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Abstract
Aims/hypothesis We investigated spinal and peripheral
kappa opioid systems in diabetic rats.
Materials and methods Dynorphin A, N-methyl-D-aspartate
(NMDA) and kappa opioid receptor (KOR) were measured
in spinal cord, dorsal root ganglia, peripheral nerves and
foot skin of control and streptozotocin-induced diabetic rats
by immunoassay and Western blotting. Behavioural assess-
ments of paw tactile sensitivity and formalin-evoked
hyperalgesia were performed in normal and diabetic rats
before and after treatment with asimadoline.
Results Dynorphin A protein levels were significantly
increased in peripheral nerves and footpad skin of diabetic
rats. Dynorphin A exhibits both anti- and pro-nociceptive
properties depending on activation of either KOR or
NMDA receptors. Spinal protein levels of these receptors
were not changed by diabetes, while KOR levels in the
sciatic and peroneal nerves were significantly increased.
Exploiting the presence and elevated levels of KOR in the
periphery, we investigated the effect of the peripheral KOR
agonist asimadoline on formalin-evoked hyperalgesia and
tactile allodynia in diabetic rats. Both formalin-evoked
hyperalgesia and tactile allodynia in diabetic rats were
acutely ameliorated by asimadoline. To confirm that the
effect of asimadoline was related to its property as KOR
agonist, diabetic rats were pretreated with the selective

KOR antagonist nor-binaltorphimine. Intraplantar nor-
binaltorphimine abolished the ability of asimadoline to
alleviate tactile allodynia in diabetic rats. Systemic and
intrathecal nor-binaltorphimine partially inhibited the effect
of asimadoline against formalin-evoked hyperalgesia in
diabetic rats.
Conclusions/interpretation Using selective peripheral KOR
agonists to take advantage of elevated peripheral KOR
expression may provide a novel therapeutic approach for
painful diabetic neuropathy.
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Abbreviations
DRG dorsal root ganglia
KOR kappa opioid receptor
NMDA N-methyl-D-aspartate
nor-BNI nor-binaltorphimine
STZ streptozotocin

Introduction

Neuropathy is the most common secondary complication
associated with diabetes mellitus and has symptoms that
range from loss of sensation to spontaneous or touch-
evoked pain. The cause of diabetic painful neuropathy is
unclear and like other neuropathic pain conditions may be
the result of various pathological events, including in-
creased ectopic primary afferent input and anatomic or
neurochemical changes to spinal and supraspinal sensory
processing mechanisms. Diabetic rats show behavioural
indices of abnormal sensory function such as tactile
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allodynia and hyperalgesia to chemical stimuli and have
been widely used as models to investigate the aetiology of
painful diabetic neuropathy and to screen the efficacy of
potential therapeutic interventions [1].

Our previous studies suggested that amplification of spinal
sensory processing mechanisms that could contribute to
allodynia or hyperalgesia occurs in diabetic rats [2, 3], but
the mechanistic details remain to be clarified. Many of the
features of allodynia in diabetic rats resemble those seen in
models of neuropathic pain induced by physical nerve injury
[4], and while examining neurochemical parallels between
these models, we became interested in the effects of diabetes
on the spinal dynorphin system. Dynorphin is an endoge-
nous opioid peptide, originally identified as a ligand for the
kappa opioid receptor (KOR) and therefore with potential
antinociceptive properties [5]. However, injection of dynor-
phin to the rat spinal cord causes motor dysfunction or long-
lasting allodynia [6, 7] indicating pronociceptive properties.
Preprodynorphin mRNA and dynorphin protein content are
also increased in rat spinal cord after peripheral nerve injury
or inflammation [8–10] and these changes are accompanied
by onset of tactile allodynia [11]. Although dynorphin is not
required for the initiation of neuropathic pain, it is required
for the maintenance of persistent neuropathic pain [12], and
this may be related to direct or indirect activation of N-
methyl-D-aspartate (NMDA) receptors [13, 14]. Dynorphin
levels are increased in the brain of diabetic rodents [15], but
the effects of diabetes on dynorphin or its receptors in the
spinal cord and peripheral nervous system have not been
examined and their potential contribution to painful diabetic
neuropathy or alleviation of this condition has not been
explored.

In light of the above observations, we investigated
dynorphin A and its associated receptors in the spinal cord,
dorsal root ganglia (DRG), peripheral nerves and footpad
skin of diabetic rats. Our findings prompted us to
subsequently explore the ability of asimadoline
(EMD61753), a KOR agonist with restricted ability to
cross the blood-brain-barrier [16], to alleviate tactile
allodynia and formalin-evoked hyperalgesia in diabetic
rats. Asimadoline has antinociceptive properties in a
number of inflammatory pain models [16–19] and alleviat-
ed mechanical hyperalgesia after sciatic nerve ligation [20],
but its potential efficacy against diabetes-induced neuro-
pathic pain has not yet been reported.

Materials and methods

Animals

All studies were performed using adult female Sprague–
Dawley rats (Harlan Industries, San Diego CA, USA).

Animals were housed two to three per cage with free access
to food and water and maintained in a vivarium approved by
the American Association for the Accreditation of Laboratory
Animal Care. All animal studies were carried out according to
protocols approved by the Institutional Animal Care and Use
Committee of the University of California San Diego.

Drugs

Asimadoline (EMB61753) was supplied byMerck (Darmstadt,
Germany). Gabapentin and nor-binaltorphimine (nor-BNI)
were purchased from Sigma (St. Louis, MO, USA) and
morphine sulfate from Merck (West Point, PA, USA).

Induction of diabetes

Insulin-deficient diabetes was induced following an over-
night fast by a single i.p. injection of streptozotocin (STZ;
Sigma) at 50 mg/kg dissolved in 0.9% sterile saline.
Hyperglycaemia was confirmed using a strip-operated
reflectance meter in a blood sample obtained by tail prick
4 days after STZ injection and in another sample collected
at the conclusion of the study.

Immunohistochemistry

Eight weeks after onset of hyperglycaemia, diabetic and
control rats were anaesthetised and perfused with 0.9%
saline, followed by 4% paraformaldehyde in 0.1-mol/l PBS.
Immediately after perfusion, bilateral L4 and L5 DRG were
dissected and post-fixed in 4% paraformaldehyde, cryopro-
tected by immersion in 0.1-mol/l PBS containing 30%
sucrose, embedded in optimum-cutting-temperature medi-
um, and stored at −20°C prior to cryostat sectioning (7-μm
sections). Dynorphin A- or KOR-immunoreactivity was
visualised by the ABC method using 3,3’-diaminobenzidine
as the chromagen. After washing with 0.05-mol/l Tris
buffer solution (pH 7.6), the sections were blocked with
avitin–biotin block solution (Dako Corporation, Carpin-
teria, CA, USA) and 10% normal goat serum containing
0.3% Triton-X. Sections were then incubated overnight at
4°C with selective rabbit anti-dynorphin A (Abcam,
Cambridge, MA, USA) (1/50), or KOR (Biosource,
Camarillo, CA, USA) (1/1,000) antibodies in a medium
containing 5% normal goat serum and 0.3% Triton-X.
Sections were then incubated with biotinylated goat anti-
rabbit antibody (1/200: Vector Laboratories, Burlingame,
CA, USA), followed by StreptABC complex/HRP (Dako-
Cytomation, Carpinteria, CA, USA). The immunoreactive
products were visualised with a 3,3′-diaminobenzidine
substrate kit (Vector). To minimise variability in stain
intensity, tissues from control and diabetic rats were
stained side by side and evaluation of non-specific

2776 Diabetologia (2006) 49:2775–2785



staining was performed by omission of the primary
antibody. Sections were evaluated by light microscopy.

Tissue collection

Spinal cords were obtained by hydraulic extrusion after
decapitation of anaesthetised rats. Portions of the lumbar
enlargement were collected either into ice-cold homogeni-
sation buffer (50-mmol/l Tris–HCl, pH 7.4, 150-mmol/
l NaCl, 1-mmol/l EDTA, 0.5% Triton X, protease inhibitor
cocktail) or into PBS. The L4/L5 DRG, segments of the
sciatic, tibial and peroneal nerves and the plantar footpad
skin were homogenised in 200 μl of either ice-cold
homogenisation buffer (50-mmol/l Tris–HCl, pH 7.4, 150-
mmol/l NaCl, 1-mmol/l EDTA, 0.5%Triton X, protease
inhibitor cocktail) or PBS.

Dynorphin A

Dynorphin A levels were determined in PBS tissue
homogenates using a commercial immunoassay kit (sensi-
tivity: 0.1 ng/ml, specificity: 100% dynorphin A 1–17;
Phoenix Pharmaceuticals, Belmont, CA, USA). Peptide
levels were calculated for each animal in ng dynorphin A
per mg of tissue protein. To allow for inter-plate variations,
values for individual animals were expressed relative to the
group mean of the control rat samples on the same plate.

Western blotting

Tissue homogenates were centrifuged (14,000×g) and
aliquots of the clear extract boiled in Laemmli LDS sample
buffer (Invitrogen, Carlsbad, CA, USA). Next, 3 to 6 μg of
total extract protein were separated on 12% SDS-PAGE
Tris–glycine gels (Novex; Invitrogen, Carlsbad, CA, USA)
and immunoblotted on nitrocellulose. Membranes were
incubated with anti-KOR (1/1,000), anti-NMDA-R1 (1/
500; Chemicon International, Temecula, CA, USA) or anti-
actin antibodies (1/2,000; Sigma, St. Louis, MO, USA),
followed by incubation with horseradish peroxidase-linked
anti-rabbit secondary antibody (1/10,000; Santa Cruz
Biotechnology, Santa Cruz, CA, USA) for anti-KOR or
anti-mouse secondary antibody (1/10,000; Santa Cruz) for
anti-NMDA-R1 and anti-actin antibodies. Blots were
developed using an enhanced chemiluminescence western-
blotting protocol (Amersham Pharmacia Biotech, Little
Chalfont, UK). For sequential analysis of Western-blot
membranes, previously bound antibodies were removed
with stripping buffer (0.2-mol/l glycine, pH 2.5, 0.05%
Tween 20). Quantification of immunoreactivity was per-
formed by densitometric scanning using Quantity One
software (BioRad, San Diego, CA, USA). For each animal,
band intensities were normalised by calculating the ratio of

the intensity of the band corresponding to KOR or NMDA-
R1 to the intensity of the band corresponding to actin. To
allow grouping of samples run on different gels, actin-
normalised densitometric measures of band intensity for each
animal were then expressed as a percentage of the group mean
of all samples from control rats present on the same gel.

Tactile response threshold

Tactile allodynia was assessed using von Frey filaments as
described in detail elsewhere [4]. The cumulative response
over the 4 h following drug delivery was presented as the
AUC using the sum of the raw data points. For presentation
purposes, group responses over time were transformed to
percentage maximal effect (%MPE) by designating the pre-
drug value for each animal as 0% effect and thresholds of
15 g as 100% effect [21].

Formalin-evoked flinching

Rats were restrained manually and formalin (50 μl of 0.5%
solution) injected sub-dermally into the hind paw dorsum.
Rats were then placed in an observation chamber and
flinching behaviours counted in 1-min blocks every 5 min
for 1 h [22]. The sum of flinches was grouped to highlight
specific phases of the test (phase 1=min 1–2, 5–6 and 10–
11; phase 2=remaining time points).

Intrathecal catheter implantation

nor-BNI was injected directly into the spinal cord via an
indwelling intrathecal catheter implanted as described
elsewhere [4].

Treatment

Rats were untreated for the first 4 weeks of diabetes. After
confirmation of tactile allodynia, a single dose of asimado-
line, morphine, gabapentin or vehicle (0.9% normal saline)
was delivered prior to measurement of tactile allodynia. In
some studies, the selective KOR antagonist nor-BNI or
saline vehicle were delivered 30 min prior to asimadoline
(15 mg/kg s.c.) or saline injection. Paw formalin injection
and subsequent quantification of flinching behaviour were
performed on separate animals. Asimadoline (1, 5, or
15 mg/kg s.c.) was delivered 1 h prior to paw formalin
injection and flinching was followed for a further hour after
formalin injection.

Statistical analysis

Statistical analysis of parametric data was performed using
the unpaired t-test to compare between control and diabetic
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groups. AUC was derived from non-parametric data and
therefore between-group comparisons were made by the
Kruskal–Wallis test with post hoc identification using
Dunn’s test. For the formalin test, statistical analysis of
parametric data was performed using one-way ANOVA
followed by the Dunnett post hoc test to compare all groups
against untreated diabetic rats. Parametric and transformed
non-parametric data are reported as group mean±SEM.

Results

Diabetes

Diabetic rats exhibited hyperglycaemia (blood sugar
>15 mmol/l) 4 days after STZ injection and also immediately
prior to behavioural testing. Levels were uniformly above the
upper limit of detection of our meter (22.2 mmol/l).

Dynorphin

Dynorphin A protein levels (representative values given in
ng/mg protein for control vs diabetic) were significantly
(p<0.05) increased in the sciatic (0.107±0.02 vs 0.411±0.07),
peroneal (0.175±0.04 vs 0.336±0.1) and tibial (0.187±0.05 vs
0.257±0.03) nerves and footpad skin (1.269±0.39 vs 3.919±
1.37) of diabetic rats (Fig. 1). A similar trend was apparent in
the spinal cord (0.037±0.01 vs 0.060±0.01) but not the DRG
(0.106±0.02 vs 0.086±0.02). Dynorphin A-immunoreactivity
was most apparent in the cytoplasm of sensory neuron cell
bodies located in the DRG of both control and diabetic rats
(Fig. 2). Immunostaining did not appear to be selective for
any particular size of neuron or vary markedly in intensity
between the two groups. Dynorphin A immunoreactivity was
most pronounced in Schwann cells of the sciatic nerve of both
control and diabetic rats where immunostained signet ring
profiles of Schwann cell cytoplasm were evident (Fig. 2) and
was confirmed by dynorphin A-immunoreactivity co-staining
with the S-100 marker for myelinating cells (data not shown).

Fig. 1 Dynorphin A levels
measured by enzyme immuno-
assay in spinal cord (a), dorsal
root ganglia (b), sciatic nerve
(c), peroneal nerve (d), tibial
nerve (e), footpad skin (f). Data
are group mean±SEM. n=6–20
per group. *p<0.05, ***p<0.001
vs control by unpaired t-test
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Receptor proteins

Quantification of KOR protein levels by Western blot
indicated a significant increase in sciatic and peroneal nerve
from diabetic rats (p<0.01 and p<0.05 vs control, respec-
tively, Fig. 3) with a similar trend apparent in the DRG.
KOR protein levels of footpad skin, tibial nerve and spinal
cord were similar in both groups. KOR-immunoreactivity
was present in DRG from both control and diabetic rats and
was localised to satellite cells but not neurons (Fig. 4), as
confirmed by KOR-immunoreactivity co-staining with
immunoreactivity of the satellite cell marker glutamine
synthetase and lack of co-staining with the neuronal marker
NeuN (data not shown). In sciatic nerve, KOR immuno-
staining was most evident in signet ring profiles indicative
of myelinating Schwann cells (Fig. 4), and was confirmed
by co-staining with the S-100 marker for myelinating cells
(data not shown). Levels of NMDA receptor subunit 1
protein were similar in control and diabetic rat spinal cord
(100.0±12.2% vs 89.1±13.4%, n=14–17) and were not
detectable in sciatic and peroneal nerves of control and
diabetic rats (data not shown).

Tactile allodynia

All diabetic rats showed marked allodynia, as defined by a
50% response threshold below 5-g force (cohort mean
±SEM=2.49±0.13 g; median=2.37 g; n=40), whereas
control rats were generally unresponsive to light touch

(group mean±SEM=11.71±1.53 g; median=14.00 g; n=8).
Systemic saline did not alter tactile response threshold of
diabetic over the subsequent 4 h (Fig. 5), whereas systemic
gabapentin alleviated tactile allodynia in diabetic rats with
maximal efficacy occurring between 1 and 3 h after
injection. Subcutaneous delivery of asimadoline alleviated
tactile allodynia in a dose-dependent manner in diabetic rats
with the highest dose (15 mg/kg) matching the time and
efficacy profile of gabapentin (Fig. 5). Neither drug was
associated with any overt changes in motor function or
general physiology and behaviour of the animals.

To confirm that alleviation of tactile allodynia by
asimadoline was mediated by the KOR, diabetic rats were
pretreated with the selective antagonist nor-BNI 30 min
prior to asimadoline injection. Intraperitoneal injection of
1 mg of nor-BNI did not markedly alter the action of
asimadoline (15 mg/kg s.c.) beyond the first hour post-
treatment but intraplantar injection of 100 μg of nor-BNI
(in 20-μl saline) abolished the anti-allodynic effect of
asimadoline for up to 4 h (Fig. 6). This was not due to
either the vehicle or the injection itself, as 20 μl of saline
injected into the paw of diabetic rats did not alter the effect
of asimadoline (Fig. 6).

Cumulative tactile responses over the 4-h test period are
reported in Table 1. Asimadoline (15 mg/kg s.c.) signifi-
cantly alleviated allodynia of diabetic rats (p<0.05 vs
saline) and this effect was abolished by intraplantar
(p<0.01) but not systemic nor-BNI. Tactile responses of
control or diabetic rats were not affected by intraplantar

Fig. 2 Dynorphin A immuno-
reactivity in cytoplasm of DRG
neurons (a, b) and in Schwann
cells of sciatic nerve (c, d) from
control (a, c) and diabetic (b, d)
rats. Arrowhead, dynorphin A
staining in cytoplasm of a DRG
neuron; arrow, dynorphin A
staining in Schwann cells of
sciatic nerve, evident as distinc-
tive signet ring profiles around
axons. Bar=40 μm. Inset (a),
wide-field view of a DRG from
a control rat immunostained
for dynorphin A. Bar=200 μm.
Inset (b), specificity of immu-
nostaining by omission of the
primary antibody. Bar=40 μm
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injection of nor-BNI alone. Morphine (15 mg/kg s.c.) was
included as a positive control and also partially alleviated
allodynia of diabetic rats (AUC=22.32±4.80), although
mild and transient respiratory depression and sedation were
noted at this dose and might have confounded interpretation
of behavioural data.

Formalin hyperalgesia

Injection of 0.5% formalin solution into the hindpaw of
control rats induced minimal flinching during both phase 1
(4±2, mean±SEM) and phase 2 (6±2; Fig. 7a). Vehicle-
treated diabetic rats exhibited increased flinching during
both phase 1 (12±7) and phase 2 (96±8). Gabapentin
(50 mg/kg i.p.) was without effect on phase 1 flinching in
diabetic rats (14±4), but reduced (p<0.01) phase 2 flinching
(23±5) compared with vehicle-treated diabetic rats. Simi-
larly, asimadoline had no effect on phase 1 at any dose
given to diabetic rats (8±3, 15±5 and 17±4 for 1, 5 and
15 mg/kg s.c., respectively). However, phase 2 flinching in
diabetic rats was significantly (p<0.05) reduced by asima-

doline at the 1 mg/kg (50±15) and 5 mg/kg (46±15),
although it was without effect at the 15 mg/kg dose (97±26)
(Fig. 7a). Diabetic rats were also pre-treated with nor-BNI
30 min (intraplantar, i.p.) or 10 min (intrathecal) prior to
asimadoline injection. Intraplantar injection of 100 μg nor-
BNI did not alter the action of asimadoline, whereas i.p.
injection of nor-BNI (1 mg) or delivery of nor-BNI (10 μg
in 10 μl) directly to the spinal cord significantly reduced
the effect of asimadoline treatment (Fig. 7b).

Discussion

Dynorphin A is an endogenous opioid KOR ligand that
shows increased levels in the spinal cord and sciatic nerve
of rats following nerve injury and inflammation [9, 10]. In
addition to opioid-associated antinociceptive properties,
there is strong evidence that dynorphin also contributes to
allodynia and hyperalgesia after nerve injury and helps
sustain persistent neuropathic pain [11–23]. Intrathecal
injection of dynorphin A induces prolonged tactile allody-

Fig. 3 KOR protein levels
measured by western blot in
spinal cord (a), dorsal root gan-
glia (b), sciatic nerve (c), pero-
neal nerve (d), tibial nerve (e),
footpad skin (f) of control and
diabetic rats. Insert (c): Western
blot of sciatic nerve for KOR.
Data are group mean±SEM.
n=6–28 per group. *p<0.05,
**p<0.01 vs control by
unpaired t-test
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nia that is blocked by antagonists of NMDA, but not opioid
receptors [7]. This switch from antinociceptive to pronoci-
ceptive properties may reflect initial activation of the KOR
and then direct or indirect interactions with NMDA
receptors at higher concentrations [13, 14, 24]. Caution
must therefore be exercised when trying to correlate
changes in tissue levels of the peptide with specific
physiological properties.

Our detection of dynorphin A protein in the DRG,
peripheral nerves and skin of control rats is consistent with
a prior report of immunoreactivity for this protein co-
localising with neuropeptides in primary afferents project-

ing to the skin of guinea pigs [25]. Our immunolocalisation
of dynorphin A to neuronal cell body cytoplasm confirms a
neuronal distribution. However, we were surprised to find
that the dominant immunostaining for dynorphin A in the
sciatic nerve was not in axons but in Schwann cells, and
possibly in other non-neuronal cells within the endoneu-
rium. This need not exclude the presence of dynorphin A
undergoing transport from neuronal cell bodies to the
periphery by axonal transport, as it could be present at
levels below our detection limits, but it does highlight an
alternative site of dynorphin A protein in peripheral nerve,
the function of which has yet to be explored.

Fig. 6 Inhibition of the effect of asimadoline in diabetic rats by nor-
BNI. Diabetic rats received either no pre-treatment (black diamonds),
intraplantar saline (open squares) or nor-BNI by intraplantar (black
circles) or i.p. (black triangles) injection 30 min before s.c. delivery of
15-mg/kg asimadoline. Data points are group mean±SEM of the
percentage maximal effect (MPE) for each treatment. n=8 per group

Fig. 5 Efficacy of systemic treatment with 1 ml/kg s.c. of 0.9% saline
(open circles), 50 mg/kg i.p. gabapentin (open squares) or asimadoline
at doses of 1 (closed triangles), 5 (closed squares) or 15 (closed
diamonds) mg/kg s.c. on tactile allodynia in diabetic rats. Data points
are group mean±SEM of the percentage maximal effect (MPE) for
each treatment. n=8 per group

Fig. 4 KOR immunoreactivity
in satellite cells of DRG neurons
(a, b) and in Schwann cells of
sciatic nerve (c, d) from control
(a, c) and diabetic (b, d) rats.
Arrowhead, KOR staining in
satellite cells of DRG neurons;
arrow, KOR staining in
Schwann cells of sciatic nerve,
evident as distinctive signet ring
profiles around axons.
Bar=40 μm. Inset (a), wide-field
view of a DRG from a control
rat immunostained for KOR.
Bar=200 μm. Inset (b), speci-
ficity of immunostaining by
omission of the primary anti-
body. Bar=40 μm
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Diabetes did not change either the amount of dynorphin
A protein or distribution of dynorphin A immunoreactivity
in the DRG. In contrast, diabetes markedly increased
dynorphin A protein levels in the sciatic nerve, its distal

tibial and peroneal branches and also in the plantar foot
skin. Diabetes has previously been shown to increase brain
dynorphin levels [15]. The increase in peripheral nerves but
not the DRG could reflect efficient axonal transport of
nascent dynorphin A from the neuronal cell body to the
periphery. However, we did not detect dynorphin A in
axons of diabetic rats and the cellular distribution remained
restricted to non-neuronal cells. Schwann cells are the
primary lesion site for many hyperglycaemia-induced nerve
changes, as they contain aldose reductase [26] and it is
plausible that increased dynorphin A production represents
another intracellular response to increased flux through the
polyol pathway, although we have yet to investigate this
possibility. When considering the functional consequences
of increased dynorphin A in peripheral nerve during
diabetes, it is noteworthy that the increase was coincident
with the presence of tactile allodynia and formalin-evoked
hyperalgesia. There are other models of neuropathic and
inflammatory pain that show both allodynia and increased
dynorphin A, although the increase is usually described in
the spinal cord [9–11], whereas in our diabetic rats the
increase was restricted to the periphery. Thus, while it is
tempting to speculate that the behavioural indices of
neuropathic pain and increased peripheral nerve dynorphin
are associated, this should be approached with caution for
the reasons discussed above.

Because neuropathic pain induced by nerve injury is
associated with increased spinal KOR [27] and the
pronociceptive aspects of dynorphin activity are mediated
via spinal NMDA receptors, we looked for parallels
between the diabetic rat and other models of nerve injury-
induced neuropathic pain by measuring the amount of KOR
and NMDA receptor protein in the spinal cord of diabetic
rats. However, we found no change in levels of KOR or
NMDA-R1 protein in the spinal cord of allodynic diabetic
rats so that the allodynia of diabetic rats cannot be
attributed to a simple upregulation of these receptors.

The increase of dynorphin A in peripheral nerve and skin
of diabetic rats prompted us to examine KOR in the
periphery. Opioid receptors are axonally transported by
capsaicin-sensitive primary afferent neurons [28], but we
found that the dominant KOR-immunoreactivity was seen
in satellite cells of the DRG and in Schwann cells of the
sciatic nerve. The association of KOR with peripheral glia
has not to our knowledge been reported, although KOR has
been localised to astrocytes in the central nervous system
[29] and implicated in the microglial-mediated spinal
sensitisation properties of dynorphin [30]. The increased
KOR protein seen in the sciatic and peroneal nerves of
diabetic rats was not associated with novel expression of
KOR-immunoreactivity in other cell types within the nerve,
although again we cannot rule out the possibility of an
increased amount undergoing axonal transport, as occurs

Fig. 7 a Sum flinches during phase 2 of the formalin test after
asimadoline treatment. C Control, D diabetic, D+GP diabetic+50 mg/
kg i.p. gabapentin, 1 diabetic+1 mg/kg s.c. asimadoline, 5 diabetic
+5 mg/kg s.c. asimadoline, 15 diabetic+15 mg/kg s.c. asimadoline.
Data are group mean±SEM. n=5–6 per group. **p<0.01 vs diabetic
group by one-way ANOVA followed by Dunnett’s post hoc test. b
Sum flinches during phase 2 of the formalin test after nor-BNI
pretreatment. Diabetic rats were treated with 5 mg/kg s.c. asimadoline
after pretreatment with PBS (IP-PBS), or nor-BNI by intraperitoneal
(IP), intraplantar (IPL) or intrathecal (IT) injection. Data are group
mean±SEM. n=6–8 per group. *p<0.05, **p<0.01 vs IP-PBS group
by one-way ANOVA followed by Dunnett’s post hoc test

Table 1 Cumulative paw withdrawal threshold (quantified as AUC)
over 4 h post-drug administration in control and diabetic rats

Diabetic Non-diabetic

Saline 15.6±2.0* 55.7±4.1
Asimadoline 15 mg/kg s.c. 28.4±3.3 _
+ saline intraplantar 29.5±4.2 63.2±5.7
+ nor BNI i.p. (1 mg) 26.1±7.4 _
+ nor BNI intraplantar (100 μg) 10.5±0.8** _
nor BNI intraplantar (100 μg) 17.8±2.5 57.1±7.1

Data are mean±SEM.
*p<0.05,
**p<0.01 vs asimadoline alone using the Kruskal–Wallis test followed
by Dunn’s post hoc test.
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during inflammation [10, 31], but which is below the limits
of detection with our immunocytochemical techniques. The
absence of any concomitant increase in the distal tibial
nerve is surprising and at present unexplainable, although
the lack of increase is consistent with the matching lack of
increase in plantar foot skin, this being an area innervated
by the tibial nerve. The presence of the KOR in skin has
previously been inferred from pharmacological studies
involving local delivery of antagonists [32, 33], but its
cellular location has yet to be described.

Exploiting the presence of KOR in the footpad skin and
the increased levels in peripheral nerves, we tested the
ability of asimadoline, a peripheral-acting selective KOR
agonist [34, 35], to alleviate sensory dysfunction induced
by diabetes. Established tactile allodynia in diabetic rats
was dose-dependently ameliorated by systemic delivery of
asimadoline with an efficacy profile similar to that of
morphine and gabapentin. While asimadoline and related
arylacetamide KOR agonists have been reported to exhibit
other properties that could mediate antinociception, e.g.
sodium channel inhibition [36], our finding that the anti-
allodynic actions of asimadoline were abolished by pre-
treatment with the KOR antagonist nor-BNI, strongly
suggests that the effect of asimadoline on tactile allodynia
in diabetic rats was mediated via KOR. The ability of nor-
BNI to block the actions of asimadoline was most marked and
persistent when it was delivered locally to the paw, suggesting
that the anti-allodynic actions of asimadoline in diabetic rats
were mediated via peripheral, rather than spinal KOR.

We extended our studies of the actions of asimadoline to
a second index of sensory dysfunction in diabetic rats,
namely the increased flinching response to paw formalin
injection. This model allows evaluation of spinal sensitisa-
tion processes and is thus distinct from tests of acute
thermal or mechanical nociception. Formalin-evoked hyper-
algesia in diabetic rats shares some features with the
allodynia present in diabetic animals. These features
include prevention by insulin therapy [22] and alleviation
by gabapentin [37, 38] or a prosaposin-derived peptide
[39], but they differ in responsiveness to aldose reductase
inhibition [1, 22]. In the present study we found that phase
2 of formalin-evoked hyperalgesia in diabetic rats was
alleviated by systemic asimadoline and this was partially
blocked by systemic or intrathecal nor-BNI, indicating
KOR involvement in the mechanism of action of asimado-
line. In phase 2 of the formalin test minimal peripheral
input is amplified by modified spinal sensory processing
mechanisms [40]. It is interesting to note that the dose-
effect curves for alleviation of formalin hyperalgesia and
tactile allodynia were dissimilar. Asimadoline at 1 mg/kg
was effective against formalin-evoked hyperalgesia during
phase 2 of the test, but not against tactile allodynia.
Conversely, the highest dose used (15 mg/kg) was effective

against tactile allodynia, but efficacy against phase 2 of the
formalin test was lost. A similar loss of efficacy of
asimadoline in high doses has been previously reported in
studies of paw pressure sensitivity in normal rats [16]. The
different dose:effect curves of asimadoline against tactile
allodynia and formalin-evoked hyperalgesia in diabetic rats
could reflect different causes of the two disorders, as
suggested by their differential sensitivity to aldose reduc-
tase inhibitors [22], and/or distinct sites of action of
asimadoline. Indeed, and in contrast to tactile allodynia,
intraplantar injection of the KOR antagonist nor-BNI did
not block the action of asimadoline on formalin-evoked
hyperalgesia. However, spinal delivery of nor-BNI was
effective, suggesting that even limited penetration of asimado-
line in the central nervous system [16, 41] could play a role in
its capacity to ameliorate formalin-evoked hyperalgesia.

In neuropathic pain states, including diabetic neuropathic
pain, mu opioid receptor agonists are widely regarded as
having a limited therapeutic window and a number of
studies in diabetic rodents have suggested that hyper-
glycaemia also causes relative insensitivity to opiates [42,
43]. This may be caused by differences in drug distribution
and kinetics between control and diabetic rats that make
direct comparisons of systemically delivered drug efficacy
difficult to interpret [44], although recent reports indicate
that diabetic rats also show impaired function of spinal mu
opiate receptors [45]. There is emerging experimental
evidence that delta and kappa opioid receptors can provide
plausible alternative targets for alleviating painful diabetic
neuropathy [46] and recent clinical trials with oxycodone, a
mixed mu and kappa opioid receptor agonist [47, 48] also
support this approach. Asimadoline may provide a local
therapeutic approach to treating diabetic painful neuropathy
that avoids the sedation and dysphoria occurring with KOR
agonists that penetrate the central nervous system [49] and
also avoids the respiratory depression and potential for
abuse associated with mu opioid agonists [50].
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