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BACKGROUND AND PURPOSE
This study examined the effects of imidazoline I, receptor agonists on the development of tolerance to and physical dependence
on repeated morphine treatment in rats.

EXPERIMENTAL APPROACH

Two groups of rats (n = 9 per group) were trained to lever press for sucrose (10%) presentation under a fixed-ratio 10 schedule.
The rate-suppressing effects of the opioid receptor ligands morphine and naltrexone and the |, receptor agonist 2-BFl were ex-
amined weekly in rats treated with either daily morphine (20 mg-kg~", s.c.), alone or in combination with 2-BFI (10 mg-kg ") for
3 weeks. Changes in body weight were measured following naltrexone tests in both groups of rats. In separate experiments, the
antinociceptive effects of morphine were assessed using a warm-water tail-withdrawal procedure in rats before and after daily
treatments (7 days) with morphine (32 mg-kg ™', i.p.) alone or in combination with various doses of the I, receptor agonists 2-BFl,
BU224 and CR4056.

KEY RESULTS

Daily treatment for 3 weeks, with morphine in combination with 2-BFl produced significantly less tolerance to the rate-
suppressing effects of morphine and produced a decreased sensitivity to the rate-suppressing effects of naltrexone as well as
decreased naltrexone-induced weight loss, compared with morphine-alone group. Repeated treatment for 7 days with morphine
produced antinociceptive tolerance, which was attenuated by co-administration with 2-BFI, BU224 or CR4056.

CONCLUSIONS AND IMPLICATIONS
Imidazoline I, receptor agonists attenuated the development of tolerance to and physical dependence on morphine, further
supporting the therapeutic potential of combining I, receptor agonists and opioids for pain treatment.

Abbreviations

2-BFI, 2-(2-benzofuranyl)-2-imidazoline; BU224, 2-(4,5-dihydroimidazol-2-yl) quinolone; CR4056, 2-phenyl-6-(1H-
imidazol-1yl) quinazoline; MPE, maximal possible effect; CL, confidence limits
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These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://www.
guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2015/16 (Alexander et al., 2015).

Introduction

Pain, both as a symptom and as a disease, imparts high health
cost and economic loss to society. Clinically, there are many
analgesics that are used either by prescription or over-the-
counter for pain management. However, these medications
are not adequate to achieve full pain relief, leaving a large
population of pain patients undertreated. For example, al-
though opioids are very effective against many painful condi-
tions, their use are often limited due to many unwanted
effects associated with repeated use, particularly constipa-
tion, physical dependence, abuse and overdose. In addition,
repeated exposure to opioids leads to the development of tol-
erance, which is characterized by a decrease in antino-
ciceptive efficacy (Self and Nestler, 1995). Tolerance to
opioids can be overcome by escalating doses in patients to
achieve equivalent pain relief, which can exacerbate the
unwanted effects and lead to drug addiction and overdose.
Although extensive resources have been devoted to develop-
ing new analgesics with novel mechanisms of action over
many decades, clinically significant advances are still lacking
(Kissin, 2010). Alternatively, combination therapy could also
be a valuable strategy, which requires the use of two or more
drugs at the same time to treat clinical pain. This approach
has long been used to treat many disease conditions includ-
ing cancer and cardiovascular disorders, and accumulating
evidence also suggests the usefulness of this strategy for pain
management (Smith, 2008; Orru et al., 2014). The goal of
combination therapy is to increase the therapeutic (i.e. anal-
gesic) effectiveness of drugs, such as the opioids, while reduce
dose-limiting side effects, such as the development of
tolerance and physical dependence (Smith, 2008). This is a
promising drug development approach for new analgesics
with better therapeutic profiles.

In preclinical studies, we and others have shown that
imidazoline I, receptor agonists are efficacious analgesics for
several chronic pain conditions (Ferrari et al., 2011; Li and
Zhang, 2011, 2012; Meregalli et al., 2012; Li et al., 2014). In
addition, the available data suggest the potential advantage
of combining I, receptor agonists and other analgesics for
pain management. For example, in animal models of acute
nociception, such as hot water tail immersion and radiant tail
flick, although selective I, receptor agonists alone have little
or no antinociceptive effects, they consistently enhance the
effects of morphine (Sanchez-Blazquez et al., 2000; Gentili
et al., 2006; Thorn et al., 2011; Sampson et al., 2012). In pain
assays where I, receptor agonists are effective, such as the
writhing test and inflammatory pain induced by complete
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Freund’s adjuvant, the I, receptor agonists synergically en-
hance the antinociceptive effects of opioids (Li et al., 2011;
Thorn et al., 2015). These results suggest that I, receptor ago-
nists may be useful candidates for combination therapy with
opioids in the treatment of pain. However, little is known of
the effects of I, receptor agonists on the unwanted effects of
opioids, particularly the development of tolerance and de-
pendence. Boronat et al. (1998) demonstrated that I, receptor
ligands prevent tolerance to morphine-induced antino-
ciception in rats and may produce neuroprotective effects.
In addition, the selective I, receptor agonist 2-(2-ben-
zofuranyl)-2-imidazoline (2-BFI) reduced the development
of tolerance to morphine-induced firing rate suppression
and withdrawal-induced hyperactivity of locus coeruleus
neurons in anaesthetized rats (Ruiz-Durantez et al., 2003).
Taken together, these results suggest that I, receptor agonists
can enhance the antinociceptive effects of opioids and may
also reduce the development of tolerance. Nevertheless,
many aspects remain unclear. For example, there is only one
study using a single dose of I, receptor ligands that examined
their effect on morphine tolerance. Further, the magnitude of
I, receptor agonist-morphine interaction is also not known.
More importantly, the effects of selective I, receptor agonists
on morphine dependence have not been fully described. The
purpose of the current study is to fill this gap in our knowl-
edge by systematically examining the effects of selective I,
receptor agonists on the development of tolerance to and
physical and behavioural dependence on morphine.

Methods

Animals
All animal care and experimental procedures were conducted
in accordance with guidelines from the International
Association for the Study of Pain (1983) and with the 2011
Guide for the Care and Use of Laboratory Animals (Institute of
Laboratory Animal Resources on Life Sciences, National
Research Council, National Academy of Sciences, Washing-
ton DC). They were approved by the Institutional Animal
Care and Use Committee, University at Buffalo, the State
University of New York. All studies involving animals com-
plied with the ARRIVE guidelines (Kilkenny et al., 2010;
McGrath and Lilley, 2015).

Sixty-six adult male Sprague-Dawley rats (Harlan,
Indianapolis, IN, USA) were used in these studies. They were
housed individually on a 12/12-h light/dark cycle (all


http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=319
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?tab=biology&ligandId=1627
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?tab=biology&ligandId=1639
http://www.guidetopharmacology.org
http://www.guidetopharmacology.org

experiments were conducted during the light period). Ani-
mals had free access to water and food (standard rodent
chows) except during experimental sessions. For the
schedule-controlled responding study, access to food was lim-
ited to 10 g per day in their home cages for several days to fa-
cilitate lever press training. Thereafter, body weights were
allowed to increase at an age-appropriate rate and then main-
tained at 340-350 g by providing food in the home cage after
daily sessions. These rats had free access to water in the home
cage and also earned 10% sucrose solution during experimen-
tal sessions. For rats used in the warm-water tail-withdrawal
studies, free access to food and water was made available in
their home cages.

Schedule-controlled responding

We chose to perform schedule-controlled operant responding
studies because this procedure has been extensively used to
characterize the pharmacology of opioids and is highly sensi-
tive to detect alterations in opioid effects due to both the de-
velopment of tolerance and dependence (Holtzman and
Villarreal, 1973; Gerak and France, 1997; Smith and Picker,
1998; Brandt et al., 2001). In this procedure, tolerance is
shown by an increase of the EDsq value of opioids to suppress
rate of responding, while dependence is demonstrated by an
increased sensitivity to the rate-suppressing effects of opioid
antagonists, such as naltrexone (Adams and Holtzman,
1990). As previously described in the work of An et al. 2012,
experiments were conducted in commercially available
chambers located within sound-attenuating, ventilated en-
closures (Med Associates Inc., St. Albans, VT, USA). Chambers
contained two response levers; responses on the inactive
(right) lever were recorded and had no programmed conse-
quence. Data were collected using a Med Associates interface
with MED-PC (version 4) software. Rats were trained to press a
lever for presentation of a reward of 10% sucrose solution
(100 pL) under a multiple-cycle procedure. Each cycle began
with a 10 min pretreatment period, during which the cham-
ber was dark and responses had no programmed conse-
quence, followed by a 5 min response period, during which
a light above the active (left) lever was illuminated and rats
could receive a maximum of 5 sucrose presentations by
responding on the active lever. Initially, a single response pro-
duced a sucrose presentation; as performance improved, the
response requirement was progressively increased across days
to a final fixed ratio of 10. The light was terminated after de-
livery of 5 sucrose presentations or after 5 min had elapsed,
whichever occurred first. Daily sessions consisted of five cy-
cles, and rats had to satisfy the following criteria for five con-
secutive sessions before testing began:the daily response rate,
averaged across all five cycles within a session,did not vary by
more than £+20% of the average daily response rate of the pre-
vious five training sessions; and the average response rate
among the five cycles of a daily session did not vary by more
than +20%. After the first test, all tests were preceded by at
least one training session that satisfied the same criteria. Ex-
periments were conducted each day, consisting of testing
days and no-drug training sessions supplementing the non-
testing days. Drugs were tested using a cumulative dosing
procedure in which the dose of drug was increased by 0.25
or 0.5 log unit per cycle (i.e. 15 min inter-injection intervals).
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Warm-water tail-withdrawal procedure

The warm-water tail-withdrawal procedure was conducted as
described previously (Thorn et al., 2011). Prior to initiation of
the studies, rats were habituated to the procedure room, the
experimenter handling and the experimental procedure.
Two Dual Poly Pro water baths were used (model RS-PB-200;
Revolutionary Science, Lindstrom, Minnesota, USA). Each
water bath has two chambers with the inside dimensions of
32 cm x 17 cm x 13.3 cm (L x W x H). Tap water was heated
to the pre-set temperature (44°, 48° or 52°C) and remained
stable throughout the experimental session with a range of
no more than 0.4°C. The readings of the digital display on
the water bath were regularly compared with an Oakton®
water-resistant digital thermometer (Oakton Instruments,
Vernon Hills, Illinois, USA) to ensure temperature accuracy.
Tail-withdrawal latencies were recorded with a hand-operated
digital stopwatch (resolution = 1/100 s). A multiple-cycle pro-
cedure was used to determine the dose—effect curves of the
study drugs with an inter-cycle time of 15 min. Briefly, rats
were gently restrained, and the distal 5 to 10 cm of the tail
was immersed in the water baths with different temperatures
(44°, 48° and 52°C). Testing with different temperatures varied
non-systematically among rats and across cycles. When an ani-
mal failed to remove its tail within 20 s, the experimenter re-
moved the tail from the water, and a latency of 20 s was
recorded. Test sessions began with control (no drug) determina-
tions for each temperature. For each cycle (e.g. 15 min), tail-
withdrawal latencies were measured for each of the three
temperatures with ~1 min between determinations. Tests were
conducted no more than once per week to minimize the possi-
bility of inter-test interactions. Dose-effect relationships were
determined using a cumulative dosing procedure with the first
cycle administered with vehicle followed by cumulative dose
increasing by 0.25 or 0.5 log unit in the following cycles. For
drug combination studies, the pretreatment drug was adminis-
tered with the first dose of the opioids during the first minute
of the cycle, and increasing doses of the opioids were adminis-
tered during the following cycles.

Experimental design

For the schedule-controlled responding studies, the experi-
mental design is outlined in Figure 1. The dose—effect rela-
tionship of morphine, the highly selective I, receptor
agonist 2-BFI (Thorn et al., 2012) and the opioid receptor an-
tagonist naltrexone were determined for their effects on the
rate of responding 48 h apart in two groups of rats (n = 9 per
group). Following these initial tests (week 0), rats then
underwent chronic daily treatment in which one group re-
ceived a once-daily injection of morphine alone (20 mg-kg ™",
s.c.) while the other group received morphine in combina-
tion with 2-BFI (20 + 10 mg-kg *, s.c., respectively). The dose
of 2-BFI (10 mg-kg ') was chosen because this dose is behav-
iorally active and has been shown to enhance the
antinociceptive effects of morphine (Li et al., 2011; Thorn
et al., 2011, 2012). The effects of morphine and naltrexone
were redetermined following 1, 2 and 3 weeks of daily treat-
ment. After 3 weeks of chronic treatment, the daily injections
were terminated, and the effects of morphine and naltrexone
were then assessed at weeks 5 and 7. The effects of 2-BFI were
examined at weeks 3 and 7. In addition to studying schedule-
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Exp. 1. Schedule-controlled responding study
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Figure 1

Experimental design for the schedule-controlled responding study
(top) and warm-water tail-withdrawal study (bottom). Top: Two
groups of rats were treated daily with either morphine alone (mor-
phine treatment) or morphine in combination with 2-BFI (combo
treatment) for 3 weeks. The rate-suppressing effects of morphine
(MS) and naltrexone (NTX) were examined on weeks 0, 1, 2, 3, 5
and 7, while the rate-suppressing effects of 2-BFI were examined
on weeks 0, 3 and 7. (n = 9 per group.) Bottom: Different groups
of rats were first tested with morphine alone, which was followed
by7 days of daily morphine treatment (32 mg-kg '). The morphine
dose—effect curve was re-determined the following day.

controlled operant responding, naltrexone-precipitated
changes in body weight were also assessed following each
weekly naltrexone test, as weight loss has been validated as
a reliable indicator of morphine withdrawal (Akera and
Brody, 1968; Goode, 1971). Immediately following the nal-
trexone test, the rats were placed into an observation cage
for 30 min. The body weights for each animal were recorded
prior to the operant responding session and again following
the 30 min observation period. The initial dose range (week
0) for the naltrexone operant responding test increased up
to a maximum dose of 3.2 mg-kg ™' and was progressively de-
creased each week as sensitization to the rate-suppressing ef-
fects occurred. When the highest dose of naltrexone during
the cumulative dosing test session became less than 1-
mg-kg ', a supplementary dose was then administered to
achieve a total dose of 1 mgkg ' naltrexone to observe
changes in body weight and observable withdrawal signs
(Supporting Information).

For the warm-water tail-withdrawal experiments, differ-
ent groups of rats (n = 6 per group) were used to determine
the dose-effect relationship of morphine. These rats were
then treated once daily with morphine alone (32 mg-kg*, i.
p.) or morphine in combination with selected doses of I, re-
ceptor agonists for 7 days, and the dose-effect relationship
of morphine was then redetermined 24 h after the last daily
treatment. 2-BFI, 2-(4,5-dihydroimidazol-2-yl) quinolone
(BU224) and 2-phenyl-6-(1H-imidazol-1yl) quinazoline
(CR4056) were selected because all have been shown to be
highly selective I, receptor agonists and are routinely used
in studies to understand I, receptor pharmacology (Ferrari
etal., 2011; Thorn et al., 2012).
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Data and statistical analyses

These studies comply with the recommendations on experi-
mental design and analysis in pharmacology (Curtis et al.,
2015). The rate of responding for 10% sucrose solution was
expressed as a percentage of control responding rate, which
was determined during the no-drug training sessions prior
to testing. Potencies of morphine and 2-BFI were obtained
by estimating the EDso values using linear regression with
PrisM (GraphPad Software, Inc., San Diego, CA, USA), along
with 95% confidence limits (95% CL). Dose ratios of mor-
phine and 2-BFI were calculated for each individual animal
and then averaged for group mean (£95% CL) to estimate po-
tency differences each week compared with the control con-
ditions. Dose ratios of morphine and 2-BFI were analyzed
using two-way repeated measures ANOVA (time x treatment)
followed by post hoc Bonferroni’s test. The effects of naltrex-
one on rate of responding were analyzed using two-way re-
peatedmeasures ANOVA (dose x treatment) followed by post
hoc Bonferroni’s test. Changes in body weight following nal-
trexone administration were expressed as % body weight loss
using the following formula: % body weight loss = [(post-nal-
trexone body weight — pre-naltrexone body weight)/(pre-
naltrexone body weight)] x 100. The % body weight loss
was calculated for each individual subject and then averaged
to obtain a group mean. Body weight loss data were analyzed
using two-way repeated measures ANOVA (time x treatment)
followed by post hoc Bonferroni’s test. P < 0.05 was consid-
ered statistically significant for all tests.

As previously described by Thorn et al. (2011), tail-
withdrawal latency was expressed as a percentage of the max-
imal possible effect (MPE) using the following formula: %
MPE = [(test latency — control latency)/(20 s — control
latency)] x 100, where the control latency was defined as
the latency determined in the absence of drug. The MPE was
calculated for each individual subject and then averaged to
obtain a group mean. Within the dose range studied, mor-
phine did not produce an effect of >50% MPE in 52°C water;
thus, only data from 48°C water was used for data analysis.
Potencies were obtained by estimating the dose required to
produce 50% of the MPE (EDs) using linear regression, along
with 95% CL. Dose ratios of morphine before and after daily
treatment of morphine in the absence or presence of
imidazoline I, receptor agonists were calculated for each indi-
vidual animal and then averaged for group mean (+95% CL)
to estimate potency differences. The dose ratio data were
analyzed using one-way ANOVA followed by post hoc
Bonferroni’s test to determine the statistical significances.

Materials

2-BFI hydrochloride, BU224 hydrochloride and CR4056 were
synthesized according to described procedures (Jarry et al.,
1997; Ishihara and Togo, 2007). Naltrexone hydrochloride was
purchased from Sigma-Aldrich (St. Louis, MO, USA). Morphine
sulfate was provided by Research Technology Branch, National
Institute on Drug Abuse, National Institutes of Health
(Rockville, MD, USA). Unless otherwise noted, all drugs were
dissolved in physiological saline and administered either i.p.
or s.c. CR4056 was dissolved in 20% DMSO with saline and a
drop of HCI. Doses are expressed as mg of the form indicated
earlier per kg body weight. Injection volumes were 1 mL-kg™".



Morphine treatment
During treatment

150+ -e- Control
-O- Week 1
125 & Week 2

100

75+

50

Rate of responding (% control)

-0 Week 3

receptor ligands attenuate morphine tolerance m

Combo treatment

150- Treatment discontinued

125

1004 ----B

75+

50+

254

Rate of responding (% control)

-e- Control
-0 Week 3
-+ Week 5
- Week 7

1 3.2 10 32
Morphine (mg kg-1)

Figure 2

100

1 3.2 10 32 100

Morphine (mg kg'1)

Rate-suppressing effects of morphine before (top), during (top) and after (bottom) daily treatment of either morphine alone (left) or morphine in
combination with 2-BFI (right). Ordinate: responding rate as a percentage of control responding rate. Abscissa: dose of morphine (mg-kg~'); n=9
per group. Linear regression was used to estimate the EDsq (£95% CL) values of morphine across the different weeks.

Results

Under control conditions, morphine dose-dependently
decreased the rate of responding under a fixed-ratio 10 sched-
ule of sucrose presentation. Daily treatment with morphine
(20 mg-kg !, s.c.) resulted in a progressively increased right-
ward shift of the morphine dose-effect relationship and dose
ratio of morphine (EDsg cach week/ED50 control, 95% CL) = 3.11
[2.18, 4.04], 4.48 [1.68, 7.27] and 6.33 [3.08, 9.58] for weeks
1, 2 and 3 respectively) (top left panel, Figure 2). When daily
treatment with morphine was terminated after week 3, the
dose-effect relationship of morphine returned towards the
control level, and the dose ratio of morphine decreased from
6.33[3.08,9.58] on week 3 to0 2.38 [1.18, 3.58] and 2.07 [0.73,
3.40] on weeks 5 and 7 respectively (bottom left panel, Figure-
2). In contrast, daily treatment with morphine (20 mg-kg™',
s.c.) in combination with 2-BFI (10 mg-kg™ ', s.c.) for 3 weeks
resulted in less of a rightward shift of the morphine
dose-effect relationship as compared with the group treated
with morphine alone. For the combination group, the dose
ratio of morphine was 1.94 [1.13, 2.75], 2.54 [1.66, 3.41]
and 3.66 [2.60, 4.73] for weeks 1, 2 and 3 (top panels,
Figure 2). When daily treatment with the combination was
terminated, the dose—effect relationship of morphine
returned towards the control level, and the dose ratio of mor-
phine decreased from 3.66 [2.60, 4.73] on week 3 to 1.69
[1.22, 2.16] and 1.22 [0.79, 1.65] on weeks 5 and 7 respec-
tively (bottom right panel, Figure 2). Furthermore, the dose

' . Morphine treatment
-O- Combo treatment

Morphine dose ratio (ED5)

4-

24

0-

123 5 1
Weeks

Figure 3

Dose ratio of morphine during and after chronic treatment of either
morphine alone or morphine in combination with 2-BFI compared with
control on week 0. Data were expressed as the dose ratio of morphine
and plotted as a function of time (weeks). *P < 0.05; significantly differ-
ent from the morphine treatment group; two-way repeated measures
ANOVA, followed by Bonferroni’s test; n =9 per group.

ratio of morphine was plotted as a function of time (Figure 3).
Two-way ANOVA revealed significant interaction between
treatment (morphine vs. combo) and time (F[2, 25] = 12.29,
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Rate-suppressing effects of 2-BFI before, during and after daily treat-
ment of either morphine alone (left) or morphine in combination
with 2-BFI (right). Ordinate: responding rate as a percentage of con-
trol responding rate. Abscissa; dose of 2-BFI (mg-kg”). (n=9 per
group.) Linear regression was used to estimate the EDsq (+95% CL)
values of morphine across the different weeks.

P < 0.0001). Post hoc analyses indicated that the treatment
groups are significantly different on weeks 2 and 3.

2-BFI dose-dependently produced rate-suppressing effects
under control conditions (Figure 4). However, daily treat-
ment with morphine did not result in a shift of the 2-BFI
dose—effect relationship or change in the 2-BFI dose ratio on

week 3 (1.47 [1.07, 1.86]) or week 7 (1.20 [1.02, 1.38]) (left
panel, Figure 4). Although the group that received the combi-
nation treatment appeared to produce a slight rightward shift
of the 2-BFI dose-effect relationship on week 3, the dose ratio
of 2-BFI was not significantly different on week 3 (1.89 [1.18,
2.60]) or week 7 (1.12 [0.87, 1.37]) compared with the mor-
phine treatment group (right panel, Figure 4).

Initially, naltrexone did not produce any effect on the rate
of responding up to a dose of 3.2 mg-kg ', i.p. (top left panel,
Figure 5). However, daily treatment with morphine produced
a marked increase in the rate-suppressing effects of naltrex-
one during the 3 weeks of treatment (top panels, bottom left
panel, Figure 5). After 1 week of daily treatment with mor-
phine in combination with 2-BFI, naltrexone produced simi-
lar rate-suppressing effects, compared with the morphine-
only treatment group (top middle panel, Figure §5).
Surprisingly, the rate-suppressing effects of naltrexone were
progressively decreased during weeks 2 and 3 of daily treat-
ment with the combination, such that on week 3, the effects
of naltrexone were similar to the control level (top panels,
bottom left panel, Figure 5). After daily treatment was termi-
nated, naltrexone did not produce any rate-suppressing ef-
fects in either group on weeks 5 and 7 (bottom middle and
right panels, Figure 5). Two-way ANOVA revealed asignificant
interaction between treatment and naltrexone dose for week
2 (F[4, 41] = 4.26, P < 0.01) and week 3 (F[3, 42] = 5.83,
P < 0.01), but not for control or the other weeks. Post hoc anal-
yses indicated a significant effect between treatment groups
on week 3 for the 0.1 and 0.32 mg-kg ™' doses of naltrexone
(bottom left panel, Figure 5). Similar to responding rate,

150~ Control _ Week 1 _ Week 2

125+ E .
100 F--mmm e e === Fogommmm e R ittt
£ 751 . ]
S 50- -8~ Morphine treatment i i
o
§ 25 -O- Combo treatment 1 |
-c T T T T T 1 T T T T T 1 r T T T T 1
5
Q Week 5 Week 7
2 4150+ Week 3
J ;\;’__;/I
"5 1254 - o o é: é g
2 1004 - S RECTTTETELEEEETTEELE T s  RECEEEETEEL IR CEEE
©
ﬂ: 75_ - -

50 1 1

25+ . .

o_ . .

0.01 0.032 01 0.32 1 3.2
Naltrexone (mg kg-1)

Figure 5
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0.01 0.032 0.1 0.32 1 3.2
Naltrexone (mg kg-1)

Rate-suppressing effects of naltrexone before (top left), during (top middle and right, bottom left) and after (bottom middle and right) daily treat-
ment of either morphine alone or morphine in combination with 2-BFI. Daily treatment was terminated following the week 3 measurement. Or-
dinate: responding rate as a percentage of control responding rate. Abscissa: dose of naltrexone (mg-kg™"). *P < 0.05; significantly different from
daily treatment with morphine alone; two-way repeated measures ANOVA followed by Bonferroni’s test; n = 9 per group.
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Naltrexone-precipitated body weight loss during and after chronic treat-
ment of either morphine alone or morphine in combination with 2-BFI.
The starting body weights before the first naltrexone test (week 1) were
331 +5.1and 333 + 5.1 g for morphine treatment and combo treatment
groups respectively. Data were expressed as the % body weight loss and
plotted as a function of time (weeks). *P < 0.05; significantly different
from the morphine treatment group; two-way repeated measures
ANOVA followed by Bonferroni’s test; n =9 per group.

under control conditions, naltrexone failed to produce effects
on body weight. Daily morphine treatment resulted in a
greater than 2% body weight loss following naltrexone ad-
ministration on weeks 1, 2 and 3 (Figure 6). In contrast, the
body weight loss induced by naltrexone was significantly less
in the group treated with the combination than in the group
treated with morphine alone. Interestingly, the effects of nal-
trexone in the combination group were progressively de-
creased across the 3 weeks of daily treatment, consistent
with the rate-suppressing effects of naltrexone shown in
Figure 5. When daily treatment was terminated, naltrexone
failed to produce changes in body weight in both groups of
animals on weeks 5 and 7. Two-way ANOVA revealed signifi-
cant main effects of treatment (F[1, 60] = 45.02, P < 0.0001),
time (F[4, 60] = 35.52, P < 0.0001) and a significant interac-
tion between treatment and time (F[4, 60] = 3.20, P < 0.05).
Post hoc analyses indicated a significant difference between
treatment groups on weeks 1, 2 and 3, suggesting that the
body weight loss in the combination group was significantly
less than that in the morphine-only group. Under this drug
treatment regimen, no robust, observable, withdrawal signs
were found even after the cumulative 1 mg-kg ' naltrexone
treatment (Supporting Information Figure S1).
Morphine dose-dependently produced antinociceptive
effects in the warm-water tail-withdrawal procedure (Figure-
7). Repeated treatment (7 days) of 32 mg-kg~' morphine re-
sulted in a marked rightward shift of the morphine
dose—effect relationship, increasing the EDsq value of mor-
phine from 4.76 [3.03, 6.50] to 51.77 [30.35, 73.19] (Figure 7).
This increase in the morphine EDs, value corresponded to a
greater than 10-fold change (Figure 8). However, repeated
treatment with morphine in combination with the I,

I, receptor ligands attenuate morphine tolerance m

-0~ Control
32 mg kg-1morphine
(daily X 7 d)
100+
80+
' 60-
=
2 40-
20+
0-
1 10 100
Morphine (mg kg-1)
Figure 7

Antinociceptive effects of morphine before and after 7 days of daily
morphine treatment. Ordinate: % maximal possible effect. Abscissa:
dose of morphine (mg-kg ™ '). (n = 6 per group.) Linear regression
was used to estimate the EDsq (+95% CL) values of morphine across
the different weeks.
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Figure 8

Dose ratio of morphine comparing before and after 7 days of daily
treatment of morphine alone or morphine in combination with I re-
ceptor agonists. Each data point represents the dose ratio results
from one group of animals. Data were expressed as the dose ratio
of morphine and plotted as a function of dose of combined I, recep-
tor agonist (mg~kg’1). *P < 0.05, significantly different from the
morphine treatment control group; two-way repeated measures
ANOVA followed by Bonferroni’s test; n = 6 per group.

receptor agonists 2-BFI, BU224 or CR4056 significantly de-
creased the morphine dose ratios, compared with the
morphine-only control (one-way ANOVA: F[7, 44] = 3.23,
P < 0.01) (Figure 8). Post hoc analyses indicated that all doses
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of the I, receptor agonists produced a significant effect com-
pared with control, except the dose of 3.2 mgkg ', i.p.
CR4056.

Discussion

The primary findings of the current study were that the selec-
tive imidazoline I, receptor agonist 2-BFI significantly attenu-
ated the development of tolerance to the rate-suppressing
effects of morphine as well as the development of physical de-
pendence on morphine. In addition, the selective I, receptor
agonists 2-BFI, BU224 and CR4056 all attenuated the devel-
opment of tolerance to the antinociceptive effects of mor-
phine. These results further support the notion of
combining imidazoline I, receptor agonists with opioids for
pain treatment.

Schedule-controlled operant responding is a highly sensi-
tive procedure to detect alterations in opioid effects due to
both the development of tolerance and dependence
(Holtzman and Villarreal, 1973; Gerak and France, 1997;
Smith and Picker, 1998; Brandt et al., 2001). Consistent with
the literature, we found that repeated treatment with mor-
phine produced a significant rightward shift of the morphine
dose-effect relationship and greater than sixfold increase of
the morphine EDs( value, chanrateristics of the development
of tolerance (Figures 2, 3). In contrast, repeated treatment
with morphine in combination with 2-BFI resulted in less tol-
erance to morphine than rats treated with morphine alone, as
evidenced by a less than fourfold increase of the morphine
EDs( value (Figures 2, 3). No tolerance to the rate-suppressing
effects of 2-BFI were observed with either group (Figure 4).
These results suggest that 2-BFI attenuates the development
of tolerance to the rate-suppressing effects of morphine.
However, it is well established that the development of toler-
ance can vary depending on the behavioural endpoint mea-
sured. For example, tolerance developed more readily to the
antinociceptive effects than to the respiratory depressant ef-
fects of p-agonists (Paronis and Woods, 1997; Brandt and
France, 2000). Tolerance has been attributed to alterations
in the number and sensitivity of receptors mediating the ef-
fects of drugs. It is conceivable that discrepancies in the de-
gree to which tolerance develops to various effects of drugs
are because certain procedures or drug-induced effects are
more sensitive than others to these alterations of receptor
population or sensitivity. Therefore, by investigating the ef-
fects of I, receptor agonists during repeated treatment using
multiple approaches will be particularly valuable in this re-
gard. For this reason, we chose to study the effects of selective
I, receptor agonists on the development of tolerance to the
antinociceptive effects of morphine in a warm-water tail-
withdrawal procedure in rats.

Consistent with published results, we found that daily
treatment with morphine for 7 days resulted in a significant
rightward shift of the morphine dose—effect relationship
and greater than 10-fold increase in the morphine EDso
value, indicating that significant tolerance had occurred
(Figures 7, 8). In contrast, daily treatment for 7 days of mor-
phine in combination with the I, receptor agonists 2-BFI,
BU224 or CR4056 resulted in less tolerance to morphine than

1370 British Journal of Pharmacology (2016) 173 1363-1372

rats treated with morphine alone, as shown by a less than
fivefold increase in the morphine EDsq value (Figures 7, 8).
These results suggest that imidazoline I, receptor agonists at-
tenuate the development of tolerance to the antinociceptive
effects of morphine.

Repeated exposure to morphine and many other opioid
agonists not only leads to the development of tolerance but
can also produce physical dependence. Physical dependence
can be defined as a condition in which the body has adjusted
to the presence of a drug, resulting in physical symptoms of
withdrawal upon discontinuation of drug treatment or ad-
ministration of a pharmacological antagonist. To address
the effects of I, receptor agonists on the development of
physical dependence on morphine, we studied the rate-
suppressing effects of the opioid receptor antagonist naltrex-
one and naltrexone-induced body weight loss in rats treated
with either morphine alone or morphine in combination
with 2-BFI. As expected, repeated treatment with morphine
produced a marked increase in the sensitivity to the rate-
suppressing effects of naltrexone, a well-characterized indica-
tion of opioid dependence (Figure 5). In striking contrast, the
rate-suppressing effects of naltrexone were progressively de-
creased in animals treated with morphine in combination
with 2-BFI (Figure 5). Furthermore, repeated morphine treat-
ment produced significant body weight loss following nal-
trexone treatment, which was markedly decreased in the
morphine and 2-BFI combination group (Figure 6). In addi-
tion to the rate-suppressing effects of naltrexone and
naltrexone-induced body weight loss, we also studied directly
observable signs of opioid withdrawal. Although repeated
morphine treatment resulted in a mildly increased occur-
rence of directly observed signs of withdrawal, there were
no significant differences between treatment groups
(Supporting Information). This is likely to be due to the
morphine-dosing regimen in these animals not being suffi-
cient enough to induce a dependence level that can produce
a significant amount of naltrexone-induced physical with-
drawal signs. In support of this hypothesis, rats did not ex-
hibit any signs of spontaneous withdrawal following
termination of daily treatment after week 3. However, con-
comitant treatment of morphine and 2-BFI diminished the
development of dependence on morphine as shown by a de-
creased sensitivity to the rate-suppressing effects of naltrex-
one and naltrexone-induced body weight loss. Both of these
measurements are profoundly sensitive to changes in opioid
effects due to the development of dependence (Goode,
1971; Gellert and Sparber, 1974; Adams and Holtzman,
1990). These results are consistent with an earlier study that
found acute administration of the I, receptor agonist BU224
partly attenuated the physical withdrawal signs in
morphine-dependent rats (Hudson et al., 1999).

What is particularly interesting is that there is strong evi-
dence supporting the proposition that I, receptor agonists en-
hance the antinociceptive effects of opioids. An earlier study
found that selective I, receptor agonists enhance the effects
of morphine in a mouse hot water tail immersion test
(Sanchez-Blazquez et al., 2000). In addition, our group has
demonstrated that I, receptor agonists markedly potentiated
the antinociceptive effects of morphine and tramadol in a
rat warm-water tail-withdrawal test (Thorn et al., 2011) and
also enhanced the effects of morphine in a hypotonic



saline-induced writhing test (Li et al., 2011). Combined with
the current study, these results suggest that I, receptor ago-
nists significantly enhance opioid-induced antinociception
while concurrently reducing the development of tolerance
to and dependence on opioids. This finding has important
clinical implications. Firstly, the combination of I, receptor
agonists with opioids as an adjuvant pharmacotherapy to
treat pain would maximize the beneficial effects (pain relief)
while minimizing the adverse effects (tolerance and depen-
dence), suggesting a very promising clinical treatment with
a high therapeutic index. Secondly, because I, receptor
agonists markedly potentiate the antinociceptive effects of
opioids, lower doses of opioids will be required to achieve
adequate pain relief. This alone could possibly minimize
opioid-induced adverse effects. However, our studies suggest
that I, receptor agonists reduce the development of tolerance
to and dependence on morphine at morphine doses sufficient
to induce these adverse effects. If combination therapy of
opioids with I, receptor agonists results in lower doses of opi-
oids needed to achieve adequate pain relief, I, receptor ago-
nists may be particularly more effective in suppressing the
development of tolerance to and dependence on opioids at
these lower doses.

The manner in which I, receptor agonists inhibit the de-
velopment of tolerance to and dependence on opioids re-
mains unclear. The ability of I, receptor agonists to
potentiate opioid analgesia while also reducing tolerance
and dependence on opioids argues against a simple pharma-
cokinetic explanation. If I, receptor agonists were simply in-
creasing opioid levels through an indirect effect on
metabolism and/or elimination, similar effects would be ex-
pected for tolerance, dependence and analgesia. All three I,
receptor agonists used in the current study have high affini-
ties at I, receptors, and previous functional studies confirmed
their similar pharmacological activities (Thorn et al., 2012).
Because these agonists have at least 1000-fold selectivity for
I, receptors over a, adrenoreceptors (Thorn et al., 2012), the
observed modulatory effects were more likely to be due to I,
receptor activation. Furthermore, an earlier study demon-
strated that the selective I, receptor agonist phenyzoline po-
tentiated morphine analgesia in mice, and the modulatory
effects of phenyzoline were blocked by the I, receptor/o,
adrenoreceptor antagonist idazoxan, but not by the I;
receptor/a, adrenoreceptor antagonist efaroxan or the a,
adrenoreceptor antagonist yohimbine (Gentili et al., 2006).
These studies suggest that the ability of I, receptor agonists
to enhance opioid-induced analgesia is an I, receptor-
mediated effect. However, future studies aimed at investigat-
ing the mechanism of I, receptor agonist-induced reduction
of the development of tolerance to and dependence on opi-
oids would be beneficial.

In summary, this study has found that the selective
imidazoline I, receptor agonist 2-BFI significantly attenuated
the development of tolerance to the rate-suppressing effects
of morphine as well as the development of physical depen-
dence on morphine. In addition, the selective I, receptor ag-
onists 2-BFI, BU224 and CR4056 also attenuated the
development of tolerance to the antinociceptive effects of
morphine. Taken together, these results support the thera-
peutic potential of combining imidazoline I, receptor ago-
nists with opioids for pain treatment.
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Figure S1 Average scores of withdrawal signs in rats treated
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