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Abstract

Peripherally acting opioids are potentially attractive drugs for the clinical management of certain
chronic pain states due to the lack of centrally mediated adverse effects. However, it remains
unclear whether tolerance develops to peripheral opioid analgesic effects under neuropathic pain
conditions. We subjected rats to L5 spinal nerve ligation (SNL) and examined the analgesic effects
of repetitive systemic and local administration of loperamide hydrochloride, a peripherally acting
opioid agonist. We found that the inhibition of mechanical hypersensitivity, an important
manifestation of neuropathic pain, by systemic loperamide (1.5 mg/kg subcutaneously) decreased
after repetitive drug treatment (tolerance-inducing dose: 0.75 to 6.0 mg/kg subcutaneously).
Similarly, repeated intraplantar injection of loperamide (150 pg/50 uL intraplantarly) and D-Ala?-
MePhe*-Glyol® enkephalin (300 ug/50 pL), a highly selective mu-opioid receptor (MOR) agonist,
also resulted in decreased inhibition of mechanical hypersensitivity. Pretreatment with naltrexone
hydrochloride (5 mg/kg intraperitoneally) and MK-801 (0.2 mg/kg intraperitoneally) attenuated
systemic loperamide tolerance. Western blot analysis showed that repetitive systemic
administration of morphine (3 mg/kg subcutaneously), but not loperamide (3 mg/kg
subcutaneously) or saline, significantly increased MOR phosphorylation in the spinal cord of SNL
rats. In cultured rat dorsal root ganglion neurons, loperamide dose-dependently inhibited KCI-
induced increases in [Ca2*];. However, this drug effect significantly decreased in cells pretreated
with loperamide (3 UM, 72 hours). Intriguingly, in loperamide-tolerant cells, the delta-opioid
receptor antagonist naltrindole restored loperamide’s inhibition of KCl-elicited [Ca2*]; increase.
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Our findings indicate that animals with neuropathic pain may develop acute tolerance to the
antiallodynic effects of peripherally acting opioids after repetitive systemic and local drug
administration.

Keywords
Nerve injury; Neuropathic pain; Peripheral opioid receptor; Rats; Tolerance

1. Introduction

Neuropathic pain substantially reduces health-related quality of life and is often challenging
to treat. Peripheral opioid receptors are being increasingly studied for their analgesic
potential in the treatment of chronic pain conditions [40,44]. Our recent studies have
suggested that systemic and local administration of peripherally acting opioid receptor
agonists, such as loperamide hydrochloride (HCI), attenuates both mechanical and heat
hypersensitivity in nerve-injured rats [6,14]. Therefore, targeting the peripheral opioid
system may represent a promising new therapeutic approach for alleviating neuropathic pain
[36,44].

The development of analgesic tolerance (i.e., a progressive decrease in the analgesic efficacy
after repeated or prolonged drug administration) to centrally penetrating mu-opioid receptor
(MOR) agonists, such as morphine, presents a substantial barrier to the treatment of chronic
pain [16]. Opioid tolerance is generally considered to be primarily due to central nervous
system (CNS) effects, and studies in animal models of inflammatory pain suggest that
peripheral opioid analgesia is not associated with tolerance [38,43,51]. However, other
reports suggest that the peripheral nervous system (PNS) is an important site of systemic
morphine tolerance and that tolerance also develops to the antinociceptive effect of topically
applied morphine [2,15,16,22,28]. Although some reports suggest that nerve injury
facilitates the development of morphine tolerance [5,11,47], others indicate that acute
morphine tolerance does not develop in rats with a mononeuropathy or in mice with herpes-
associated neuropathic pain behavior [25,30]. Therefore, the development of tolerance to
peripheral opioid actions, especially under neuropathic pain conditions, remains unclear.

Understanding peripheral opioid actions, including tolerance development, is important in
understanding its overall contribution to opioid analgesia [37,44]. Loperamide is a MOR-
preferring agonist that does not cross the blood-brain barrier after systemic administration
[4,8]. Recently, we showed that systemic and local administration of loperamide can
attenuate neuropathic mechanical and heat hypersensitivity [6,14,48]. Although peripherally
acting opioids have potential clinical benefits owing to the minimal risk of central dose-
limiting adverse effects (sedation, cognitive dysfunction) and lack of addiction and abuse
potential, it remains to be determined whether repeated systemic and local administration of
peripherally restricted opioids induces tolerance to their pain-inhibitory effects under
neuropathic pain conditions. To establish the clinical usefulness of peripherally acting
opioids for chronic pain treatment, we used loperamide as a pharmacological tool to
examine whether repeated systemic and local (hind paw) drug treatments are associated with
acute tolerance development in rats after an L5 spinal nerve ligation (SNL). Within the same
experimental setting, we next investigated potential receptor mechanisms for loperamide
analgesia tolerance in vivo. Finally, we examined MOR phosphorylation in the spinal cord
and cellular adaptations in dorsal root ganglion (DRG) neurons that may contribute to the
tolerance.
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2. Methods

2.1. L5 spinal nerve ligation

We ligated spinal nerve L5 of adult male Sprague-Dawley rats (200 to 350 g, Harlan
Bioproducts for Science, Indianapolis, IN) using a modification of the procedure described
previously [6,14]. The animals were anesthetized with isoflurane (2%, Abbott Laboratories,
North Chicago, IL) delivered through a nose cone. Under aseptic conditions, the skin was
incised at the midline over the lumbar spine, and the L5, L6, and upper sacral vertebrae were
exposed. The left transverse process of the L6 vertebra was removed, and the left L5 spinal
nerve was exposed and dissected from the underlying tissue with fine forceps. The left L5
spinal nerve was then tightly ligated with a 6-0 silk suture and cut distally, with care being
taken not to pull the nerve or touch the L4 spinal nerve. After hemostasis was achieved, the
muscle layer was approximated with 4-0 chromic gut suture and the skin closed with metal
clips. After the surgery, the rats were returned to their cages, kept warm under a heat lamp,
and monitored during recovery. Skin staples were removed approximately 1 week after
surgery. All procedures were approved by the Johns Hopkins University Animal Care and
Use Committee as consistent with the National Institutes of Health Guide for the Use of
Experimental Animals to ensure minimal animal use and discomfort.

2.2. Animal behavioral tests

The region between the foot pads in the plantar aspect of the hind paw was tested for
mechanical allodynia. Animals were placed under plastic domes on a mesh floor that
allowed full access to the plantar surface of the paws. Using the up-down method to quantify
response to mechanical stimuli, we determined mechanical paw withdrawal thresholds
(PWTs) using a series of von Frey filaments that deliver approximately logarithmic
incremental forces (0.38, 0.57, 1.23, 1.83, 3.66, 5.93, 9.13, 13.1 g). The von Frey filaments
were applied to the test area for 4 to 6 seconds. The 1.83-g stimulus was applied first. If a
positive response occurred, the next smaller von Frey hair was used; if a negative response
was observed, the next higher force was used. The test was continued until; (1) the responses
to 5 stimuli were assessed after the first crossing of the withdrawal threshold, or (2) the
upper or lower end of the von Frey hair set was reached before a positive or negative
response had been obtained. Abrupt paw withdrawal, licking, and shaking were regarded as
positive responses.

To minimize experimenter bias, the investigator who performed the behavioral tests was
blinded to the drug treatment conditions. Before the behavioral testing, animals were
acclimatized to the facilities for 1 week. To minimize variability of the behavioral outcome
measures, we trained animals for 3 to 5 days before obtaining baseline data. All
experimental conditions (animal age, room temperature, time of day for behavioral testing,
drug preparation, drug injection, animal handling, etc.) were carefully controlled to maintain
consistency across groups. In addition, animals were habituated to the test environment for
>30 minutes before testing was begun on a given day.

2.3. The tolerance-inducing paradigm

Based on previous studies and our pilot experiments (n = 6), we developed a paradigm in
which repeated drug injections are used to induce acute tolerance in rats during days 5 to 8
post-SNL (n = 8 to 9 per group) (Fig. 1A and B), a time when the neuropathic mechanical
and heat hypersensitivity reaches a stable maximum. The doses of systemic loperamide were
twice the EDsgq dose (dose estimated to produce 50% maximum possible effect [MPE]) for
the pretolerance and posttolerance tests and 1 to 4 times the EDsq dose for inducing
tolerance [14]. We carried out the pretolerance test in the morning on day 5 post-SNL. We
first tested the rats to obtain baseline PWTs. Then we injected loperamide either
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systemically (1.5 mg/kg subcutaneously in the back) or locally (150 pg/50 pL
intraplantarly), and then repeated the behavior tests after 30 to 45 minutes. In the afternoon
of the same day we administered the first tolerance-inducing dose of loperamide (0.75, 1.5,
3.0, or 6.0 mg/kg subcutaneously in the back or 300 ug/30 L intraplantarly) or vehicle.
Tolerance-inducing doses were repeated on day 6 (morning and afternoon) and on day 7
(morning only) post-SNL. On day 8 post-SNL, we carried out the posttolerance test by first
measuring the PWTs, administering loperamide at the same dose used in the pretolerance
test, and then repeating the behavioral tests.

2.4. Western blotting

Tissues from L4 and L5 spinal segments of SNL and sham-operated rats were separated and
homogenized for immunoblotting. The tissues were lysed in ice-cold
radioimmunoprecipitation assay buffer (50 mM Tris [pH 7.5], 150 mM NacCl, 10% glycerol,
0.1% Triton X-100, 0.5 mg/mL bovine serum albumin (BSA)). After centrifugation, the
protein concentration was determined by using a detergent-compatible protein assay with a
BSA standard. Samples were separated on a 7.5% (w/v) sodium dodecyl sulfate-
polyacrylamide gel electrophoresis gel and transferred onto a nitrocellulose membrane
(Amersham, Pittsburgh, PA) with a Trans-Blot Transfer Cell system (Bio-Rad, Hercules,
CA). Membranes were incubated with the indicated primary antibody overnight at 4°C, and
immunoreactivity was detected by enhanced chemiluminescence (ECL, Amersham).
Antibodies against MOR (1:2000, Neuromics, Edina, MN), phospho-MOR (p-MOR-Ser37°;
1:1000, Neuromics), and actin (1:20,000, Chemicon, Temecula, CA) were used.
Autoradiograms were analyzed, and the intensity of immunoreactive bands of interest was
quantified (National Institutes of Health Image J 1.46r). Actin staining was used as an
internal control for protein loading.

2.5. Calcium imaging

Calcium imaging with Fluo4AM was carried out in 96-well plates of DRG primary cultures.
Lumbar DRGs from adult male rats were dissected and collected in ice cold Tyrode buffer
(132 mM NacCl, 4.8 mM KCI, 1 mM MgCl,, 1 mM CaCly, 5 mM dextrose, 5 mM
hydroxyethyl piperazineethanesulfonic acid (HEPES)). The DRG was then digested with a
solution of 1 mg/mL Dispase (Gibco 171050-041, Grand Island, NY) and 2 mg/mL
Collagenase (Roche 1088831, Branford, CT) in Tyrode buffer, incubated in a 37°C shaking
water bath for 45 minutes, and subsequently triturated with a fire-polished Pasteur pipet for
several seconds. The neurons were then separated using a gradient Shake OptiPrep (Sigma
D1556, St. Louis, MO). After centrifugation at 900g for 20 minutes, the 2 bottom layers
were separated and the cells were counted. The cells were plated in a 96-well plate (Costar
3603, Corning Glassworks, Corning, NY) previously coated with poly-o-lysine (Sigma
P4707) in a ratio of approximately 60,000 cells/well in Minimum Essential Medium (MEM)
media (Sigma M0643) with 3 mL of 20% glucose, 10% fetal bovine serum (Invitrogen
16000-036, Grand Island, NY), 1% penicillin-streptomycin solution (Invitogen 15070-063),
and 10 ng/mL of NGF (Millipore 01-125, Billerica, MA).

After 96 hours in culture, DRG neurons were washed with NaCl-based extracellular buffer
(ECB) (130 mM NaCl, 2.5 mM KCI, 1 mM MgCl,, 4 mM CaCl,, 10 mM Hepes, 5 mM
glucose, 2.5 mM probenecid (Molecular Probes P36400, Grand Island, NY). Cells were
incubated with 1 pM Fluo4-AM (Invitrogen F14201) in ECB at 37°C for 1 hour. Cells were
washed with NaCl-based extracellular buffer and incubated again for de-esterification of
internal Fluo4 at 37°C for 1 hour. The plates were read on a BioTek Synergy 2 plate reader
in 200 pL/well total volume. KCI (5 to 60 uM in 10 uL) was applied to the cells, and the
plates were read every 3 to 6 seconds for 5 minutes on a BioTek Synergy 2 plate reader.
Area under the curve (AUC) was calculated from the Ca2* transients. AUC was normalized
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to the AUC of KCl-stimulated vehicle-treated cells and analyzed. A minimum of 6 wells of
cells were used for each condition. All Ca2* transients compared were analyzed on the same
day and from the same plate.

A loperamide dose-response curve was generated after 96 hours of culture. Cells were
loaded with Fluo4-AM as described earlier. Cells were incubated with 0.1, 1, or 10 uM
loparamide or vehicle for 5 minutes at 37°C. Using the plate reader, baseline measurements
were made from the wells every 4 seconds for 30 seconds. Then KCI (30 pM) or ECB was
added, and the plate was read continuously every 4 seconds for 5 minutes. To induce
loperamide tolerance, DRG neurons were exposed to loperamide (3 uM) for 72 hours during
culture to model in vitro tolerance. DRG neuron cultures were incubated in MEM media
with 3 UM loperamide for 72 hours (the media was changed every 24 hours); then fresh
MEM without any drug was added and the cells were incubated for an additional 24 hours
before the experiment was performed as detailed earlier.

Next we determined whether acute treatment with naltrindole, a delta-opioid receptor (DOR)
antagonist, could reverse loperamide tolerance. Loperamide-tolerant DRG cells were loaded
with Fluo4-AM. Individual wells are pretreated for 5 minutes with naltrindole (1 uM) or
vehicle and then incubated with loperamide (3 uM, 5 minutes). KCI (30 mM) was then
added, and Ca?* transients were measured.

Loperamide HCI, D-Ala2-MePhe?-Glyol® enkephalin (DAMGO), naltrindole HCI, naloxone
HCI (a nonselective opioid receptor antagonist that can have peripheral and central effects),
naloxone methiodide (a peripherally acting opioid receptor antagonist that does not penetrate
the CNS), naltrexone HCI (a long-lasting nonselective opioid receptor antagonist that can
have both peripheral and central effects), MDL 105,519 (a peripherally acting N-methyl-o-
aspartate [NMDA] receptor/glycine-B site antagonist that very weakly penetrates the CNS),
MK-801[(+)-5-methyl-10,11-dihydroxy-5H-dibenzo(a,d)cyclohepten-5,10-imine, a non-
competitive CNS-penetrating NMDA receptor antagonist with slow unbinding kinetics], and
CDEX (2-hydroxypropyl-beta-cyclodextrin) were purchased from Sigma-Aldrich (St. Louis,
MO). Morphine sulfate was purchased from Baxter Healthcare Corporation (Deerfield, IL).
Stock solutions were freshly prepared as instructed by the manufacturer. Loperamide HCI
was dissolved in 209% CDEX, made by diluting the 40% CDEX/water solution (isotonic)
with saline. CDEX is a drug carrier system that can increase the water solubility of lipid-
soluble drugs and reduce the rate of clearance. MDL 105,519 was dissolved in dimethyl
sulfoxide initially and then further diluted to the final concentration with saline. All other
drugs were dissolved initially in distilled water and then further diluted with saline (0.9%) to
the final concentration.

2.7. Statistical analysis

For behavioral tests, PWT was determined by converting the pattern of positive and negative
responses to the von Frey filament stimulation to a 50% threshold value with the formula
provided by Dixon [9]. One-way repeated-measures ANOVA was used to compare data
between different time points in each group. Two-way ANOVA was used to compare data
between different groups. The Tukey honestly significant difference post-hoc test was used
to compare specific behavioral data points in ANOVA. For Western blotting, relative
expression levels of MOR and p-MOR-Ser37> were determined in SNL rats by first
normalizing the intensity of each specific band to the intensity of the respective actin band
(loading control). The ratio was then normalized to that of sham-operated rats from the same
experiment. The relative levels of MOR and p-MOR-Ser37® were illustrated as fold of sham
control for the purpose of comparison. For Western blotting and calcium imaging, one-way
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ANOVA was used to compare data between groups, and the Fisher protected least
significant difference post-hoc test was used to compare specific data points. STATISTICA
6.0 software (StatSoft, Inc., Tulsa, OK) was used for analysis. Data are expressed as mean +
SEM; P < .05 was considered statistically significant.

3.1. Nerve-injured rats developed tolerance to systemic loperamide’s inhibitory effect on
mechanical hypersensitivity

On day 5 post-SNL, during the pretolerance test, systemic loperamide (1.5 mg/kg
subcutaneously) significantly increased the ipsilateral PWT from the preinjection baseline
after 30 minutes (i.e., time of peak drug effect). The effect largely subsided 90 to 120
minutes after administration. On day 8 post-SNL, this effect was significantly diminished in
rats that had received repeated systemic injections of loperamide at various tolerance-
inducing doses over the previous 3 days (n = 8 to 9/group, Fig. 1B). At this time point,
loperamide (1.5 mg/kg subcutaneously) increased the PWT from preinjection level only in
animals treated with vehicle or very-low-dose loperamide (0.75 mg/kg) during the tolerance-
inducing period.

To examine whether repeated loperamide treatment affected central opioid analgesia, we
examined the effects of morphine sulfate (3.0 mg/kg subcutaneously in the back) on PWT at
6 hours after loperamide testing on day 8 post-SNL. This dose of morphine is approximately
twice the EDsq for inhibiting mechanical hypersensitivity in SNL rats [19,49]. Morphine
induced a significant increase in PWT that was comparable between loperamide-treated and
vehicle-treated groups. The PWT of the contralateral hind paw was not significantly
changed after SNL or drug treatment.

Repetitive systemic drug treatment dose dependently leads to the development of
loperamide tolerance. To compare the level of tolerance between groups treated with
different tolerance-inducing doses of loperamide, we normalized the postinjection PWT on
day 8 post-SNL to the preinjection baseline for each animal and plotted the values for the
various tolerance-inducing doses (Fig. 1C). The inhibitory effect of loperamide (1.5 mg/kg
subcutaneously) was significantly lower in animals that received tolerance-inducing doses of
1.5 mg, 3.0 mg, and 10 mg/kg loperamide than in those that received vehicle (Fig. 1C).

To further examine the rate of tolerance development, we conducted separate studies to
monitor changes in the antiallodynic effect of systemic loperamide after repetitive
administration at the same dose. The tolerance-inducing paradigm was the same as that
described above, with the drug effect tested on day 5 (morning and afternoon) and days 6 to
8 (morning only) post-SNL (Fig. 1D). Two doses of loperamide (1.5 mg/kg, 3.0 mg/kg, n =
8/group) were tested in different groups of animals. The first injection of 1.5 mg/kg
loperamide significantly inhibited mechanical allodynia. Although the second drug injection
also significantly increased PWT, its effect was significantly less than that of the first
injection. Beginning with the second (day 5 afternoon) and the third injection (day 6
morning) in 1.5-mg/kg and 3.0-mg/kg groups, respectively, the degree of PWT increase
after drug injection was significantly less than that after the first injection, indicating a quick
onset of acute tolerance.

3.2. Nerve-injured rats also developed tolerance to the inhibitory effect of locally
administered loperamide on mechanical hypersensitivity

We further examined whether tolerance develops to the antiallodynic effect of locally
administered loperamide in SNL rats. Using the same tolerance-inducing paradigm, we
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injected drugs into the plantar area of the ipsilateral hind paw. Before tolerance induction,
loperamide (150 pg/50 pL, n = 7) and DAMGO (300 pg/50 pL, n = 7) significantly
increased the ipsilateral PWT from the predrug baseline 30 minutes after intraplantar
injection. However, these effects were mostly diminished on day 8 post-SNL after repetitive
local injections of a tolerance-inducing dose of loperamide (300 pg/30 puL) or DAMGO (300
ug/30 pL) (Fig. 2A). The inhibitory effect of loperamide (150 ug/50 pL intraplantarly, n = 6)
was largely maintained in rats treated with vehicle. The doses of DAMGO and loperamide,
respectively, were selected based on pilot experiment and previous studies [14,27]. In the
pilot study, DAMGO did not induce significant inhibition of mechanical hypersensitivity in
SNL rats at a dose <50 pg/50 pL (n = 6). Animals that developed tolerance to locally
administered loperamide still exhibited significant increases in ipsilateral PWT in response
to systemic injection of loperamide (1.5 mg/kg subcutaneously in the back, n = 8) (Fig. 2B).
However, in animals that had received repeated systemic injections of loperamide (3 mg/kg
subcutaneously, n = 6, i.e., systemic tolerance), neither systemic (1.5 mg/kg subcutaneously)
nor intraplantar injection of loperamide (150 pg/50 pL) could significantly increase the PWT
(Fig. 2B).

3.3. Pretreatment with naltrexone HCI and MK-801 reduced systemic loperamide tolerance

To study the receptor mechanisms that may be involved in systemic loperamide tolerance,
we examined whether pretreatment with nonselective opioid receptor antagonists can limit
tolerance development. In our pilot studies, pretreatment with naloxone HCI (10 mg/kg
intraperitoneally), naloxone methiodide (5 mg/kg intraperitoneally, a peripherally acting
opioid receptor antagonist that does not cross the blood-brain barrier), and naltrexone HCI (5
mg/kg intraperitoneally, a long-lasting opioid receptor antagonist) all blocked the
antiallodynic effect of systemic (subcutaneously) 6.0 mg/kg loperamide. After undergoing
pretolerance tests with 1.5 mg/kg (subcutaneously) loperamide, animals were pretreated
with a systemic injection of 1 of the 3 antagonists or saline 10 minutes before receiving each
tolerance-inducing dose of loperamide (6.0 mg/kg subcutaneously) during the 5- to 7-day
period after SNL. Under pretolerance conditions, systemic loperamide (1.5 mg/kg
subcutaneously) significantly increased the ipsilateral PWT from the preinjection level in all
groups. However, the same drug dose was effective after tolerance induction only in the
naltrexone-pretreated group. Surprisingly, pretreatment with naloxone HCI (10 mg/kg,
intraperitoneally) or naloxone methiodide (5 mg/kg, intraperitoneally) did not block the
development of tolerance (Fig. 3A).

Activation of NMDA receptors has been suggested to play an important role in morphine
tolerance [42]. NMDA receptors also are present in the PNS, and a peripherally acting
NMDA receptor antagonist working at a glycine-B site was shown to attenuate the
development of morphine antinociceptive tolerance [7]. Therefore, we examined whether
NMDA receptors also contribute to development of tolerance to the antiallodynic effect of
systemic loperamide in the neuropathic pain condition by using MDL 105,519 (a
peripherally acting NMDA receptor/glycine-B site antagonist) and MK-801 (a
noncompetitive NMDA receptor antagonist with slow unbinding kinetics that can penetrate
the CNS). In our pilot study, systemic administration of MDL 105,519 (1 mg/kg
intraperitoneally) did not change PWTs in SNL rats. After the pretolerance loperamide test
(1.5 mg/kg subcutaneously), animals were pretreated with a systemic injection of MDL
105,519 (1 mg/kg intraperitoneally), MK-801 (0.2 mg/kg intraperitoneally), or saline 10
minutes before each tolerance-inducing dose of loperamide (3 mg/kg subcutaneously).
Before tolerance induction, systemic loperamide significantly increased the ipsilateral PWT
in all groups. After tolerance induction, the drug effect was diminished in animals pretreated
with MDL 105,519 or vehicle (Fig. 3B). In animals pretreated with MK-801, the
preinjection PWT during the posttolerance test was significantly higher than what it had
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been before tolerance induction, and systemic loperamide further increased PWT from
preinjection baseline (Fig. 3B). The doses of MDL 105,519 and MK-801 were chosen based
on previous studies in which they both attenuated morphine tolerance [7,42]. Repetitive
systemic injections of MDL 105,519 did not affect PWT in SNL rats (Fig. 3B), nor did it
induce any noticeable side effect. However, MK-801 (0.2 mg/kg) induced notable
impairments of cognitive function and motor performance in SNL rats at 1 to 2 hours after
injection. Because the posttolerance drug test was conducted at 24 hours (day 8) after the
last MK-801 treatment (day 7 morning), side effects of MK-801 may have dissipated and
not significantly affected behavioral readouts at this time point. Yet it remains possible that
other unknown, long-lasting side effects of MK-801 may still have been present and affected
the actions of the drug and confounded data interpretation.

3.4. Intraplantar injection of naloxone methiodide and MK-801 did not block local
loperamide tolerance

In additional experiments, we examined the roles of opioid receptors and NMDA receptors
in the development of tolerance to locally administered loperamide in SNL rats. Under
pretolerance conditions, intraplantar injection of loperamide (150 pg/50 pL) significantly
increased ipsilateral PWT in all groups. Animals were then pretreated with intraplantar
injections of naloxone methiodide (100 pg/20 yL, n = 6), MK-801 (10 pg/20 pL, n = 6), or
saline (n = 4) 10 minutes before each tolerance-inducing dose of loperamide (300 pg/30 pL
intraplantarly). In our pilot study, naloxone methiodide (100 pg/20 uL) blocked the
antiallodynic effect of intraplantar loperamide (300 pg/30 pL), and intraplantar injections of
MK-801 or naloxone methiodide alone did not change PWT in SNL rats. After induction of
tolerance, the inhibitory effect of local loperamide diminished in all 3 groups (Fig. 4). A
later systemic injection of loperamide (1.5 mg/kg subcutaneously) significantly increased
PWT in local loperamide-tolerant animals.

3.5. Repetitive systemic administration of morphine, but not loperamide, increased MOR
phosphorylation in the spinal cord of SNL rats

Phosphorylation at carboxyl-terminal residue 375 (Ser37%) of MOR is involved in MOR
desensitization and internalization and in the development of morphine tolerance [10,24,33].
Therefore, we assessed the effects of repetitive systemic injections of loperamide and
morphine on spinal MOR expression and phosphorylation in SNL rats by using antibodies
that selectively recognize MOR and p-MOR-Ser375. Rats received bilateral L5 SNL and
were treated with repeated systemic injections of morphine sulfate (3 mg/kg subcutaneously,
n = 4), loperamide (3 mg/kg subcutaneously, n = 4), or saline (n = 3) during days 5 to 8
post-SNL. The centrally penetrating morphine was used as a positive control for inducing
MOR phosphorylation. To compare data between drug-treated groups within this
experimental setting, we treated SNL rats with the same doses of morphine and loperamide
and used the same tolerance-inducing protocol as described earlier. The 3-mg/kg dose is 3 to
4 times the EDsgq for systemic morphine and loperamide to inhibit mechanical allodynia in
nerve-injured rats [14,49] and is a nonsedating dose of morphine [16,23]. Sham-operated
animals that did not receive drug treatment were included as injury controls (n = 3).

3.5.1. MOR—In the spinal segment that receives inputs from the injured spinal nerve (i.e.,
L5 segment), the levels of total MOR in morphine-, loperamide-, and saline-treated SNL
groups were all significantly lower than that of the sham-operated group (Fig. 5A). The total
MOR protein level in morphine-treated SNL rats was significantly higher than that in saline-
treated SNL rats. There was no significant difference in the expression of MOR protein at
the L4 spinal segment between groups (Fig. 5B).
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3.5.2. Phosphorylated MOR—Immunoblotting showed that repetitive systemic
morphine administration significantly increased MOR phosphorylation in both injured L5
and uninjured L4 spinal cord segments of SNL rats. Specifically, the levels of p-MOR-
Ser375 in both L5 and L4 spinal segments were significantly higher in morphine-treated SNL
rats than in saline-treated SNL rats or sham-operated rats (Fig. 5A and B). In contrast,
repetitive systemic loperamide treatment did not induce a significant increase in p-MOR-
Ser37> protein level in the L5 or L4 segment of SNL rats, as compared to either the saline-
treated SNL group or the sham group. Importantly, p-MOR-Ser37° levels in both spinal
segments of the loperamide-treated SNL group were significantly lower than those of
morphine-treated SNL rats. The p-MOR-Ser37® level in the L5 spinal segment of the saline-
treated SNL rats showed a small but statistically insignificant decrease compared to that of
the sham group.

3.5.3. p-MOR-Ser375/MOR ratio—As compared with that in the sham group, the p-
MOR-Ser375/MOR ratio was significantly increased in both L5 and L4 segments of
morphine-treated (L5: 3.9 + 0.6 fold, P < .01; L4: 2.7 £ 0.5 fold, P < .05), but not
loperamide-treated SNL rats (L5: 1.3 £ 0.2 fold, P=.08, L4: 1.2 + 0.2 fold, P = .51). The
ratio in the L5 segment of the morphine-treated SNL group was also significantly higher
than that in the saline-treated SNL group (1.7 £ 0.5 fold of sham, P < .05), and the ratio in
the L4 segment of the morphine-treated SNL group was significantly higher than that of the
loperamide-treated SNL group (P < .05). The p-MOR-Ser3”>/MOR ratios in both L5 and L4
segments of loperamide-treated SNL rats were not significantly different from those in
saline-treated SNL rats.

3.6. Tolerance developed to loperamide’s inhibition of KCl-induced [Ca?*]; increase in DRG
neurons in vitro

We used an in vitro approach to study the cellular adaptations that may result in loperamide
tolerance. Calcium imaging was performed on DRG neurons isolated from adult rats and
cultured in 96-well plates. KCI dose-dependently induced [Ca2*]; transients (Fig. 6A).
Calcium-free media prevented KCI (30 uM)-induced [Ca2*]; transients. Acute bath
application of loperamide (0.1 to 10 uM) dose-dependently inhibited the depolarizing KCI
(30 uM)-induced [Ca2*]; in isolated DRG cells (Fig. 6B). The ICs for inhibition was 2.65
UM. Importantly, at 24 hours after DRG cells had been exposed to loperamide (3 pM) for 72
hours, the ability of loperamide (0.1 to 10 pM) to inhibit KCl-induced [Ca2*]; transients was
significantly decreased, demonstrating desensitization or tolerance (Fig. 6C). However, the
DOR antagonist naltrindole (1 uM), but not vehicle, given 5 minutes before loperamide (3
M) partially restored loperamide inhibition of KCI (30 uM)-induced [Ca2*]; in tolerant
cells (Fig. 6D and E).

4. Discussion

We characterized the tolerance that develops to the antiallodynic effect of loperamide in a
preclinical model of neuropathic pain and attempted to examine potential receptor
mechanisms and cellular adaptations that may contribute to loperamide tolerance.
Loperamide is a MOR-preferring opioid agonist. After systemic administration, loperamide
is removed quickly from the CNS by the P-glycoprotein transporter in the blood-brain
barrier, and hence its actions are primarily peripheral [4,8,46]. SNL rats developed marked
tachyphylaxis, or acute tolerance, to the inhibitory effect of loperamide on mechanical
hypersensitivity (tactile allodynia) after receiving repetitive systemic or local drug
injections. Systemic loperamide almost completely lost its antiallodynic effect after just 3 to
4 treatments. In general, the higher the tolerance-inducing dose, the greater the rate/extent of
opioid tolerance development. Although drug efficacy appeared to diminish more quickly
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after repeated injections of loperamide at the 1.5 mg/kg dose than at the 3.0 mg/kg dose, this
may not indicate a faster rate of tolerance induction by the lower dose. Under the tolerant
condition, the decreased opioid analgesia can be partially compensated for by increasing/
escalating the drug dose. Therefore, although tolerance may develop faster to the 3.0 mg/kg
dose, 3.0 mg/kg loperamide may still induce a greater pain inhibition than the 1.5 mg/kg
dose if MORs are not completely desensitized. Because loperamide is unlikely to
accumulate to a significant extent in the CNS at the doses examined [4,8], our finding
suggests that the PNS is also an important site for opioid tolerance development under
neuropathic pain conditions. The finding that centrally penetrating morphine sulfate
remained effective at reversing mechanical hypersensitivity in rats that had developed
tolerance to systemic loperamide suggests that central opioid sensitivity was largely
preserved when peripheral opioid effects were diminished.

Identifying the peripheral sites for systemic loperamide tolerance is important for studying
the underlying mechanisms and for future development of therapeutic agents. Potential
neuronal sites of action for systemic loperamide tolerance include cutaneous terminals of
afferent sensory neurons, peripheral nerves, and soma of DRG neurons. The finding that
locally administered loperamide also lost its antiallodynic efficacy in rats tolerant to
systemic loperamide suggests that the peripheral tissue is an important site of action.
However, the finding that systemic loperamide remained effective in reversing mechanical
hypersensitivity in rats tolerant to locally administered loperamide indicates the existence of
other sites, likely in PNS, for systemic drug action. We further characterized the dose-
dependent features and demonstrated that opioid receptor-mediated mechanisms are
involved in the development of systemic loperamide tolerance. We are aware that
loperamide may exert several nonopioid actions, including direct inhibition of L-type
calcium channels and inhibition of hyperpolarization-activated current [34,45]. However,
our observation that pretreatment with naltrexone HCI blocked tolerance to systemic
loperamide suggests an important role of opioid receptors in the induction of loperamide
tolerance. It is unclear why pretreatment with naloxone HCI and naloxone methiodide did
not block tolerance, but the major difference between these antagonists is that naltrexone has
a longer duration of action. The underlying mechanism of loperamide’s antiallodynic
tolerance remains to be examined, but it may involve adaptation changes at receptor and
cellular levels in the PNS.

Acute cellular adaptations for morphine tolerance may involve phosphorylation and
desensitization of MOR on the cell surface through a PKC-mediated process [3,17]. Our
finding that repetitive systemic morphine administration increased spinal p-MOR-Ser375 in
SNL rats supports this notion. However, the same tolerance-inducing protocol with
loperamide did not induce a significant increase in spinal p-MOR-Ser373, suggesting that
central MORs are not substrates for systemic loperamide tolerance. This notion is supported
by pharmacokinetics of loperamide, which does not cross the blood-brain barrier in the dose
range used in this study, and by numerous studies demonstrating the peripheral nature of
loperamide actions [29,32,35]. Because the elimination half-life of loperamide (>2 hours)
after subcutaneous injection is comparable to morphine (1.5 to 2 hours) [26], the lack of
increased spinal p-MOR-Ser37° by repeated dosing of loperamide is not due to limited drug
exposure. Although SNL may increase local blood—spinal cord barrier permeability [12],
there is no evidence that loperamide gained access to the CNS. Yet, it is unclear whether
loperamide does not induce MOR phosphorylation because of involvement of other
mechanisms, such as differences in efficacies and properties of various opioids to induce
MOR phosphorylation. Future studies may need to examine whether loperamide induces
MOR phosphorylation and alters MOR trafficking in DRG neurons and at peripheral nerve
terminals, actions that may influence the development of its analgesic tolerance.
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Activation of central NMDA receptors has been suggested to be important to morphine
tolerance [42]. NMDA receptor antagonists may attenuate morphine tolerance by inhibiting
neuronal plasticity associated with tolerance in the CNS [18,20,42]. This notion is supported
by our finding that the antiallodynic effect of systemic loperamide was attenuated in SNL
rats pretreated with systemic MK-801, but not the peripherally acting NMDA antagonist
MDL 105,519, during tolerance induction. How could tolerance to peripherally acting
opioids in SNL rats involve neuronal plasticity in the CNS? Although loperamide does not
penetrate the CNS to directly affect neuronal activity, it is possible that repetitive systemic
drug treatments affect spinal neuronal plasticity by modulating afferent sensory neuronal
activity/input, changing presynaptic neurotransmitter release, and altering receptor
internalization and trafficking at central terminals. A study that examines whether
pretreatment with intrathecal MK-801 blocks systemic loperamide tolerance may help to
clarify the spinal site of action. However, repeated intrathecal MK-801 injections may be
associated with severe CNS side effects [42]. Because MDL 105,519 did not prevent
systemic loperamide tolerance, and local MK-801 did not prevent tolerance to intraplantar
loperamide-induced antiallodynia, NMDA receptors in the PNS seem not to be essential for
loperamide tolerance in SNL rats. However, this notion contradicts previous observations
that local MK-801 treatment blocks topical morphine antinociceptive tolerance [21] and that
the peripherally acting NMDA receptor/glycine-B site antagonist MRZ 2/596 attenuates
systemic morphine antinociceptive tolerance in mice [7]. The inconsistencies between
studies could be attributable to differences in animal species, drug treatment (e.g., dose,
route, and timing of administration), tolerance-inducing paradigm, behavioral tests, and
importantly, animal conditions (e.g., uninjured versus nerve-injured animals).

Inhibition of neuronal activity and pain transmission by morphine is dependent on the
inhibition of calcium influx in DRG neurons. In our in vitro study, loperamide dose-
dependently inhibited the depolarizing KCl-elicited calcium transient in rat DRG cells.
Importantly, this inhibitory effect was significantly decreased in cells that had been
pretreated with loperamide, suggesting that desensitization, or tachyphylaxis, also occurs at
the cellular level. This in vitro model can be used in future studies to examine other cellular
adaptations and mechanisms that result in loperamide tolerance. The finding that addition of
naltrindole before the loperamide application returned the diminished drug effect in
loperamide-tolerant cells is intriguing and would suggest that inhibition of DOR signaling in
an opioid-tolerant state may help restore opioid analgesia. This notion is in line with
previous observations that tolerance to the analgesic effects of morphine can also be
decreased by pharmacologic blockade of DOR [1,31]. In addition, animals lacking DORs or
the gene encoding preprotachykinin do not exhibit morphine tolerance [13,50].

Although the current study supports peripheral opioid tolerance [2,15,16,22,28], a previous
finding showed that acute tolerance did not develop to the inhibitory effect of loperamide on
herpetic allodynia in mice [30]. This discrepancy between these studies may be attributable
to differences in the species and animal models, which could significantly affect the
peripheral opioid tolerance that results from differences in neuropathic etiology and
pathophysiology. It also may be related to different tolerance-inducing paradigms and
behavioral outcome measures. Peripheral analgesic actions of opioids were also reported to
be resistant to tolerance development under inflammatory pain conditions [38,39,41,51]. For
example, no tolerance developed to peripheral morphine in spite of the plausible tonic
activation of opioid receptors by immune cell-derived opioids in inflamed tissue.
Loperamide remained effective in attenuating inflammatory mechanical hypersensitivity
without producing tolerance in mice. Tolerance also failed to develop after repeated local
administration of loperamide in the treatment of inflammatory pain [30,43]. Roles of
peripheral inflammatory mediators and cytokine mechanisms in peripheral opioid tolerance
under neuropathic pain conditions are worth studying in the future. It remains to be
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determined whether chronic use of loperamide for pain management in the clinic may be
associated with tolerance.

In summary, our study suggests that repeated or prolonged use of loperamide for alleviating
neuropathic mechanical hypersensitivity may lead to development of tolerance, possibly at
peripheral opioid receptors. Because different MOR agonists induce different magnitudes of
receptor internalization, desensitization, and tolerance processes, it remains to be tested
whether analgesic tolerance also develops to other peripherally acting opioids under
neuropathic pain conditions. The animal model that we used may also be useful for
uncovering the mechanisms of tolerance at peripheral opioid receptors after nerve injury and
for screening drugs to block tolerance development. Additional studies are needed to
examine cellular adaptations involved in the genesis of peripheral opioid tolerance, such as
changes in neuronal excitability and intracellular signaling transduction pathways in DRG
neurons. Such studies will help to fully establish the clinical usefulness of peripherally
acting opioids for a therapeutic formulation.
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Fig. 1.

Repetitive drug administration induced acute tolerance to the antiallodynic effect of
systemic loperamide in nerve-injured rats. (A) The diagram shows the tolerance-inducing
protocol. (B) In rats on day 5 after an L5 spinal nerve injury (SNL), systemic administration
of loperamide (L, 1.5 mg/kg subcutaneously in the back) reversed the decrease in paw
withdrawal threshold (PWT) of the hind paw ipsilateral to the injured (left) side. The
inhibition of mechanical hypersensitivity by systemic loperamide (1.5 mg/kg
subcutaneously) decreased after repetitive systemic drug treatment at various tolerance-
inducing doses (0.75 to 6.0 mg/kg subcutaneously, n = 8 to 9/group). The inhibition of
mechanical hypersensitivity from a centrally penetrating opioid, morphine sulfate (M, 3.0
mg/kg subcutaneously), was not decreased in loperamide-tolerant rats. (C) After tolerance
induction, the PWT measured after a 1.5-mg/kg loperamide injection was normalized to the
preinjection baseline and plotted according to tolerance-inducing dose. (D) The increase in
PWT induced by 1.5 mg/kg (n = 8) and 3.0 mg/kg (n = 8) systemic loperamide gradually
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decreased after repetitive injections. PWT was measured at 30 minutes postinjection (peak
drug effect). Data are expressed as mean + SEM. *P < .05, **P < .01, ***P < .001 versus

preinjection PWT in (B) and (D), and versus vehicle in (C). # P < .05 versus postinjection

PWT under pretolerance conditions.
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Fig. 2.

Repeated local administration of loperamide into hind paw tissue also resulted in tolerance
to the drug’s inhibitory effects on neuropathic mechanical hypersensitivity. (A) The
antiallodynic effects of intraplantar injections of loperamide (150 pg/50 pL, n = 6) and
DAMGO (300 pg/50 pL, n = 7) diminished after repetitive local drug administration. The
antiallodynic effects of intraplantar loperamide (150 pg/50 pL n = 6) largely remained intact
in rats treated with saline. (B) The antiallodynic effect of intraplantar loperamide (150 pg/50
uL) decreased in rats that had received repetitive systemic (3 mg/kg subcutaneously, n = 6)
or repetitive local (300 pg/30 pL, intraplantarly, n = 8) injections of loperamide, compared
to the effect observed before tolerance induction. However, the antiallodynic effect of
systemic loperamide (1.5 mg/kg subcutaneously) was still present in rats that had become
tolerant to locally administered loperamide. The paw withdrawal threshold was measured 30
minutes after injection. Data are expressed as mean + SEM. **P < .01, ***P < .001 versus
predrug paw withdrawal threshold.
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Effects of pretreatment with opioid receptor antagonists and N-methyl-o-aspartate receptor
antagonists on systemic loperamide tolerance. (A) Systemic loperamide (1.5 mg/kg
subcutaneously) increased the ipsilateral paw withdrawal threshold (PWT) in spinal nerve
ligation (SNL) rats under pretolerance conditions. Pretreatment with the long-lasting opioid
receptor antagonist naltrexone HCI (5 mg/kg intraperitoneally), but not saline, reduced
loperamide tolerance in SNL rats. However, pretreatment with naloxone methiodide (5 mg/

kg intraperitoneally), an opioid receptor antagonist that does not cross the blood-brain

barrier, or naloxone HCI (10 mg/kg intraperitoneally), a relatively short-acting antagonist,

did not block the development of tolerance. Antagonist or saline was administered 10
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minutes before each tolerance-inducing injection of loperamide (6.0 mg/kg subcutaneously).
(B) Rats were administered MDL 105,519 (1 mg/kg intraperitoneally, n = 6), MK-801 (0.2
mg/kg, intraperitoneally n = 6), or saline (n = 3) 10 minutes before each tolerance-inducing
injection of loperamide (6.0 mg/kg subcutaneously). After the tolerance-inducing protocol,
systemic loperamide did not increase PWT in MDL 105,519- or vehicle-treated groups, but
did increase PWT in the MK-801—treated group from preinjection baseline. Data are
expressed as mean + SEM. **P < .01, ***P < 001 versus preinjection PWT. #P < .05
versus preinjection PWT under pretolerance conditions.
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Pretreatment with locally administered naloxone methiodide and MK-801 did not prevent
the development of tolerance to intraplantar loperamide. Intraplantar injection of loperamide
(150 pg/50 pL) significantly increased the ipsilateral paw withdrawal threshold (PWT) of
spinal nerve ligation (SNL) rats (i.e., reversed mechanical allodynia) under pretolerance
conditions. During induction of tolerance, rats were administered an intraplantar injection of
MK-801 (10 pg/20 pL, n = 6), naloxone methiodide (100 pg/20 UL, n = 6), or saline (n = 4)
10 minutes before each injection of loperamide (300 pg/30 L intraplantarly). After
tolerance induction, the inhibitory effect of local loperamide (150 pg/50 pL intraplantarly)
diminished in all 3 groups. However, systemic loperamide (1.5 mg/kg subcutaneously)
significantly increased the PWT in local loperamide-tolerant animals. Data are expressed as
mean £ SEM. **P < .01, ***P < .001 versus preinjection PWT.
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Repetitive systemic administration of morphine, but not loperamide, increased MOR
phosphorylation in spinal cord of nerve-injured rats. (A) Representative immunoblots (IB)
show that repetitive systemic administration of morphine sulfate (M, 3 mg/kg
subcutaneously, n = 3), but not loperamide (L, 3 mg/kg subcutaneously, n = 3) or saline (S,
n = 3), significantly increased the level of p-MOR-Ser375 in the L5 spinal cord segment of
SNL rats. The total MOR protein levels in SNL groups were all significantly lower than that
in the sham-operated group. (B) Treatment with morphine, but not loperamide or saline, also
induced a significant increase in MOR phosphorylation in SNL rats at the L4 spinal cord.
MOR protein level at the L4 spinal segment was not significantly different between groups.
Data are expressed as mean + SEM. *P < .05, ***P < .001 versus SNL+saline; *P <.

05, **P < .01 versus sham; #P < .05, #P < .01 versus SNL+morphine.
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Fig. 6.

Tolerance developed to loperamide inhibition of KCI-induced [Ca2*]; transients in cultured
DRG neurons. (A) Using a fluorescent plate reader, KCl-induced [Ca2*]; transients in adult
DRG neurons were measured in a 96-well Fluo-4AM assay. Inset: The dose dependence of
KCl on [Ca?™]; transient size is shown by increasing area under the curve (AUC) with
increasing KCI concentration. (B) A 5-minute pretreatment with loperamide (0.1 to 10 pM)
dose-dependently reduced KCI (30 uM)-induced [Ca2*]; transients. Inset: Dose-dependent
loperamide inhibition on KCl-induced [Ca?*]; transients. (C) To model loperamide tolerance
in vitro, cells were incubated with loperamide (3 uM) for 72 hours. At 24 hours
posttreatment, loperamide (0.1 to 10 uM) inhibition of KCl-induced [Ca?*]; transients was
significantly decreased across all doses, as compared to that of loperamide-naive neurons.
(D) However, a 5-minute exposure to the delta opioid receptor antagonist naltrindole (1 uM)
before application of loperamide (3 pM) restored loperamide inhibition of KCl-induced
[Ca?*]; transients in loperamide-tolerant cells, suggesting a reversal of tolerance. (E) Bar
graph showing naltrindole alone had no effect on KCl-induced [Ca?*]; transients, and
loperamide (3 uM) inhibited KCl-induced [Ca2*]; transients in nontolerant cells, but not in
tolerant cells. Pretreatment with naltrindole partially restored the diminished drug effect in
tolerant cells. Data are expressed as mean + SEM. *P < .05 versus naltrindole group.
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