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bstract

The possible antihyperalgesic and antiallodynic activity of loperamide, an opioid agonist which does not readily penetrate the blood–brain barrier,
ere examined in the spinal nerve ligation model of experimental neuropathic pain. Intraperitoneal (i.p.) injection of loperamide effectively reversed

hermal hyperalgesia. In contrast, loperamide had minimal effects on cold allodynia and no effects on mechanical allodynia. The antihyperalgesic
ction of loperamide against noxious heat was antagonized by naltrindole, a �-opioid receptor selective antagonist, but not by pretreatment with
-funaltrexamine, a �-opioid receptor selective antagonist, or administration of nor-binaltorphimine, a �-opioid receptor selective antagonist.
urthermore, i.p. injection of [d-Ala2, Glu4]-deltorphin II, a �-opioid receptor selective peptide agonist, also reversed thermal hyperalgesia. The
resent results suggest that thermal hyperalgesia in experimental neuropathic pain can be reduced through activation of peripheral �-opioid receptors.

he data suggest the possible application of peripherally restricted and �-opioid receptor selective agonists in the treatment of some aspects of
europathic pain without many of the side effects associated with centrally acting opioids and without the peripheral side effects of opioid agonists
cting at �-receptors.

2006 Published by Elsevier Ireland Ltd.
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pioids are the most powerful drugs for treatment severe acute
nd chronic pain, but their use is limited by undesired side effects
uch as sedation, respiratory depression, or drug abuse [1]. To
ate, three opioid receptors (�-, �-, and �-opioid receptor) have
een cloned. All three receptors are expressed throughout the
entral nervous system (CNS) and the peripheral nervous sys-
em (PNS) [2]. Activation of opioid receptors in CNS results
n potent analgesia in part via inhibition of ascending exci-
atory nociceptive transmissions and activation of descending
nhibitory systems [3]. These beneficial actions are often lim-
ted, however, by a lack of separation between doses required
o produce analgesia through activation of opioid receptors in
NS and doses which produce severe side effects. Activation

f opioid receptors in PNS has also been suggested to produce
ntinociception in various pain models [3,4], though this may
equire conditions of inflammatory injury [5].
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Experimental evidence suggests that peripherally selective
pioids, may have therapeutic potential as analgesics and anti-
yperalgesics without the side effects associated with activation
f opioid receptors in CNS [6]. Additionally, while it is known
hat activation of �-opioid receptors in PNS can result in sig-
ificant gastrointestinal side effects, opioids which do not act
referentially through �-receptors are not associated with inhi-
ition of gastrointestinal motility or alteration of fluid balance
hich can lead to constipation [7,8].
Damage to nervous system sometimes causes a chronic pain

tate referred to as neuropathic pain which is characterized
ost often by spontaneous burning pain and sometimes by allo-

ynia (pain evoked by nonpainful stimuli), and hyperalgesia
an increased response to painful stimuli) [9]. Presently avail-
ble therapeutic approaches are not sufficient for treatment of
hese symptoms due to the side-effects associated with currently

vailable therapies [10]. Although it has been suggested that
europathic pain may be attenuated by opioids at higher doses
han those effective in acute pain [11], this is accompanied by
ggravation of central side effects and studies show that even
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withdrawal latency was longer than that in sham rats suggesting
the presence of antinociceptive activity (Fig. 1A). In sham rats,
3 mg/kg of loperamide did not change withdrawal latency. On

Fig. 1. Antihyperalgesic effects of i.p. injection of loperamide. Results are
means with S.E.M. of n = 5–6 experiments/group. (A) Paw withdrawal latencies
to noxious thermal stimulation to sham rats (hatched bar) and nerve injured rats
44 K. Shinoda et al. / Neuroscie

europathic pain patients that acknowledge medical benefit with
pioids drop out of therapy within months due to such side
ffects [12]. Although recent studies have demonstrated local
dministration of �-opioid agonists reduced mechanical allody-
ia in models of rat neuropathic pain [13–16], possible beneficial
ffects of systemically administered opioids which are periph-
rally restricted have not been well studied.

Recently, loperamide, an opioid agonist which does not read-
ly cross the blood–brain barrier and is antagonized by periph-
rally restricted opiate antgonists [17], has been shown to pro-
uce analgesia in various models of pathological pain [17–20].
owever, its effects have not been investigated in a model of
europathic pain. In this study, we investigated potential bene-
cial actions of loperamide in a model of rat neuropathic pain.
ur study assessed if the systemic administration of loperamide

ould elicit antihyperalgesia and antiallodynia through activa-
ion of opioid receptors in PNS. Additionally, we sought to
haracterize the type of opioid receptor involved in the anti-
yperalgesic actions of loperamide.

All experiments were performed according to the policies
nd recommendations of the International Association for the
tudy of Pain and the National Institutes of Health guide-

ines for handling and use of laboratory animals and received
pproval from the Institutional Care and Animal Use Commit-
ee at the University of Arizona. Male Sprague-Dawley rats,
eighing 200–350 g, were used in all experiments. The spinal
erve ligation injury was performed under isoflurane anesthesia
ccording to the method described by Fukuoka et al. [21]. The
kin was incised over the caudal lumber region and muscles were
etracted. The L5 spinal nerve was isolated and tightly ligated
ith 4-0 silk thread. In sham-operated rats, the L5 spinal nerve
as isolated without ligation.
Behavioral testing was performed on 13–15 days after

urgery. Thermal hyperalgesia was assessed using the plantar
est (Ugo Basile, Varese, Italy) [22]. The rats were placed in
lexiglas enclosures on a clear glass plate. With the rat standing
elatively still, a radiant heat source beneath the glass floor was
imed at the plantar surface of the hind paw, and the withdrawal
atency was measured. Before assessment of thermal hyperal-
esia, the intensity of the radiant heat was adjusted to yield
baseline latency of ∼20 s from naı̈ve rats with the cutoff of

utomatically set at 30 s to avoid tissue damage. Cold allodynia
as estimated by measuring brisk foot withdrawal in response

o acetone application [23]. Approximately 30 �L of acetone
as applied 5 times to the hind paw. The frequency of foot
ithdrawal was expressed as a percent. Mechanical allodynia
as determined by measuring the paw withdrawal threshold to
robing with von Frey filaments [24]. Calibrated filaments were
pplied to the plantar surface of the hind paw of a rat through
ire-mesh floor. The paw withdrawal threshold was determined
y applying Dixon’s nonparametric test [25].

All reagents were dissolved with 10% DMSO in distilled
ater. Loperamide was injected intraperitoneally (i.p.) 60 min

efore test. Naltrindole was injected subcutaneously (s.c.) at a
ose of 2 mg/kg, 30 min before loperamide. �-Funaltrexamine
�-FNA) and nor-binaltorphimine (nor-BNI) were injected (s.c.)
4 h before loperamide at doses of 20 mg/kg and 3 mg/kg,
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espectively. These doses and time-courses for antagonists, espe-
ially for �-FNA and nor-BNI were chosen based on previous
eports from our laboratory [26,27]. [d-Ala2, Glu4]-deltorphin
I was injected (i.p.) at a dose of 6 mg/kg, 15 min before
esting.

Spinal nerve injury resulted in appearance of symptoms of
europathic pain (thermal hyperalgesia, cold allodynia, and
echanical allodynia, Fig. 1A–C). I.p. injection of loperamide

educed thermal hyperalgesia, and at a dose of 10 mg/kg, the
black bar). ***P < 0.001 vs. sham, Student’s t-test, ##P < 0.01 vs. vehicle, one-
ay ANOVA Dunnett test, ###P < 0.001 vs. vehicle, one-way ANOVA Dunnett

est. (B) Response frequencies to innoxious cold stimulation. NS, not statisti-
ally different vs. vehicle, Student’s t-test. (C) Paw withdrawal thresholds to
nnoxious mechanical stimulation.
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Fig. 2. Effects of s.c. injection of subtype selective opioid antagonists on the
antihyperalgesic effects induced by i.p. injection of loperamide. Results are
means with S.E.M. of n = 6–7 experiments/group. Paw withdrawal latencies to
noxious thermal stimulation to sham rats (hatched bar) and nerve injured rats
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black bar). ***P < 0.001 vs. sham, Student’s t-test, ###P < 0.001 vs. vehicle,
tudent’s t-test, +++P < 0.001 vs. loperamide, Student’s t-test.

he other hand, antiallodynic effects were not observed in cold
llodynia or mechanical allodynia (Fig. 1B and C). In order to
haracterize which subtypes of opioid receptor are involved in
operamide-induced anti-thermal hyperalgesia, subtype selec-
ive antagonists were examined. S.c. injection of naltrindole
1 mg/kg), a �-opioid receptor selective antagonist, inhibited the
ntihyperalgesic effects of loperamide, while s.c. injection of �-
NA (20 mg/kg), a �-opioid receptor selective antagonist, or
or-BNI (3 mg/kg), a �-opioid receptor selective antagonist did
ot show any effects (Fig. 2). Naltrindole, �-FNA, or nor-BNI
ad no effect when given alone on the withdrawal latencies (data
ot shown). For further investigation of functions of peripheral
-opioid receptors, the antihyperalgesic effects of i.p. injection
f [d-Ala2, Glu4]-deltorphin II (6 mg/kg), a �-opioid receptor
elective peptide agonist, was tested. Fifteen minutes after injec-
ion, [d-Ala2, Glu4]-deltorphin II reversed thermal hyperalgesia
n nerve injury rats (Fig. 3).

The present study demonstrates that systemically administra-
ion of loperamide reversed thermal hyperalgesia in a model of
at neuropathic pain. Loperamide-induced anti-thermal hyper-

lgesia was inhibited by pretreatment of naltrindole, a �-opioid
eceptor selective antagonist, while pretreatment of either �-
NA, a �-opioid receptor selective antagonist, or nor-BNI, a

ig. 3. Antihyperalgesic effects of i.p. injection of [d-Ala2, Glu4]-deltorphin II.
esults are means with S.E.M. of n = 6–7 experiments/group. Paw withdrawal

atencies to noxious thermal stimulation to sham rats (hatched bar) and nerve
njured rats (black bar). ***P < 0.001 vs. sham, Student’s t-test, ##P < 0.01 vs.
ehicle, Student’s t-test.
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-opioid receptor selective antagonist, did not change effects of
operamide. These doses and time courses of �-FNA and nor-
NI have been previously demonstrated to block the activation
f �- and �-opioid receptors, respectively [26,27]. Addition-
lly, the dose and time course of naltrindole has previously
een shown to be ineffective in blocking the analgesic effects
f morphine [28]. These results indicate that thermal hyperalge-
ia in neuropathic pain could be reduced through activation of
eripheral �-opioid receptors. Loperamide shows a high affinity
o �-opioid receptors (Ki = 3.3 nmol/L), but it also shows high
ffinity to �-opioid receptors (Ki = 48 nmol/L) at recombinant
uman receptors [17]. Furthermore, systemically administered
d-Ala2, Glu4]-deltorphin II, a �-opioid receptor selective pep-
ide agonist, also reduced thermal hyperalgesia in neuropathic
ats. Therefore, the data suggests that the antihyperalgesic effects
f loperamide in neuropathic rats are mediated through acti-
ation of peripheral �-opioid receptors. It is noteworthy that
operamide failed to produce antinociceptive effects in sham
ats at a dose of 3 mg/kg. At this dose, loperamide reversed ther-
al sensitivity of neuropathic rats to normal levels. This result

s generally consistent with the view that analgesic effects of
pioids on acute pain are primarily mediated through receptors
ocated in the brain and spinal cord [18]. Higher doses of lop-
ramide (10 mg/kg, i.p.) produced significant antinociception
n neuropathic rats suggesting penetration to the CNS at this
ose. Although the reason why loperamide was effective only in
europathic rats is not known, it is possible that expression of �-
pioid receptors in PNS may be altered after nerve injury. Recent
eports showed that inflammatory stimulation, capsaicin treat-
ent, and morphine treatment increased cell surface �-opioid

eceptors in the dorsal root ganglia neurons or primary culture
f sensory neurons [5,29]. Although �-opioid receptors in the
pinal cord were shown to decrease after nerve injury [30,31], it
s possible that peripheral �-opioid receptors may increase after
erve injury.

In our tests, the effects of loperamide were more potent in
hermal hyperalgesia than those in cold allodynia or mechanical
llodynia. Previously, particular analgesic drugs were reported
o show a preferential ability to inhibit one of these symptoms.
ince the peripheral nociceptors involved in the transmission of

hermal, cold, or mechanical stimuli are different, it seems that
heir sensitization could be differently modulated [32]. Thus, our
esults seem to suggest that �-opioid receptors may be expressed
n afferent neurons which are involved in transmission of thermal
timuli in nerve injured rats.

In summary, the present study demonstrates that systemi-
ally administered loperamide can reverse thermal hyperalge-
ia induced by nerve injury, through activation of peripheral
-opioid receptors which could be upregulated during develop-
ent this pathology. Although further studies are necessary to

eveal the mechanism through which peripheral �-opioids show
ntihyperalgesic effects, they seem to have therapeutic potential
or treatment for some aspects of neuropathic pain (e.g., burning

ain) without central side effects. Additionally, the peripheral
ctivation of �-opioid receptors is not known to alter gastroin-
estinal function, suggesting added benefit for the treatment of
uch pain states.
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