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Abstract

Previous studies have shown that morphine-6-glucuronide (M6G), a metabolite of morphine,
induces reward and psychomotor stimulation but the role of the mu opioid receptor in these
actions of the drug is not fully characterized. Thus, using mice lacking exon-2 of the mu opioid
receptor and their wild-type littermates/controls, we determined the role of this receptor in
psychomotor stimulation, sensitization, and conditioned place preference (CPP) induced by M6G.
For comparison, we also assessed the role of the mu opioid receptor in the rewarding action of
morphine. For the measurement of locomotor activity and sensitization, mice were habituated to
motor activity chambers for 1 h, then injected with M6G (10 mg/kg) and locomotor activity was
recorded for an additional 1 h. The same treatment was given for five days and mice were tested
for sensitization a week later. For the CPP experiments, mice were tested for baseline place
preference on day 1, then received single or repeated alternate-day saline/drug or drug/saline
conditioning and tested for CPP the following day. Mice were also tested for CPP under a drugged
state. M6G induced psychomotor stimulation, a response that was enhanced upon repeated
administration of the drug, showing that locomotor sensitization developed to the motor
stimulatory action of M6G. However, M6G induced a weaker CPP response compared to
morphine. None of these actions of M6G was detected in mice lacking the mu opioid receptor.
Together, the current results suggest that M6G induces psychomotor stimulation and a weaker
rewarding action via the mu opioid receptor.
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1. Introduction

Morphine is used for the treatment of moderate-to-severe pain. It is metabolized in the liver
to morphine-3-glucuronide (M3G) and morphine-6-glucuronide (M6G). Among the
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metabolites, M6G has much of morphine’s analgesic potency (Christrup, 1997; Kilpatrick
and Smith, 2005; Klepstad et al., 2000; Pasternak et al., 1987). In fact, M6G is reported to
be even more potent than morphine following central administration (Abbott and Palmour,
1988; Christrup, 1997; Frances et al., 1992; Kilpatrick and Smith, 2005; Klepstad et al.,
2000). With M6G being currently undergoing clinical trials as an analgesic for the treatment
of post-operative pain, its pharmacological actions have been thoroughly studied. These
reports reveal that M6G has a similar analgesic effect but does not induce as many side
effects (respiratory depression, EEG, and nausea) associated with morphine (Cann et al.,
2002; Kilpatrick and Smith, 2005; Romberg et al., 2003a; Romberg et al., 2003b). However,
there are limited studies determining the abuse potential of the drug.

The phenomenon of locomotor sensitization is referred to as a progressive and enduring
increase in locomotor stimulation induced by repeated intermittent administration of
morphine and other addictive drugs (Badiani et al., 2000; Kalivas et al., 1993; Lutfy et al.,
2002; Marquez et al., 2006; Post and Rose, 1976; Shippenberg et al., 2009; Shippenberg and
Heidbreder, 1995; Shuster et al., 1977; Steketee and Kalivas, 1991; Stewart and Badiani,
1993). This phenomenon is thought to mimic some aspects of addiction, e.g., compulsive
drug-seeking behaviors and relapse [for review, see (Robinson and Berridge, 1993; 2000)].
M6G increases motor activity (Handal et al., 2008; Vindenes et al., 2006; Vindenes et al.,
2008) and induces a robust locomotor sensitization following its single administration
(Handal et al., 2008). However, the role of the mu opioid receptor in this action of M6G has
not been characterized. . Accordingly, we determined the role of the mu opioid receptor in
M6G-induced motor stimulation and locomotor sensitization.

The conditioned place preference (CPP) is widely used as an animal model of reward and
incentive learning (Bardo and Bevins, 2000). Previous studies have shown that M6G

induces CPP in rats (Abbott and Franklin, 1991) as well as in mice (Vindenes et al., 2006;
Vindenes et al., 2008). However, it is not known whether its rewarding action is mediated by
the mu opioid receptor. Therefore, we also examined the role of the mu opioid receptor in
M6G-induced CPP under both drug-free and drugged states. For comparison, we
investigated the role of the mu opioid receptor in morphine-induced CPP under the same
conditions.

2. Materials and Methods
2.1. Subjects

Mice lacking the mu opioid receptor (Matthes et al., 1996), fully backcrossed on C57BI/6J
mouse strain, were purchased from Jackson Laboratory (Bar Harbor, Maine, USA) and used
to generate heterozygous breeding pairs. Male wild-type and mu opioid receptor knockout
mice were bred in house from the heterozygous breeding pairs and used for all experiments.
Mice were kept 2—4 per cage with free access to food and water under a 12-h light/12-h dark
cycle. All experiments were conducted according to the National Institute of Health
guideline for the proper care and use of animals in research and approved by the Institutional
Animal Care and Use Committee at Western University of Health Sciences (Pomona,
California, USA).

2.2. Experimental Procedures

2.2.1. Locomotor Activity—Distance traveled was used as a measure of motor activity
and recorded using a Videomex-V system (Columbus Instruments, Columbus, OH, USA).
To determine the effect of M6G on locomotor activity, wild-type and mu opioid receptor
knockout mice (n =5 mice per genotype) were individually placed in motor activity
chambers (14 cm length X 14 cm width X 22 cm height) and allowed to habituate to the
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activity chamber for 1 h. Mice were then injected with M6G (10 mg/kg, s.c.) and locomotor
activity was measured in centimeters for 1 h (4 X 15-min bins). To determine whether
sensitization develops to the motor stimulatory action of M6G, mice were treated with their
respective treatment once daily for five consecutive days and tested for locomotor
sensitization a week later (day 12). On this day, mice were habituated to the motor activity
chambers for 1 h, injected with M6G (10 mg/kg, s.c.) and their locomotor activity was
recorded, as described above.

2.2.2. Conditioned Place Preference (CPP)—Wild-type and mu opioid receptor
knockout mice were tested for CPP following single and repeated (four times) alternate-day
saline/M6G or M6G/saline conditioning. The description of the CPP apparatus is provided
elsewhere (Marquez et al., 2006). Briefly, a 3-chambered (a smaller central gray neutral
chamber and two larger conditioning chambers decorated with 2.54 cm horizontal or vertical
black and white stripes) CPP apparatus was used. We used this 3-chambered apparatus
because we wanted to reduce the unintentional bias due to the initial placement of animals in
the apparatus. The use of this apparatus also increases the strength of the CPP response since
more choices are available to the animals during the test for place preference/avoidance [(for
a review, please see (Bardo and Bevins, 2000)]. The CPP protocol consisted of
preconditioning, conditioning and postconditioning phases which were conducted in the
absence and/or presence of each drug. On day 1 (preconditioning test day; D1), mice were
placed in the neutral chamber of the CPP apparatus and allowed to freely roam the CPP
chambers for 15 min. The amount of time that mice spent in each chamber was recorded.
This was used as a measure of baseline preference toward the CPP chambers for each
mouse. On days 2-9, mice received alternate-day saline/M6G or M6G/saline conditioning
trainings in which mice were injected with saline, M6G (10 mg/kg, s.c.) or morphine and
confined to the vehicle-paired or drug-paired chamber for 1 h. The CPP conditioning
chambers were further made distinguishable from each other by inclusion of an olfactory
cue (i.e., a 10-uL droplet of almond and orange extract was applied onto a coin-sized filter
paper hanging at the right upper edge of each conditioning chamber). Mice were tested for
postconditioning place preference following single (day 4) and repeated (day 10)
conditioning. Four days later, mice were injected with saline and the next day with M6G or
morphine and tested CPP in the presence of drug (also called drugged state or state-
dependent). On these days, mice were injected with saline or the drug, placed in the neutral
chamber of the CPP apparatus and allowed to free-roam the CPP chambers for 15 min. The
amount of time that mice spent in each chamber was recorded.

Morphine sulfate and M6G were generously supplied by the Drug Supply program of the
National Institute on Drug Abuse Drug Supply (Bethesda, Maryland, the USA). Drugs were
dissolved in normal saline (0.9% NaCl solution) and injected subcutaneously (s.c.) in the
volume of 0.1ml/10g of mouse body weight. The doses of the drug was based on our
previous studies, showing that a single conditioning paired with morphine (10 mg/kg, s.c.)
induces a significant CPP. In order to compare the rewarding action of M6G to morphine,
we also used 10 mg/kg dose of M6G.

2.4. Data Analysis

The data represent mean (xS.E.M.) distance traveled (cm) or the amount of time that mice
spent in the CPP chambers (sec) and were analyzed using repeated measures analysis of
variance (ANOVA). For analysis of the locomotor activity data, the factors were distance
traveled over time and genotype. For analysis of the CPP data, the factors were the amount
of time that mice spent in the CPP chambers and test day. The Bonferroni post-hoc test was
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used to reveal significant differences between various groups. P<0.05 was considered
statistically significant.

3. Results

3.1. The role of the mu opioid receptor in the motor stimulatory action of M6G

Figure 1 illustrates the increase in distance traveled (cm) following single (upper panel) and
repeated (lower panel) M6G administration in mice lacking the mu opioid receptor and their
wild-type littermates/controls. Analysis of the acute effect of M6G in both genotypes
revealed a significant interaction between genotype and distance traveled with regards to
time (F7, 56 = 11.13, p<0.001). Subsequent analysis of the data showed that M6G increased
locomotor activity in wild-type but not in mu opioid receptor knockout mice (Fig. 1, upper
panel). The motor stimulatory action of M6G was enhanced upon its repeated administration
(Fig. 1, lower panel), as evidenced by a significant interaction between time and genotype
(F1,8 = 5.08, p=0.05). Further analysis of the data showed that acute M6G increased
locomotor activity in wild-type mice and the magnitude of this response was enhanced
following repeated M6G administration. These results indicate that sensitization developed
to the motor stimulatory action of M6G in wild-type mice. However, this phenomenon was
not observed in mu opioid receptor knockout mice.

3.2. The role of the mu opioid receptor in CPP induced by single conditioning with
morphine or M6G

The amount of time that wild-type and mu knockout mice spent in the CPP chambers before
(D1) and after (D4) single conditioning with M6G is shown in figure 2. Data analysis
revealed a significant interaction between the amount of time that wild-type mice spent in
the CPP chambers and test day (F2,15 = 7.17; p<0.01). Further analysis of the data
demonstrated that mice did not express any preference toward the CPP chambers on the
preconditioning (D1) test day (Fig. 2, upper panel). However, there was a significant
decrease in the amount of time that mice spent in the vehicle-paired chamber following
M6G conditioning compared to day 1 (p<0.05). On the other hand, a slight increase in the
amount of time that mice spent in the drug-paired chamber was observed on
postconditioning (D4) compared to preconditioning (D1) test day. Nevertheless, it was not
statistically significant (p>0.05). In contrast, single morphine conditioning induced a robust
CPP in wild-type mice (Fig. 3, upper panel). Analysis of the data revealed a significant
interaction between the two factors (F2,15 = 12.74; p<0.001). Further analysis of the data
showed that wild-type mice exhibited significantly (p<0.01) more preference toward the
morphine-paired chamber on the postconditioning (D4) than preconditioning (D1) test day
(Fig. 3, upper panel). Neither M6G (Fig. 2, lower panel) nor morphine (Fig. 3, lower panel)
induced CPP in mu opioid receptor knockout mice. These results illustrate that single
conditioning paired with morphine but not M6G induces a significant CPP that is mediated
by the mu opioid receptor.

3.3. The role of the mu opioid receptor in state-dependent CPP induced by M6G

Figure 4 depicts the amount of time that mice lacking the mu opioid receptor and their wild-
type littermates/controls spent in the CPP chambers on each test day. Analysis of the data in
wild-type mice (Fig. 4, upper panel) revealed a significant interaction between the amount of
time that mice spent in the CPP chambers and test day (F6,45 = 6.72, p<0.0001). Further
analysis of the data showed that the amount of time that wild-type mice spent in the vehicle-
paired chamber and drug-paired chamber was comparable on day 1 (Fig. 4, upper panel).
When mice were tested for preference toward the CPP chambers following repeated
conditioning (D10), there was a significant (p<0.05) decrease in the amount of time that
mice spent in the vehicle-paired chamber on this day compared to day 1 (D1). There was a
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slight increase in the amount of time that mice spent in the M6G-paired chamber on this day
compared to day 1 but the difference was not statistically significant (p>0.05). A similar
pattern was observed when mice were challenged with saline four days later. However, mice
showed a significant CPP following a challenge dose of M6G, as evidenced by a significant
(p<0.05) increase in the amount of time that mice spent in the M6G-paired chamber on this
day compared to other test days (p<0.05). However, these changes were absent in mice
lacking the mu opioid receptor (Fig. 4, lower panel). Data analysis revealed a significant
interaction between the two factors (F6,45 = 5.24, p<0.005). Further analysis of the data
showed that knockout mice spent significantly greater amount of time in the saline-paired
chamber following M6G challenge compared to day 1 and day 10 (p<0.05 or better; Fig. 4,
lower panel). These results suggest that M6G induces a weak CPP via the mu opioid
receptor.

3.4. The role of the mu opioid receptor in state-dependent CPP induced by morphine

The amount of time that mice lacking the mu opioid receptor and their wild-type littermates/
controls spent in the CPP chambers before (D1) and after (D10) repeated conditioning with
morphine is shown in figure 5. Analysis of the data revealed a significant interaction
between the amount of time that wild-type mice spent in the CPP chamber and test day
(F6,45 = 26.43, p<0.0001). Further analysis of the data suggested that repeated morphine
conditioning induced a robust CPP in wild-type mice, as evidenced by a significant increase
in the amount of time that mice spent in the morphine-paired chamber on day 10 compared
to day 1. This CPP response was still evident when mice were challenged with saline on day
14 (D14-Sal). Furthermore, this response was significantly increased following morphine
challenge (Fig. 5, upper panel; compare the amount of time that mice spent in the drug-
paired chamber on this day (D15-MOR) versus other days). In contrast, morphine failed to
induce CPP in mice lacking the mu opioid receptor (Fig. 5, lower panel). Data analysis
revealed a significant interaction between the two factors ((F6,54 = 3.40; p<0.01). Similar to
M6G, when mice lacking the mu opioid receptor were tested in the presence of morphine,
there was an increase in the amount of time that mice spent in the vehicle-paired chamber
although it was not statistically significant (Fig. 5, lower panel).

4. Discussion

The main findings of the present study are that morphine induced a robust CPP under both
drug-free and drugged states; whereas, M6G exerted a strong CPP under a drugged state
only. M6G stimulated locomotor activity and induced locomotor sensitization. M6G-
mediated state-dependent CPP and hyperlocomotion were abolished in mice lacking the mu
opioid receptor, suggesting the involvement of the mu opioid receptor in these actions of
M6G. Overall, the present findings illustrate that M6G may have a weaker rewarding action
than morphine.

M6G has been shown to possess a potent analgesic effect which is, at least, equivalent to
morphine (Abbott and Palmour, 1988; Christrup, 1997; Frances et al., 1992; Kilpatrick and
Smith, 2005; Klepstad et al., 2000). Surprisingly, M6G elicits antinociception in mice
lacking exon-1, but not exon-2, of the mu opioid receptor (Schuller et al., 1999). In contrast,
morphine fails to reduce nociception in either knockout line (Matthes et al., 1996; Schuller
et al., 1999). These findings raise the possibility that the action of morphine and M6G may
be mediated via different types of mu opioid receptors. Indeed, M6G and morphine have
been proposed to bind to different mu opioid receptor (Pan et al., 2005). Thus, the current
study was designed to shed some light on the role of the mu opioid receptor in M6G-induced
motor stimulation and CPP.
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M6G has been shown to induce psychomotor stimulation (Handal et al., 2008; Vindenes et
al., 2006; Vindenes et al., 2008) and locomotor sensitization following single M6G
administration in mice (Handal et al., 2008). In the present study, we also observed that
M6G significantly increased locomotor activity in wild-type mice. Additionally, we found
that this response was enhanced upon its repeated administration. On the other hand, M6G
did not increase locomotion and failed to elicit locomotor sensitization in mice lacking the
mu opioid receptor. Overall, these results suggest that the psychomotor stimulatory action of
M6G and its ability to induce behavioral sensitization are mediated by the mu opioid
receptor.

Morphine and other addictive drugs are widely abused, in part, due to their positive
reinforcing and rewarding actions. We observed a robust CPP response following single or
repeated morphine conditioning, as evidenced by a significant increase in the amount of
time that mice spent in the morphine-paired chamber on the postconditioning as compared to
preconditioning test day or compared to the saline-paired side on the postconditioning test
day (p<0.01). We also found that the CPP response was significantly greater in magnitude
when mice were tested in the presence of morphine, illustrating that morphine induced a
greater CPP response under a drugged state when compared to drug-free state. However,
these actions of morphine were abolished in knockout mice. Overall, these results suggest
that the rewarding action of morphine, under both drug-free and drugged states, is mediated
by the mu opioid receptor. This is consistent with a previous report showing that morphine
failed to induce CPP under a drug-free state (Matthes et al., 1996). A number of studies have
shown that M6G induces CPP in mice, and this response is comparable to morphine
(Vindenes et al., 2006; Vindenes et al., 2008). However, we only observed a significant CPP
when we compared the amount of time that mice spent in the M6G-paired versus saline-
paired chamber on the postconditioning test day. In fact, we found a small increase in the
amount of time that mice spent in the drug-paired chamber after compared to before
conditioning. Nonetheless, a significant reduction in the vehicle-paired chamber was
observed between the two test days, raising the possibility that M6G may have weaker
rewarding action than morphine. Consistent with this notion, we discovered that wild-type
mice exhibited a robust CPP under a drugged state, i.e., in the presence of M6G.
Interestingly, these changes were not observed in mice lacking the mu opioid receptor,
suggesting that M6G exerts its rewarding action via the mu opioid receptor.

M6G has been shown to bind to the kappa opioid receptor (Kilpatrick and Smith, 2005), and
activation of this receptor is associated with aversion in rodents and dysphoria in humans
[for review, see (Herz, 1998)]. It is tempting to suggest that this may have altered the
rewarding action of M6G, thereby leading to a weaker reward following conditioning with
M6G. However, morphine also has some kappa opioid receptor agonistic action.
Nevertheless, our data suggest that the activity of M6G and morphine at the mu and kappa
opioid receptors may alter the rewarding actions of these drugs. In fact, mice lacking the mu
opioid receptor spent significantly more time in the vehicle-paired chamber following M6G
challenge on day 15 compared to other days. Notably, morphine induced a similar response
in mu knockout mice. Considering that the increase in the amount of time that mice lacking
the mu opioid receptor spent in the vehicle-paired chamber was not associated with a
significant reduction in the amount of time that mice spent in the drug-paired chamber, this
may not indicate an aversive response. However, the increase in the amount of time that mu
opioid receptor knockout mice spent in the vehicle-paired chamber may be due to an
increase in the familiarity of the drug-paired context, thereby leading to exploration of the
unfamiliar more than familiar CPP chamber [for review, see (Bardo and Bevins, 2000)] or a
decrease in exploration between the conditioning chambers. Given that mice would require
more time to move to and from the vehicle-paired chamber to the drug-paired chamber in
the three-chambered CPP apparatus, the decrease in exploration may have been exacerbated
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by the use of the three chambered CPP apparatus used in the current study. In view of that
our CPP chambers did not allow for the simultaneous measurement of locomotor activity,
further studies are needed to explore these possibilities.

5. Conclusion

The current results suggest that the motor stimulatory and rewarding actions of M6G are
mediated via the mu opioid receptors. However, the rewarding action of M6G is weaker
than morphine. This is consistent with a growing body of literature claiming that M6G is a
potent analgesic with fewer side effects than its parent compound, morphine.
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Fig. 1.

Distance traveled (cm) before or after single (upper panel) or repeated (10 mg/kg once
daily for four consecutive days) M6G exposure (lower panel) in mice lacking mu opioid
receptor (MOR—/-) and their wild-type littermates/control (MOR+/+). The data represent
mean (£S.E.M.) of 5-6 mice per genotype for each experiment. *significantly different from
the knockout mice (p<0.05); **significantly different from all other group (p<0.01)
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Fig. 2.

The amount of time that wild-type mice (upper panel) and mice lacking the mu receptor
(lower panel) spent in the CPP chambers before (D1) and after (D4) single conditioning
with M6G (10 mg/kg). The data represent mean (xS.E.M.) of 6 mice per genotype.
*significantly different compared to its respective chamber on day 1 (p<0.05)
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0@ 18 [

DPCh

The amount of time that wild-type mice (upper panel) and mice lacking the mu receptor
(lower panel) spent in the CPP chambers before (D1) and after (D4) single conditioning

with morphine (10 mg/kg). The data represent mean (£S.E.M.) of 6-7 mice per genotype.
**significantly different compared to its respective chamber on day 1 (p<0.01)

Eur J Pharmacol. Author manuscript; available in PMC 2013 May 5.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Nguyen et al. Page 12

9009 3 D1
800 D10

&3 D14-sal
6004 EE D15-M6G

CPP Chamber

43 D1 BE D14-sal
22 D10 Bl D15-M6G

Time (sec)
;

o
i

VPCh NCh DPCh
CPP Chamber

Fig. 4.

The amount of time that wild-type (upper panel) and knockout (lower panel) mice spent in
CPP chambers before (D1) and after (D10) repeated conditioning with M6G (10 mg/kg) and
following a saline (D14) or M6G (5 mg/kg, D15) challenge. The data represent the mean
(£S.E.M.) of 6 mice per genotype. *significantly different compared to their respective
chamber on day 1 (p<0.05)
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BRI

The amount of time that wild-type (upper panel) and knockout (lower panel) mice spent in
the CPP chambers prior to (D1) and after (D10) repeated conditioning with morphine (10
mg/kg) and following a saline (D14) or morphine (5 mg/kg, D15) challenge. The data
represent the mean (xS.E.M.) of 6—7 mice per genotype. *significantly different compared
to the amount of time that the mice spent in this chamber on day 1 (p<0.05),
***sjgnificantly different compared to the amount of time that mice spent in this chamber

on day 1 (p<0.001)
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