
gel in 0.5� TGE (25 mM Tris-HCl, 0.19 M glycine, 1 mM EDTA, pH 8.5)
buffer. In competition experiments, 10 ng of unlabeled wt �B or m �B
oligonucleotide were added to the incubation mixture before the initia-
tion of the binding reaction. After electrophoresis, the gels were fixed in
40% methanol containing 3% acetic acid for 10 min, dried, and exposed
to an intensifying screen. Detection was performed on a PhosphorImager
BAS 1500 (Fujifilm) and images were analyzed using Fujifilm Image
Gauge software.

20S proteasome activity assay. MIN6 cells were incubated with 20 nM

epoxomicin or vehicle for 18 h. Cell pellet or rat spinal cord tissues (the
ipsilateral lumbar quadrants relative to the side of injury) were sonicated
for 1 min in 10% (w/v) ice-cold 50 mM Tris-HCl, pH 7.5, containing 1
mM EDTA. Homogenates were aliquoted and kept at �80°C. Protein
concentration was determined by Lowry assay with BSA as a standard.
Chymotrypsin-like activity of proteasome was analyzed with 10 and 50
�g of cell homogenates by monitoring the cleavage of fluorogenic sub-
strate Suc-Leu-Leu-Val-Tyr-7-amino-4-methylcoumarin (Suc-LLVY-
AMC; Alexis Biochemicals, Lausen, Switzerland) in reaction buffer con-
taining 25 mM HEPES and 0.5 mM EDTA, pH 7.6, supplied with 0.03%
SDS and 50 �M Suc-LLVY-AMC. Fluorescence intensity was measured
using a fluorometric plate reader at 380 nm exitation wavelength and 460
nm emission wavelength at 37°C for 2 h; the reaction was linear during
the time of measurement.

Statistical analysis. Statistical comparisons within treatment groups
were done using one- or two-way ANOVA followed by the Fisher’s least
significant difference test or the Student–Neuman–Keuls post hoc test,
and comparisons among treatment groups were made with two-factor
ANOVA for independent variables. Paired comparisons were made with
Student’s t test. Significance was set at p � 0.05.

Animal studies and CGRP and dynorphin A assays in animal tissues
were performed at the Department of Pharmacology, University of Ari-
zona Health Sciences Center (Tucson, AZ). Frozen samples of rat spinal
cord were shipped to the Department of Clinical Neuroscience, Karolin-
ska Institutet (Stockholm, Sweden) where other biochemical analyses
and cell culture studies were conducted.

Results
Proteasome inhibitors prevent and reverse neuropathic pain
Epoxomicin, the most selective and potent proteasome inhibitor
that binds covalently to the proteasome, and MG132, which is a
more common, systemically active and reversible proteasome in-
hibitor (Adams et al., 1998; Tsubuki et al., 1996; Meng et al., 1999;
Kisselev and Goldberg, 2001; Groll and Huber, 2004), were used
for analysis of the effects of proteasome inhibition on chronic
pain. Both inhibitors injected separately prevented behavioral
neuropathic pain in rats with L5/L6 SNL (Fig. 1). The rats received
twice-daily spinal injections of epoxomicin (0.6 nmol/dose) or
systemic injections of MG132 (5 mg/kg, s.c.) or vehicle, begin-
ning on the day of sham or SNL surgery. Paw withdrawal thresh-
olds to light tactile stimuli (von Frey filaments) and hot-plate
latencies were monitored daily before the first injection of the
day. Rats with SNL and vehicle injections developed tactile allo-
dynia and thermal hyperalgesia, as indicated by significant
(F(7,32) � 12.61, p � 1.23 � 10�7 and F(7,77) � 4.646, p � 0.0002
for tactile and thermal stimuli, respectively) reductions in re-
sponse endpoints when compared with pre-SNL baseline levels.
Treatment of SNL rats with spinal epoxomicin (Fig. 1A) or sys-
temic MG132 (Fig. 1C) for 7 d completely prevented the devel-
opment of tactile allodynia in rats with SNL. The paw withdrawal
thresholds of the rats receiving epoxomicin or MG132 were sig-
nificantly (F(1,80) � 190.61, p � 7.13 � 10�23and F(1,80) � 27.511,
p � 0.0000012 for epoxomicin and MG132, respectively) greater
than those of the vehicle-treated SNL groups. Treatment with
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spinal epoxomicin or systemic MG132 prevented the develop-
ment of thermal hyperalgesia and produced a moderate antino-
ciceptive effect, indicated by significant (F(1,80) � 104.29, p �
3.74 � 10�16and F(1,104) � 84.91, p � 3.81 � 10�15for epoxomi-
cin and MG132, respectively) increases in hot-plate latencies (Fig.
1B,D). Paw withdrawal thresholds in sham-operated rats after
treatment with spinal epoxomicin (Fig. 1A) or systemic MG132
(Fig. 1C) were not changed, demonstrating that responses to tac-
tile stimuli were not impaired. Hot-plate latencies in sham-
operated rats after systemic MG132 (Fig. 1D) were not changed
whereas those after spinal epoxomicin developed a moderate, but
significant (F(7,37) � 4.602; p � 0.0008) increase (Fig. 1B). To test
whether effects were dose-dependent, we varied doses of ep-
oxomicin, whereas twice-daily spinal injection protocol was not
changed throughout the experiments. At a lower dose of 0.3 nmol
per injection, epoxomicin partially prevented the development of
tactile allodynia and completely prevented the development of
thermal hyperalgesia (Fig. 1E,F). Although the inhibition of tac-
tile allodynia was not as robust as with the higher dose, paw
withdrawal thresholds of the epoxomicin-treated group with
SNL were significantly (F(1,81) � 1.879; p � 0.000042) greater

than those of the vehicle-treated group with SNL. The hot-plate
latencies of the group with SNL receiving epoxomicin were sig-
nificantly (F(1,81) � 136.8; p � 4.43 � 10�19) greater than those
of the vehicle-treated SNL group. Epoxomicin treatment pro-
duced a slight, and nonsignificant, elevation in hot-plate latencies
of the sham-operated group (Fig. 1F) (F(1,100) � 3.589; p �
0.061), indicating that epoxomicin treatment did not interfere
with normal responses to sensory stimuli. Moreover, none of the
animals treated with epoxomicin displayed any overt behavioral
effects indicative of adverse effects. The repeated spinal adminis-
tration of 0.07 nmol of epoxomicin per injection did not produce
any changes in behavioral signs of hyperalgesia.

We next examined whether proteasome inhibitors could re-
verse established neuropathic pain (Fig. 2). Once the enhanced
responses to tactile and thermal stimuli were firmly established in
SNL rats, indicated by significant reductions in paw withdrawal
thresholds to tactile stimuli and significant decreases in hot-plate
latencies, injections of inhibitors or vehicle were initiated. Ani-
mals received either twice-daily spinal injections of epoxomicin
(0.6 nmol per dose) or twice-daily subcutaneous injection of
MG132 (5 mg/kg per dose) starting from day 9 after SNL or sham
surgery. Epoxomicin (Fig. 2A,B) or MG132 (Fig. 2C,D) reversed
the tactile allodynia and thermal hyperalgesia in rats with SNL.
Paw withdrawal thresholds to light tactile stimuli and hot-plate
latencies were significantly (F(7,32) � 5.46, p � 0.0003 and F(7,32) �
5.38, p � 0.0004, respectively) elevated when compared with the
post-SNL values, indicative of behavioral hyperalgesia, and these
values approached the pre-SNL baseline levels. Termination of
the epoxomicin or MG132 injections was followed by a reestab-
lishment of tactile allodynia and thermal hyperalgesia, indicating

Figure 1. The proteasome inhibitors epoxomicin or MG132 prevent behavioral signs of neu-
ropathic pain in rats with SNL. A–F, Responsive thresholds to innocuous mechanical (von Frey
filaments; A, C, E) and thermal (52°C hot-plate) stimuli (B, D, F ). The rats received twice-daily
spinal injections of either epoxomicin at a high (0.6 nmol; A, B) or low dose (0.3 nmol; E, F ) or
vehicle, or received systemic injections of MG132 (5 mg/kg per injection, s.c.; C, D) beginning on
the day of sham or SNL surgery. The top bars indicate the time periods of drug administration.
Responses of proteasome-treated animals with SNL were significantly greater than those of
vehicle-treated animals with SNL (two-factor ANOVA). SNL produced significant reductions in
response parameters in vehicle-treated animals, and after termination of administration of the
proteasome inhibitors. Error bars indicate mean � SEM. n � 6 –7 per group.

Figure 2. The proteasome inhibitors epoxomicin and MG132 reverse behavioral neuropathic
pain in rats with SNL. A–D, Responsive thresholds to innocuous mechanical (von Frey filaments;
A, C) and thermal (52°C hot-plate; B, D) stimuli. SNL produced significant reductions in paw
withdrawal thresholds and hot-plate latencies 8 d after surgery (SNL; ANOVA). Rats received
twice-daily subcutaneous injections of either spinal epoxomicin (0.6 nmol per injection) or
systemic MG132 (5 mg/kg/injection) or vehicle starting on day 9 and finishing on day 13. Paw
withdrawal thresholds and hot-plate latencies were monitored daily before the first injection of
the day. Treatment with proteasome inhibitors produced significant reversals in the enhanced
behavioral responses (two-factor ANOVA) that returned to baseline values after termination of
administration of the proteasome inhibitor. The top bars indicate time periods of inhibitor
administration. Error bars indicate mean � SEM. n � 4 – 6 per group.
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reversibility of the effect of proteasome inhibitors. Thus, both
spinal and systemic treatment with proteasome inhibitors is ef-
fective against behavioral signs of neuropathic pain. Neither ep-
oxomicin nor MG132 produced any changes in paw withdrawal
threshold in sham-operated animals; mean withdrawal thresh-
olds remained at 15 � 0 g throughout the study. Both epoxomi-
cin and MG132 produced moderate, reversible, significant
(F(8,135) � 2.383, p � 0.0196 and F(12,52) � 6.631, p � 5.13 �
10�7 for epoxomicin and MG132, respectively) increases in hot-
plate latencies in sham-operated rats (Fig. 2B,D).

Epoxomicin normalizes evoked transmitter release
Effects of epoxomicin on SNL-induced functional neurochemi-
cal alterations were first evaluated by measuring capsaicin-
evoked release of CGRP, an excitatory peptidic neurotransmitter
released from the central terminals of a subclass (peptidergic) of
unmyelinated primary afferent nociceptors (Gardell et al., 2003a)
from spinal dorsal horn sections obtained ipsilateral to SNL or
sham surgery (Fig. 3). Rats with SNL or sham surgery received
vehicle or epoxomicin (0.6 nmol/dose) twice daily for 7 d. No
differences in basal release of CGRP were found among the four
treatment groups (Fig. 3A). Capsaicin-induced CGRP release
from tissues of vehicle-treated SNL rats was significantly elevated
compared with that of the vehicle-treated, sham-operated rats
(Fig. 3A,B). Epoxomicin treatment significantly reduced
capsaicin-evoked CGRP release from tissues of both sham-
operated and SNL rats. Thus, epoxomicin prevents the SNL-
induced enhancement of capsaicin-evoked release of CGRP.

Epoxomicin normalizes spinal dynorphin A content post-SNL
and inhibits dynorphin secretion
SNL induces upregulation of spinal dynorphin A that is critical
for the maintenance of neuropathic pain (Gardell et al., 2004; Xu
et al., 2004) which does not persist in PDYN knock-out mice
(Wang et al., 2001). Consistently, rats with SNL that received
vehicle showed an elevation (F(3,33) � 4.688; p � 0.008) of the
dynorphin A content in the dorsal quadrant of the spinal cord
ipsilateral to the side of injury compared with the sham-operated,
vehicle-treated control group (Fig. 4A). Epoxomicin administra-
tion to SNL rats for 7 d (twice-daily i.t. injections of 0.6 nmol)
completely normalized the dynorphin A levels.

We next examined whether proteasome inhibitors may target
the PDYN system. Mouse insulinoma MIN6 cells that express
PDYN, process it to dynorphin peptides, and secrete these pep-
tides through the regulated secretory pathway (Josefsen et al.,
1998) were used as a model; no neuronal cells for such analysis are
available. Treatment of MIN6 cells with 20 and 200 nM epoxomi-
cin for 16 h (1) decreased the intracellular levels of PDYN by 40
and 60%, and (2) inhibited secretion of dynorphin A into the
medium by 80 and 90%, respectively (Fig. 4B,C). Incubation of
cells with 100 nM MG132 for 16 h inhibited secretion of dynor-
phin A to the medium by 90% and with 5 �M clasto-lactacystine
�-lactone by 67% (Fig. 4C). ALLM (1 �M) that has a chemical
structure similar to MG132, but does not inhibit the proteasome,
failed to affect dynorphin A secretion (Fig. 4C). Data obtained
with three proteasome inhibitors of different chemical classes
and a control compound suggest that observed effects are caused
by inhibition of the proteasome. Secretion of dynorphin A was
stimulated 3.7-fold by a 20 min exposure of cells to 20 mM potas-
sium concentration compared with incubation at the basal 5.9
mM concentration (Fig. 4D). Preincubation of cells with 100 nM

epoxomicin for 16 h substantially (2.3-fold) inhibited this stim-
ulation (Fig. 4D). Reduced extracellular levels of dynorphin A

may be a result of degradation by extracellular peptidases. To
address this possibility, we incubated the medium obtained from
control cell cultures and from cells preincubated with 100 nM

epoxomicin for 16 h, with and without synthetic dynorphin A
(100 nM) for 6 h at 37°C. Levels of endogenous dynorphin A and
the synthetic peptide were then measured by dynorphin A RIA.
No differences in the levels of endogenous or synthetic dynor-
phin A between samples incubated at 37°C or extracted before the
incubation were observed. Thus, incubation of cells with ep-

Figure 3. Epoxomicin normalizes evoked CGRP release after SNL. The dorsal quadrants ipsi-
lateral to the side of injury in the spinal cord of rats treated for 7 d with vehicle or epoxomicin
(twice-daily i.t. injections of 0.6 nmol) were taken 18 h after the last injection, minced, and
superfused with Kreb’s buffer. Epoxomicin or vehicle injections were started at the same time as
the SNL or sham surgeries. A, Release was induced by capsaicin (1 �M; infusion from 12 to 18
min) and CGRP content was determined in 3 min superfusate fractions and presented as fem-
tomoles of tissue per milligram fraction. A delay in the peak of CGRP release after capsaicin
activation was caused by transit time in the tubing. B, Epoxomicin effects on capsaicin-induced
CGRP release (peptide levels above baseline) after sham operation or SNL. Capsaicin-induced
release in sham-operated, vehicle-treated animals was taken as 100%. Error bars indicate
mean � SEM of the percentage of induced release obtained from sham-operated rats. * ,#p �
0.05, comparison between sham- and SNL-operated animals injected with vehicle (*) or be-
tween respective vehicle and epoxomicin groups ( #); n � 7 per group.
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oxomicin did not change the rate of degradation of dynorphin A
released from cells to the medium. A number of viable cells did
not significantly differ between cultures incubated with 20 nM

epoxomicin for 18 h (82 � 3%) and control cultures (100 � 1%),
as assessed with MTT assay. No differences in all studied param-
eters were observed between cells cultivated in the presence and
absence of vehicle (0.003% DMSO). Together, these results dem-
onstrate that epoxomicin strongly, and at low nanomolar con-
centrations, inhibits the stimulated secretion of dynorphins by
PDYN-producing cells and, to a lesser extent, PDYN synthesis.

Effects of epoxomicin on the UPS in SNL rats
Antinociceptive effects of proteasome inhibitors suggest that the
status of the UPS in SNL rats is important for the development
and/or maintenance of neuropathic pain. To evaluate effects of
SNL on the UPS we measured (1) the levels of proteins at the
beginning and the end of the UPS enzymatic cascade, the ubiq-
uitin activating enzyme E1A and the 20S proteasome, respec-
tively, and those of free ubiquitin, ubiquitilated proteins, ubiq-
uitin C-terminal hydrolase L1 (UCH-L1), and synaptophysin, a
UPS substrate (Wheeler et al., 2002) regulating secretion of neu-
romediators (Fig. 5A,B,C), and (2) proteasome activity (Fig. 5E).
Representative Western blot images are shown in Figure 5A. The
levels of E1A, 20S proteasome, and free ubiquitin were decreased

in SNL rats (Fig. 5B). The content of synaptophysin was increased
in SNL rats (Fig. 5C), which is consistent with a previous report
(Chou et al., 2002). No significant changes were observed in the
levels of ubiquitilated proteins, UCH-L1, and proteasome activ-
ity in the spinal cord under the neuropathic pain condition (Fig.
5B,E). Epoxomicin treatment did not reverse the SNL effects on
E1A, 20S proteasome, synaptophysin, and free ubiquitin. When
UPS is inhibited, free ubiquitin, which is required for regulation
of several intracellular processes, may accumulate in a form of
ubiquitin-protein conjugates that do not degrade (Chen et al.,
2003). The observations that epoxomicin treatment did not affect
the levels of free ubiquitin in sham- and SNL-operated animals
suggest that the effects of this inhibitor on secretion of dynorphin
A and neuropathic pain are not mediated through the depletion
of a pool of free ubiquitin. This notion is supported by the in vitro
observation that incubation of MIN6 cells with epoxomicin in
concentrations that inhibit dynorphin secretion results in a
threefold to fourfold increase in free ubiquitin levels.

We next evaluated whether epoxomicin inhibited all of the pro-
teasome in the spinal cord (Fig. 5E). Epoxomicin covalently binds to
the proteasome and irreversibly inhibits its chymotrypsin-like activ-
ity (Meng et al., 1999). Consistently, treatment of MIN6 cells with 20
nM epoxomicin for 18 h completely inhibited the chymotrypsin-like
activity (Fig. 5D). No inhibition of the proteasome was detected in
spinal cord tissue of sham- or SNL-operated animals treated with
epoxomicin for 7 d and taken for analysis 1 or 18 h after the last
injection (Fig. 5E). Observed chymotrypsin-like activity was associ-
ated with proteasome because it was inhibited by 25 �M clasto-
lactacystin �-lactone.

Effects of epoxomicin on NF-�B transcription factors
Transcription factors of the nuclear factor (NF)-�B family are
apparently involved in the development of pathological pain and
their inhibition may prevent this process (Laughlin et al., 2000;
Tegeder et al., 2004; Ledeboer et al., 2005; Xie et al., 2006). These
observations, and also the fact that activation of NF-�B in cell
cultures is blocked by proteasome inhibitors (Cusack, 2003), sug-
gest that effects of epoxomicin and MG132 on neuropathic pain
are mediated through the NF-�B system. To test this hypothesis,
we analyzed the spinal cord of sham and SNL rats for DNA bind-
ing activity of NF-�B and p50 homodimer, identified previously
by us and others in the CNS (Bakalkin et al., 1993; O’Neill and
Kaltschmidt, 1997). EMSA demonstrated that the levels of NF-�B
and p50 homodimer DNA binding activity in SNL animals
(168 � 38% and 142 � 24%, respectively; n � 9) were not sig-
nificantly different from those of sham-operated rats (100 � 11%
and 100 � 9%, respectively; n � 10). Epoxomicin had no signif-
icant effect on DNA binding activity of these factors in SNL and
sham-operated rats. Thus, administration of the proteasome in-
hibitor did not induce general changes in the NF-�B system in
SNL rats.

Epoxomicin-treated rats are resistant to dynorphin
A-induced pain
Dynorphin A, an endogenous opioid peptide produces a long-
lasting allodynia and hyperalgesia in rodents, behavioral states
consistent with signs of clinically observed neuropathic pain.
This dynorphin-induced allodynia was used as a pharmacological
model of enhanced abnormal pain (Laughlin et al., 1997; Van-
derah et al., 2000). In addition to inhibition of upregulation and
secretion of spinal dynorphin A, proteasome inhibitors may in-
terfere with actions of dynorphin A at the “postsynaptic” levels,
resulting in allodynia and hyperalgesia. To test this hypothesis,

Figure 4. Effects of proteasome inhibitors on the PDYN system. A, Epoxomicin blocks up-
regulation of dynorphin A in the spinal cord of SNL rats. The dorsal quadrants ipsilateral to the
side of injury in the spinal cord of rats treated for 7 d with epoxomicin (twice-daily i.t. injections
of 0.6 nmol) were analyzed. B–D, Effects of epoxomicin on the PDYN levels in mouse insulinoma
MIN6 cells and the dynorphin A secretion by these cells into the medium. B, PDYN was analyzed
in cell extracts by Western blotting. C, D, Dynorphin A levels were measured in the culture
medium by RIA. B, C, Cells were grown for 16 h in the presence of 20 or 200 nM epoxomicin, 100
nM MG132, 5 �M clasto-lactacystine �-lactone, 1 �M ALLM, or 0.003% DMSO used as a solvent
for proteasome inhibitors. The presence of DMSO did not affect the PDYN or dynorphin A levels.
Relative levels are shown as mean � SEM; n � 3. D, Cells cultivated in presence of 100 nM

epoxomicin or DMSO for 16 h were washed and incubated in the medium with 5.9 mM [control
(C)] or 20 mM potassium (K �; depolarization medium) for 20 min. Relative levels are shown as
mean � SEM; n � 4. * ,#p � 0.05, comparison between sham- and SNL-operated animals
injected with vehicle (*) or between respective vehicle and epoxomicin groups (#).
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dynorphin A (15 nmol) or saline was in-
jected intrathecally into animals that also
received either epoxomicin (0.6 nmol/
dose, twice daily; peptide was injected on
the first day of treatment with proteasome
inhibitor) or vehicle (5% DMSO in 95%
saline) for 5 d, and responses to light tactile
stimuli and hot-plate latencies were evalu-
ated daily over a period of 9 d (Fig. 6).
Whereas dynorphin A alone induced en-
hanced behavioral signs of pathological
pain, behavioral signs of tactile allodynia
(Fig. 6A) and thermal hyperalgesia (Fig.
6B) were mostly abolished by epoxomicin
treatment. The paw withdrawal thresholds
were significantly reduced (F(9,50) � 13.66;
p � 9.8 � 10�11) 2 d after dynorphin A
administration compared with the pre-
dynorphin A baseline values. Paw with-
drawal thresholds of the epoxomicin-
treated animals given dynorphin A were
greater than those of the vehicle-treated
animals that received dynorphin A over
4 – 6 d of epoxomicin treatment period
(F(9,50) � 4.93; p � 9.57 � 10�5), but were
still reduced compared with predynorphin
levels. The hot-plate latencies were signif-
icantly reduced (F(9,50) � 5.038; p � 7.7 �
10�5) relative to the predynorphin base-
line values. Termination of epoxomicin
injections on the day 5 of treatment led to a
progressive appearance of enhanced re-
sponses to tactile and thermal stimuli. Re-
peated injections of epoxomicin did not
produce significant elevations in hot-plate
latencies of the vehicle-treated (F(9,40) �
1.363; p � 0.2369) or dynorphin-treated
(F(9,50) � 1.556; p � 0.1547) groups. These
observations argue against any significant
sensory deficit induced by exposure to ep-
oxomicin over the dose-range and time-
frame used. Thus, epoxomicin produces
multiple effects; in addition to the inhibi-
tion of dynorphin A upregulation, this
compound also blocks nociceptive behav-
ior elicited by dynorphin A.

Epoxomicin prevents pathological pain
induced by sustained
morphine administration
Persistent exposure to morphine produces
tactile allodynia and thermal hyperalgesia
within 3 d. Male Sprague Dawley rats were
prepared with a subcutaneous implanta-
tion of a pair of placebo pellets or pellets
each containing 75 mg of morphine free
base. The rats also received twice-daily spi-
nal injections of either epoxomicin (0.6
nmol) or vehicle, beginning on the day of
implantation. Paw withdrawal thresholds
and hot-plate latencies were monitored
daily before the first injection of the day.
Rats receiving opioid and vehicle injec-

Figure 5. Effects of epoxomicin on the UPS proteins and synaptophysin in spinal cord tissues from sham-operated and SNL
animals. A–C, E, Rats with SNL or sham surgery received vehicle or epoxomicin (0.6 nmol/dose) twice daily for 7 d and ipsilateral
quadrants of the spinal cord relative to the injury side were taken for analysis 18 h (A, B, C) or 23 h (E) after the last injection, or 1 h
after the first daily injection (E). A, Representative Western blot images. c, Sham-vehicle; ce, sham-epoxomicin; s, SNL-vehicle; se,
SNL-epoxomicin. B, Levels of E1A ubiquitin-activating enzyme, 20S proteasome subunit, free ubiquitin, ubiquitilated proteins,
and ubiquitin C-terminal hydrolase L1. Error bars indicate mean � SEM; the levels in sham-operated animals are taken as a unit.
*p � 0.05; **p � 0.01; ***p � 0.001; n � 4 –10. The key in B also applies to C. C, Levels of synaptophysin. D, Inhibition of
chymotrypsin-like proteasome activity in MIN6 cells incubated with 20 nM epoxomicin for 18 h. Data are presented as
mean � SEM; n � 2 for the control group, n � 3 for the epoxomicin-treated group. E, Chymotrypsin-like activity in spinal
cord tissues from control and SNL animals. Animals were killed before the first daily injection (open bars; n � 4 – 6) or 1 h
after the first daily injection (gray bars; n � 8 –10). Clasto-lactacystin-�-lactone (L-�-L) was added to the pooled
samples from first experiment to test whether hydrolysis of fluorogenic substrate Suc-LLVY-AMC was catalyzed by the
proteasome. Data are shown as mean � SEM.
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tions developed tactile allodynia and thermal hyperalgesia, as
indicated by significant reductions in response endpoints (Fig. 7).
Paw withdrawal thresholds of morphine-treated rats receiving
vehicle injections were significantly (F(7,24) � 18.01; p � 3.93 �
10�8) reduced from a pooled baseline value of 15 � 0 to 3.32 �
0.57 g and hot-plate latencies were significantly (F(7,40) � 18.7;
p � 8.74 � 10�11) reduced from a pooled baseline value of
23.89 � 1.20 to 15.2 � 1.20 s. Treatment with epoxomicin pre-
vented the development of both tactile allodynia (Fig. 7A) and
thermal hyperalgesia (Fig. 7B). The paw withdrawal thresholds of
the epoxomicin-treated rats with morphine pellets were not re-
duced over the 7 d observation period, and the withdrawal
thresholds were significantly (F(1,72) � 227; p � 5.90 � 10�24)
greater than those of the vehicle-treated group given morphine
pellets. Likewise, the hot-plate latencies of the morphine-treated
rats receiving epoxomicin were not significantly reduced over the
7 d observation period, and were significantly (F(1,80) � 81.1; p �

8.0 � 10�14) greater than those of the morphine-treated group
receiving vehicle injections, suggesting an unmasking of the an-
tinociceptive effects of morphine (Fig. 7B). Vehicle-treated rats
that also received epoxomicin developed moderate increases in
hot-plate latencies that were not statistically significant (F(7,40)

� 0.8033; p � 0.5895). Thus, in control groups of animals
(Figs. 1 B, D,F, 6 B, 7B), the increases in hot-plate latencies
induced by the 5–7 d of continuous treatment with epoxomi-
cin or MG132 were (1) lower in amplitude compared with
those in rats with chronic pain and were (2) statistically sig-
nificant in one of five experiments, suggesting that this is not a
consistent phenomenon.

Figure 6. Epoxomicin abolished dynorphin-induced tactile allodynia and thermal hyperal-
gesia. A, B, Responsive thresholds to innocuous mechanical (von Frey filaments; A) and thermal
(52°C hot-plate; B) stimuli. Dynorphin A (15 nmol) was injected intrathecally and twice-daily
injections of epoxomicin or vehicle were initiated at the same time. Rats that received dynor-
phin and vehicle developed enhanced responses to tactile and thermal stimuli, whereas those
treated with epoxomicin did not. Termination of epoxomicin resulted in a decreased response
thresholds to tactile and thermal stimuli. *p � 0.05, compared to the predynorphin or vehicle
baseline values within each treatment group. Data are shown as mean � SEM; n � 4 – 6 per
group.

Figure 7. The proteasome inhibitor epoxomicin prevents morphine-induced tactile allo-
dynia and thermal hyperalgesia. Rats were prepared with either placebo or morphine (2 � 75
mg) pellets implanted subcutaneously. The rats also received vehicle or epoxomicin (0.6 nmol,
i.t.) twice daily. A, B, Morphine-treated rats receiving vehicle intrathecally developed tactile
allodynia (A) and thermal hyperalgesia (B), as indicated by the reductions in paw withdrawal
thresholds and hot-plate latencies. In contrast, morphine-treated rats receiving epoxomicin did
not develop these reductions in behavioral endpoints. Data are shown as mean � SEM. n �
4 –7 per group.
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Evaluation of potential neurotoxicity or behavioral toxicity
Rats that received twice-daily injections of MG132 (5 mg/kg per
day, s.c.) or of spinal epoxomicin (0.6 nmol per injection) for 7 d
were examined for overt behavioral signs of motor dysfunction
on the rotarod, according to a behavioral protocol we have de-
scribed previously (Gardell et al., 2003b). The cutoff latency for
that test was 120 s. Treatment with MG132 did not produce any
signs of overt motor dysfunction and did not reduce the ability of
the rat to maintain balance on the rotarod (n � 6/group). All rats
that received MG132 remained on the rotarod for 120 s or longer
on each of the days tested. The rats treated with epoxomicin
demonstrated a moderate, but not statistically significant
(F(6,35) � 1.943; p � 0.101; n � 6/group) reduction in time spent
on the rotarod, declining from 120 s on day 1 to 77 � 39 s on day
7. This change might be attributable to sedative effects, although
the possibility of behavioral toxicity caused by cumulative effects
of the epoxomicin infusions cannot be ruled out. However, no
signs of dead or dying cells were identified with Fluoro-Jade B
staining in spinal cord sections of sham- and SNL rats treated
with either epoxomicin or MG132 and examined after termina-
tion of the rotarod experiments. In addition, the rats were ob-
served for signs of adverse primary overt behaviors. None of the
rats examined demonstrated any obvious adverse changes in pos-
ture, gait, or exploratory locomotor activity.

Discussion
A previous study with single spinal injections of proteasome in-
hibitors in rats with CCI indicated that the UPS may contribute to
mechanisms supporting neuropathic pain (Moss et al., 2002). We
confirm and extend these observations, and provide here com-
pelling evidence demonstrating that the UPS is a critical compo-
nent for the manifestation of behavioral signs of chronic pain.
Our principal findings argue that (1) inhibition of UPS activity
abolishes the initiation and maintenance of neuropathic pain, (2)
proteasome inhibitors given spinally or systemically abolish signs
of pathological pain, and (3) proteasome inhibition also blocks
pathological pain induced by sustained morphine or dynorphin
A, a mediator of central sensitization.

We have repeatedly shown that behavioral signs of neuro-
pathic pain correlate with the upregulation of spinal dynorphin A
and enhancement of capsaicin-evoked release of CGRP from pri-
mary afferent terminals (Malan et al., 2000; Wang et al., 2001;
Burgess et al., 2002; Gardell et al., 2003a, 2004; Xu et al., 2004).
These behavioral and biochemical consequences of nerve injury
are abolished by disrupting descending facilitation from medul-
lary sites. Similar results were made after persistent exposure to
opioids (for review, see Ossipov et al., 2001, 2005; Ossipov and
Porreca, 2005, 2006). In the present study, epoxomicin abolished
the upregulation of spinal dynorphin A and enhanced capsaicin-
evoked release of CGRP elicited by SNL. Normalization of both
evoked CGRP release and dynorphin A upregulation may be a
consequence of the inhibition of the development and mainte-
nance of neuropathic pain by epoxomicin. However, experi-
ments with a model cell line demonstrated that the dynorphin
system may be directly targeted by proteasome inhibitors; our
preliminary data suggest that these effects are mediated via inhi-
bition of PDYN trafficking in the regulated secretory pathway
and depletion of processing convertase PC2 essential for the pro-
cessing. We and others demonstrated that dynorphin A promotes
pain acting through activation of the glutamate and/or bradyki-
nin receptors (Lai et al., 2006) that both are under the control of
the UPS (Patrick et al., 2003; Bachar et al., 2004; Moriyoshi et al.,
2004). Collectively, these findings suggest that effects of protea-

some inhibitors on chronic pain are mediated through several
protein systems, including those controlling dynorphin A and
CGRP release and postsynaptic actions of dynorphin A.

Other mechanisms may involve the UPS-regulated protein
kinase A, which contributes to central sensitization and abnormal
pain (Moss et al., 2002), and voltage-dependent calcium channels
(VDCCs). Inhibition of the UPS markedly reduced the activity of
VDCCs in endocrine and neuronal cells (Ehlers, 2003; Kawagu-
chi et al., 2006), and blockade of these channels abolishes central
sensitization and enhanced abnormal pain after nerve injury or
opioid exposure (Dogrul et al., 2005; Hildebrand and Snutch,
2006). Effects of proteasome inhibitors on CGRP and dynorphin
may result from inhibition of VDCC activity. Actions of protea-
some inhibitors mediated through inhibition of NF-�B activa-
tion in the spinal cord may probably be ruled out; our EMSA data
does not support this hypothesis.

Consistent with previous studies, we did not observe a signif-
icant inhibition of proteasome activity in animals treated with the
irreversible inhibitor epoxomicin at the dose that prevented the
development of chronic pain. Epoxomicin acts on cultured neu-
rons at concentrations of 1–10 �M (Fornai et al., 2003; Wil-
leumier et al., 2006). Estimating spinal CSF volume as 200 �l
(Bass and Lundberg, 1973; De La Riva and Yeo, 1985), a spinal
injection of epoxomicin (0.6 nmol) results in a CSF concentra-
tion of 3 �M in the fluid, which could be sufficient to inhibit
proteasome in the superficial cell layers. However, assuming uni-
form distribution, epoxomicin concentration would be �0.3 �M

and, thus, too low to inhibit the proteasome in the majority of
cells. Consistently, a 50% inhibition of proteasome activity oc-
curred after infusion of 10 �mol epoxomicin into the rat striatum
(Fornai et al., 2003), representing a 20,000-fold higher concen-
tration than that used in the present study. Neurons in the super-
ficial layers of the spinal cord and in the dorsal root ganglion, or
primary afferent fibers projecting into the dorsal horns may be
more accessible to this compound. Furthermore, proteasome in-
hibitors may target selective neuronal subpopulations with a
higher rate of the UPS-mediated protein degradation, such as
injured neurons. This notion is supported by the observations
that intracellular calcium levels are increased after nerve injury,
resulting in activation of the UPS (Ehlers, 2004). Another possi-
bility is that intracellular concentration of inhibitors may reach
the levels sufficient for proteasome inhibition in selective neuro-
nal compartments such as synapses, for example, because of ac-
tivation of retrieval endocytosis in firing neurons in pain trans-
mission pathways.

Analysis of the status of the UPS under the condition of
chronic pain demonstrated that the levels of E1A and 20S protea-
some, proteins of the beginning and the end of the UPS enzy-
matic cascade, and those of free ubiquitin are reduced in the
spinal cord of SNL animals. The UPS-mediated protein degrada-
tion may be downregulated in these rats and this, by analogy with
effects of proteasome inhibitors, may counteract to the develop-
ment and/or maintenance of neuropathic pain.

Effects of epoxomicin are regarded as induced through inhi-
bition of the proteasome (Meng et al., 1999; Delcros et al., 2003;
Kawaguchi et al., 2006). This statement is based on (1) the facts
that this compound along with clasto-lactacystine �-lactone is
probably the most selective proteasome inhibitor (Tsubuki et al.,
1996, Delcros et al., 2003), (2) the absence of data on side-effects,
despite of extensive studies of this inhibitor, (3) a similarity in
effects of proteasome inhibitors of different chemical structures,
and (4) a similarity in effects of these inhibitors and UPS genetic
modifications (An et al., 2006; Ding et al., 2006). However, direct
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evidence for this statement is lacking and this is the limitation of
our and other in vivo studies. We limit our approach to analysis of
actions of proteasome inhibitors on chronic pain assuming, sim-
ilarly to other studies (Meng et al., 1999; Moss et al., 2002; Delcros
et al., 2003; Kawaguchi et al., 2006), that these compounds inter-
fere with UPS functions.

In rats, the proteasome inhibitor bortezomib induced mild-
to-moderate neurotoxic effects when given intravenously on a
schedule of two or three injections per week (Cavaletti et al.,
2007) and, in cancer patients, neuropathic pain is emerging as a
major complication of treatment with this inhibitor (Cata et al.,
2006). Thus, effects of proteasome inhibitors on pathological
pain observed in the present study may be a consequence of neu-
rotoxicity or interference with normal neurotransmission. Sev-
eral observations argue against this interpretation. First, neuro-
toxic effects in rats were observed with multiple intravenous
administrations of the maximum tolerated sublethal dose of
bortezomib. Because bortezomib is 100- to 1000-fold more po-
tent then MG132 (Berkers et al., 2005; Saulle et al., 2007), the
MG132 dose administered subcutaneously in our experiments
(10 mg/kg/d of treatment) that produced antinociceptive effects
may be regarded as similar or much lower then a single dose or
cumulative doses of intravenous bortezomib (0.08 and 0.15 mg/
kg/d of treatment, twice weekly for 4 weeks), which did not pro-
duce any pathological changes (Cavaletti et al., 2007). Second,
effects of bortezomib on nerve conduction velocity were regis-
tered on the 14th day after the initiation of injections, whereas
MG132 and epoxomicin inhibited neuropathic pain already on
the first or second day of treatment. Third, bortezomib may in-
duce neurotoxic effects through a component in its activity that is
blocked by the polyhydroxyl compound Tiron, a radical spin
trap; this component lacks in actions of MG132 (Fernandez et al.,
2006). Further arguing against the possibility that reversal of tac-
tile allodynia or thermal hyperalgesia are secondary to neurotoxic
effects of the proteasome inhibitors are the observations that,
during 5–7 d of continuous treatment with MG132 or epoxomi-
cin, antinociceptive effects were evident whereas (1) there were
no changes in sensory responses to mechanical or, with the ex-
ception of one of five experiments, thermal stimuli in sham op-
erated animals, (2) no (MG132) or statistically insignificant (ep-
oxomicin) effects on motor performance on the rotarod, (3) no
adverse changes in posture, gait, or exploratory locomotor activ-
ity, and (4) no cell death in the spinal cord. Moreover, termina-
tion of the injections of the reversible inhibitor MG132 and of the
irreversible inhibitor epoxomicin was rapidly followed by resto-
ration of both tactile allodynia and thermal hyperalgesia in rats
with SNL, arguing against the induction of irreversible deficits by
both inhibitors. Thus, the window between antinociceptive and
cytotoxic effects is large for both systemic MG132 and spinal
epoxomicin. Nonetheless, the utility of proteasome inhibitors for
treatment of clinical pain might be compromised by the potential
for neurotoxicity of the currently available compounds after
chronic administration. Focus on E3 ubiquitin ligases as specific
drug targets might be a more promising approach.

In conclusion, our data that proteasome inhibitors block tac-
tile allodynia and thermal hyperalgesia as well as that of enhanced
capsaicin-evoked release of CGRP and upregulation of spinal
dynorphin suggest that the UPS is a critical intracellular regulator
of chronic pathological pain. Additional mechanistic investiga-
tion of the effects of proteasome inhibition on neurotransmitter
release, VDCC regulation, and glutamatergic signaling is re-
quired for understanding of central sensitization.
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