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gested to alter the expression of morphine-induced conditioned place preference
(CPP). To date, the potential effects of sucrose intake on the extinction and drug-induced reinstatement of CPP
have not been determined. In the present study, sucrose solution (15%)was givenprior to, during, and following
the acquisition of morphine-induced CPP. Place preference was subsequently assessed during expression,
extinction, and morphine-induced reinstatement. The results showed that the sucrose solution given prior to
place conditioning training transiently suppressed the expression of morphine CPP. Sucrose solution given
during place conditioning training had no effects on the expression, extinction, and reinstatement of CPP.
When the sucrose solution was given following the acquisition of morphine CPP, the extinction of morphine
CPP was accelerated, and morphine-induced reinstatement was profoundly inhibited. The above results
demonstrated that sucrose intake could differentially affect the expression, extinction, and reinstatement of
morphine-induced CPP, depending on the interference schedules. Our findings suggest that offering non-drug
rewards could be a valuable approach to maintain abstinence and preventing relapse in drug addicts.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

Accumulating preclinical and clinical studies have provided
evidence that the availability of a sweetened diet or solution, as a
non-drug reward, has great influence on the behavioral properties of
addictive drugs (Carroll, 1998; Lynch and Carroll, 2001). Individual
differences in intake of a sweetened solution in animals have been
shown to be associatedwith ethanol consumption (Gosnell and Krahn,
1992; Overstreet et al., 1993) and cocaine self-administration
(DeSousa et al., 1996; Gosnell, 2000). The correlation between sucrose
preference and the behavioral effects of addictive drugs has been
examined extensively by directly comparing the responses of rats
selectively bred for high and low saccharin intake (Carroll et al., 2007a,
b; Perry et al., 2007a,b). Moreover, previous exposure to a sweetened
solution can facilitate the formation of drug-induced conditioned
place preference (CPP) (Lett, 1989; Vitale et al., 2003) and locomotor
sensitization (Gosnell, 2005). A concurrently available sweetened
solution can reduce drug preference and acquisition and maintenance
of drug self-administration (Carroll et al., 1989; Lenoir et al., 2007;
Rodefer and Carroll, 1997). The correlation between sucrose and the
behavioral effects of addictive drugs also has been investigated in
clinical settings (Higgins et al., 1994). Both alcohol-dependent
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(Kampov-Polevoy et al., 1997) and cocaine-dependent (Janowsky et
al., 2003) patients have shown altered preference for high-concentra-
tion sucrose. Evidence for the involvement of the dopamine system in
sucrose reward (Hernandez and Hoebel, 1988) also supports the
hypothesis that a common neurochemical pathway underlies the
behavioral interaction between sucrose and other addictive drugs.

The influence of sucrose consumption on the rewarding effects of
opioids has been investigated in numerous studies using the CPPmodel.
Lett (1989) reported that rats with acute (30 min) and chronic (5-day)
exposure to sweetened water spent significantly more time in the drug-
paired environment during the CPP test. Chronic access to a sucrose
solution also is sufficient to enhance thedevelopmentof CPPand the tail-
flick response inducedby the μ-opioid receptor agonist fentanyl (Vitale et
al., 2003). Enhancement of the CPP response to these drugs following
chronic sucrose exposure could be explained by cross-sensitization
demonstrated by the interaction of sucrose and the opioid receptor
antagonist naloxone (Colantuoni et al., 2002; Rudski et al., 1997).
Although cross-sensitization between sucrose and opioids has been
established, the attenuation of morphine-induced analgesia by chronic
access to sucrose has revealed an opposite phenomenon, cross-tolerance
(Holder,1988; Lieblich et al.,1983). Chronic sucrose exposure likely plays
a dual role in the induction of either sensitization or tolerance to opioids.

Both Lett (1989) and Vitale et al. (2003) focused on the effects of
sucrose intake on the acquisition of drug-induced CPP. Extinction and
reinstatement have been explored in a growing number of CPP studies
because various factors contributing to extinction and reinstatement
of drug CPP have been considered to be predictive of relapse (Lu et al.,
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Fig. 1. Effect of sucrose intake prior to conditioning days on the expression, extinction,
and reinstatement of morphine-induced CPP. (A): Timeline of the experimental
procedure. Rats in the Sucrose group were offered 15% sucrose solution for seven
days prior to CPP conditioning. CPP tests in Pre-conditioning (Pre-c), Post-conditioning
(Post-c), Extinction-1 (EXT-1), Extinction-2 (EXT-2), Extinction-3 (EXT-3), and Reinstate-
ment (Reinst) were performed on Days 1, 8,11,14,17, and 18, respectively. (B): Preference
scores during Pre-conditioning, Post-conditioning, Extinction-1, Extinction-2, Extinc-
tion-3, and Reinstatement. Data are expressed as mean±SEM. ⁎pb0.05 compared with
Pre-conditioning in the same group; τpb0.05 compared with Extinction-3 in the same
group; #pb0.05 compared with the Control group in the same phase.
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2000, 2001, 2002, 2003; Mueller et al., 2002; Ribeiro Do Couto et al.,
2005, 2006). The effects of sucrose intake on the extinction and
reinstatement of drug-induced CPP have not been fully characterized.
The purpose of the present study was to determine the effects of
sucrose on the expression, extinction, and reinstatement of morphine-
induced CPP in rats by offering the sucrose solution to rats prior to,
during, and following induction of morphine-induced CPP.

2. Materials and methods

2.1. Subjects

Animals were male Sprague–Dawley rats purchased from the
Department of Laboratory Animal Science, Peking University Health
Science Center. The rats weighed 200–220 g upon arrival in the labo-
ratory and were habituated for approximately 7 days prior to the
experiments. All animalswere housed in groups of 4–5 rats per cage and
were allowed free access to food andwater except as indicated. Constant
temperature (21±2 °C) and humidity (about 60%) and a 12-h light/dark
cycle (lights on at 8:00 am) were maintained throughout the experi-
ments. All experimental procedures were conducted in accordance
with the National Institutes of Health Guide for the Care and Use of Lab-
oratory Animals and were approved by the Local Committee of Animal
Use and Protection of the Peking University Health Science Center.

2.2. Drugs

Morphine hydrochloride was obtained from Qinghai Pharmaceu-
tical, Ltd. (Xining, China). Morphine was dissolved in saline and
administered subcutaneously (s.c.) in a volume of 1 ml/kg. Sucrose
was commercial analytically pure powder (purityN99.9%) and was
dissolved in distilled water.

2.3. Sucrose administration

In all of the experiments, rats were assigned randomly to either the
Control group or Sucrose group. Rats in the Sucrose group were given
daily access to 15% (w/v) sucrose solution for 2 h in themorning (8:00–
10:00 am) and 2 h in the afternoon (4:00–6:00 pm) in their home
cages. Both water and the sucrose solution were presented in plastic
bottles with rubber stoppers and drip-proof stainless-steel spouts. The
weight of the sucrose bottle was recorded before and after the sucrose
bottle was placed into the housing cage. The method of sucrose
administration was determined by one pilot experiment containing
two groups of rats. Six rats in one group were housed individually, and
six rats in another groupwere housed six per cage. This setting allowed
us to determinewhether the housing conditionwas a factor that could
influence sucrose intake and body weight gain. Rats in the two groups
were offered the sucrose solution for seven consecutive days with an
access schedule of 2 h in the morning (8:00–10:00 am) and 2 h in the
afternoon (4:00–6:00 pm) daily. No rat failed to drink the sucrose
solution in the individually housed group. No significant difference in
sucrose intake was observed each day between the two housing
conditions (mean±SEM: 31.3±2.0 g/day/rat for individual housing;
29.5±1.9 g/day/rat for group housing). An equal increase in body
weight was observed across days between the two housing conditions
(mean±SEM: 233.3±3.0 g on Day 1 to 293.2±3.0 g on Day 7 for
individual housing; 240.7±4.6 g on Day 1 to 298.0±8.7 g on Day 7 for
group housing). Body weight gains over seven days were normal in
comparison with other rats in our laboratory. Based on these pilot
observations, rats were group-housed for sucrose administration.

2.4. Conditioning apparatus

CPP training was conducted in five identical Plexiglas boxes, each
divided into three chambers by two removable guillotine doors and
consisting of one large chamber (27.9×21.0×20.9 cm) on each side
with a smaller chamber (12.1×21.0×20.9 cm) in the middle. All three
chambers were black with different visual and textural cues. One large
chamber had a floor with stainless-steel bars (diameter 4.8mmplaced
every 1.6 cm on center), while the other large chamber had a floor
with stainless-steel mesh (1.3×1.3 cm). The smaller middle chamber
had a smooth polyvinyl chloride floor. Time spent in each chamber
during the test sessions was recorded with a computer system.
Conditioned place preference was indicated by a preference score that
was defined as the difference in time spent in the morphine-paired
chamber minus time spent in the morphine non-paired chamber
(Wang et al., 2006; Zhai et al., 2007).

2.5. Place conditioning regimen

All experiments consisted of five phases: Pre-conditioning, Place
conditioning, Post-conditioning, Extinction, and Reinstatement.

2.5.1. Pre-conditioning (Day 1)
Rats were initially placed in the chamber with the guillotine doors

removed for a period of 15min. Rats that spent 150 smore in one large
chamber than in the other were considered to have chamber bias and
were excluded from subsequent testing. Approximately 15% of the rats
were excluded based on these criteria.

2.5.2. Place conditioning (Days 2–7)
Place conditioningwas conductedwith a counterbalanced protocol

similar to our previous studies (Lu et al., 2000, 2002, 2003; Wang et
al., 2006). Briefly, each rat was treated with alternating injections of
morphine (5 mg/kg, s.c.) and saline (1 ml/kg, s.c.) for six consecutive
days. On conditioning days, the guillotine doors were closed to restrict
the animal to its designated conditioning chamber. The chamber in
which morphine or saline was administered was assigned randomly.



Fig. 3. Effect of sucrose intake following acquisition of morphine-induced CPP on the
extinction and reinstatement of morphine CPP. (A) Timeline of the experimental
procedure. The sucrose solution was administered daily on Days 9 and 10 following CPP
conditioning. CPP tests in Pre-conditioning (Pre-c), Post-conditioning (Post-c), Extinc-
tion-1 (EXT-1), Extinction-2 (EXT-2), Extinction-3 (EXT-3), and Reinstatement (Reinst)
were performed on Days 1, 8, 11, 14,17, and 18, respectively. (B) Preference scores during
Pre-conditioning, Post-conditioning, Extinction-1, Extinction-2, Extinction-3, and Rein-
statement. Data are expressed asmean±SEM. ⁎pb0.05 comparedwith Pre-conditioning
in the same group; τpb0.05 compared with Extinction-3 in the same group; #pb0.05
compared with the Control group in the same phase.
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Rats given either saline or morphine injections were immediately
placed into the assigned chambers for 30min before being returned to
their home cages.

2.5.3. Post-conditioning (Day 8)
The effect of place conditioning was examined in rats with no

morphine or saline injections. Rats were placed into the middle
chamber and allowed to move freely across the three chambers for
15 min.

2.5.4. Extinction tests 1, 2, and 3 (Days 11, 14, and 17, respectively)
The extinction procedure was identical to Post-conditioning. Three

extinction tests (Extinction-1, Extinction-2, and Extinction-3) were
conducted on Days 11, 14, and 17, respectively.

2.5.5. Reinstatement test (Day 18)
The Reinstatement procedure was identical to Post-conditioning,

with the exception that rats were given a priming dose of morphine
(1 mg/kg, s.c.) 20 min before CPP testing.

2.6. Experimental design

In experiment 1, the sucrose solution was given for seven
consecutive days prior to CPP conditioning (Fig. 1A). Twelve and 14
rats were used in the Control group and Sucrose group, respectively.
In experiment 2, the sucrose solution was given on Days 2, 4, and 6
during the Place conditioning phase (Fig. 2A). Place conditioning was
conducted at least 1.5 h after sucrose administration in the morning
and at least 1.5 h before sucrose administration in the afternoon.
The Control group and Sucrose group consisted of 11 rats each. In
experiment 3, the sucrose solution was given following the acquisi-
tion of morphine CPP on Day 9 (Post-conditioning) and Day 10
Fig. 2. Effect of sucrose intake during conditioning days on the expression, extinction,
and reinstatement of morphine-induced CPP. (A) Timeline of the experimental
procedure. The sucrose solution was administered on Days 2, 4, and 6 during the CPP
conditioning phase. CPP tests in Pre-conditioning (Pre-c), Post-conditioning (Post-c),
Extinction-1 (EXT-1), Extinction-2 (EXT-2), Extinction-3 (EXT-3), and Reinstatement
(Reinst) were performed on Days 1, 8, 11, 14, 17, and 18, respectively. (B) Preference
scores during Pre-conditioning, Post-conditioning, Extinction-1, Extinction-2, Extinc-
tion-3, and Reinstatement. Data are expressed as mean±SEM. ⁎pb0.05 compared with
Pre-conditioning in the same group; τpb0.05 compared with Extinction-3 in the same
group.
(Extinction-1) (Fig. 3). The Control group and Sucrose group consisted
of 12 rats each.

2.7. Statistical analysis

Preference score was the dependent variable. Two-way analysis of
variance (ANOVA) followed by Fisher Least Significant Difference post
hoc test (SPSS, v. 15, Chicago, IL, USA) were used to evaluate the
differences in CPP scores between the Control group and Sucrose
group and across CPP tests in each phase. Sucrose treatment (Sucrose
vs. Control) was the between-subjects factor. For acquisition of CPP,
Pre-conditioning vs. Post-conditioning was the within-subjects factor.
For extinction of CPP, Extinction test (Extinction-1 vs. Extinction-2 vs.
Extinction-3) was the within-subjects factor. For reinstatement of CPP,
Extinction-3 vs. Reinstatement was the within-subjects factor. A value
of pb0.05 was considered statistically significant.

3. Results

3.1. Effects of sucrose solution administered prior to conditioning days on
the expression, extinction, and reinstatement of morphine-induced CPP

Experiment 1 was conducted to determine the effects of a sucrose
solution, administered prior tomorphine conditioning training, on the
expression, extinction, and morphine-induced reinstatement of CPP
(Fig. 1). For acquisition of CPP, a significant difference in CPP score was
observed between Pre-conditioning and Post-conditioning (F(1,24)=
23.5, pb0.001) and between the Control group and Sucrose group
(F(1,24)=4.5, p=0.04). After the 6-day conditioning training, rats ac-
quired CPP in both the Control group and Sucrose group, while rats in
the Control group had a higher preference score than the Sucrose
group (pb0.05). Following three extinction tests (Extinction-1, -2, and
-3), rats showed a gradual decrease in preference scores, indicating
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significant CPP extinction (F(2,48)=3.8, p=0.02), but rats in the
Control group and Sucrose group had a similar CPP extinction rate
(pN0.05). In the Reinstatement phase, preference scores were
significantly higher after priming than in Extinction-3 (F(1,24)=18.7,
pb0.001), indicating that a low dose of morphine was sufficient to
reinstate conditioned place preference previously established by
morphine. Preference scores between the Control group and Sucrose
group showed no significant difference (pN0.05). These results
suggest that sucrose solution, given prior to conditioning training
for acquisition of morphine CPP, could significantly suppress the
expression of CPP, while leaving extinction and morphine-induced
reinstatement intact.

3.2. Effects of sucrose solution administered during conditioning days on
the expression, extinction, and reinstatement of morphine-induced CPP

Experiment 2 was conducted to determine the effects of a sucrose
solution, administered during conditioning training, on the expres-
sion, extinction, and reinstatement of morphine-induced CPP (Fig. 2).
For CPP acquisition, significant differences in preference scores were
observed between Pre-conditioning and Post-conditioning (F(1,22)=
29.1, pb0.001) but not between the Control group and Sucrose group
(pN0.05). After the 6-day conditioning training, rats acquired CPP in
both the Control group and Sucrose group, indicated by significant
increases in place preference scores in both the Control group
(pb0.05) and Sucrose group (pb0.05). After three sessions of
extinction, rats showed a gradual decrease in the time spent in the
morphine-paired chamber, indicating the occurrence of extinguished
behaviors in both the Control group and Sucrose group. However,
preference scores in the Control group and Sucrose group showed no
significant difference in all three extinction tests (pN0.05). In the
Reinstatement phase, a low-dose morphine priming injection
significantly reinstated extinguished morphine CPP. Preference
scores were significantly higher after priming than in Extinction-3
(F(1,22)=10.2, p=0.004), but the preference scores between the
Control group and Sucrose group showed no significant difference
(pN0.05), suggesting that the sucrose solution, given during con-
ditioning days, did not alter the expression, extinction, and rein-
statement of CPP.

3.3. Effects of sucrose solution administered after acquisition of
morphine-induced CPP on extinction and reinstatement of morphine-
induced CPP

Experiment 3 was conducted to determine the effects of a sucrose
solution, administered following the acquisition of morphine CPP, on
the extinction and reinstatement of CPP (Fig. 3). Consistent with ex-
periments 1 and 2, significant differences in preference scores were
observed between Pre-conditioning and Post-conditioning (F(1,20)=
19. 6, pb0.001) but not between the Control group and Sucrose group
(pN0.05). After the 6-day conditioning training, rats acquired CPP in
both the Control group and Sucrose group. After three extinction tests
(Extinction-1, -2, and -3), a gradual decrease in time spent in the
morphine-paired chamber was observed, indicating the occurrence
of extinguished behaviors after extinction training. However, pre-
ference scores in the Control group and Sucrose group showed a
significant difference (F(1,20)=6.2, p=0.02). Post hoc analysis revealed
significantly lower preference scores in the Sucrose group than in
the Control group (pb0.05) in Extinction-1. In the Reinstatement
phase, preference scores were significantly higher after priming
than in Extinction-3 (F(1,20)=7.7, p=0.01). Preference scores in the
Control group were significantly different from those in the Sucrose
group (F(1,20)=5.4, p=0.03). After priming with 1 mg/kg morphine,
rats in the Control group showed higher preference scores than the
Sucrose group (pb0.05). Taken together, administration of a sucrose
solution after acquisition of morphine-induced CPP effectively
accelerated the extinction of CPP and prevented the reinstatement
of morphine-induced CPP by a low-dose morphine priming injection.

4. Discussion

The present study demonstrates that sucrose intake can affect the
expression, extinction, and reinstatement of morphine CPP. The
sucrose solution given prior to place conditioning transiently
suppressed the expression of morphine CPP. The sucrose solution
given during the place conditioning days had no effect on the
expression, extinction, and reinstatement of morphine-induced CPP.
The sucrose solution given following place conditioning profoundly
promoted the initial extinction and inhibited morphine-induced
reinstatement of CPP. The present study extends previous findings
examining the effects of sucrose solutions on the expression of
morphine-induced CPP (Lett,1989) and characterizes the effects of the
sucrose solution on the extinction and reinstatement of morphine CPP.

Multiple neurochemical mechanisms could be responsible for the
role of the sucrose solution in modulating the expression, extinction,
and reinstatement of morphine-induced CPP. Morphine is a highly
potent opiate analgesic drug and a principal active component in
opium. Sucrose has been shown to have effects on the endogenous
opioid system (Colantuoni et al., 2002; Spangler et al., 2004).
Behavioral studies also have shown a strong correlation between
sucrose consumption and opioid-mediated behavioral effects. Intake
of a palatable sucrose solution may modify the action of morphine
(Coy and Kanarek, 2006; d'Anci et al., 1996; Kanarek and Homoleski,
2000) and other opioid drugs (Kanarek et al., 2000, 2001) on pain
perception. Ingestion of high concentrations of sucrose solutions for
shorter durations may activate the endogenous opioid system and
appears to play an important role in modifying morphine withdrawal
(Jain et al., 2004). Sucrose consumption has been shown to elevate
extracellular dopamine levels in the striatal forebrain of rats
(Hernandez and Hoebel, 1988).

The findings of the present study somewhat contradict with a
previous report in which ingestion of sweetened water enhanced the
development of morphine CPP in rats (Lett, 1989). The conflicting
results are likely the result of procedural differences. The sucrose
solution was continuously available for 5 days in the Lett study; in
contrast, the sucrose solution was only available for 4 h (8:00–10:00
am and 4:00–6:00 pm) for 7 days in the present study. Whether the
amount or duration of sucrose availability could differentially affect
morphine-induced CPP remains unresolved. However, d'Anci et al.
(1996) reported that rats exhibited suppressed or enhanced mor-
phine-induced analgesia following acute (5-h) or chronic (3-week)
access to a sucrose solution, indicating either cross-sensitization or
cross-tolerance between sucrose and the analgesic effect of morphine,
depending on the length of sucrose exposure. The amount or duration
of sucrose consumption also may have distinct influences on
morphine-induced CPP. Lett (1989) suggested that sucrose exposure
was less likely to produce cross-tolerance to the rewarding effect of
morphine because cross-tolerance was predominantly observed in
morphine-induced analgesia. However, we would argue that cross-
tolerance between sucrose and morphine can parallel the process of
cross-sensitization, and the induction of either cross-tolerance or
-sensitization can be determined by the duration or amount of sugar
availability. When the sucrose solution was administered during the
extinction of morphine CPP, morphine-induced reinstatement was
significantly suppressed. As noted above, sucrose could potentially
influence the endogenous opioid and dopamine systems, which
ultimately could modulate the rewarding properties of morphine
and could be the underlying cause of the attenuated responses during
morphine-induced reinstatement.

The present study has several limitations. First, the duration of
sucrose exposure before, during, and after the conditioning trial of
morphine-induced CPP varied in experiments 1, 2, and 3, possibly
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resulting in differing sucrose intake between experiments. Second, the
amount of sucrose intake was not recorded when it was administered
during the conditioning phase of morphine CPP. Sucrose was given on
morphine conditioning days 2, 4, and 6; therefore, the rats may have
developed conditioned taste aversion to sucrose, thereby reducing
their sucrose intake. Furthermore, the group-housed rats may have
ingested sucrose competitively, thereby eliciting social stress and
subsequently affecting the effects of morphine. Indeed, the amount of
sucrose intake itself, rather than the time when the sucrose solution
was administered, may have differentially affected the expression,
extinction, and reinstatement of morphine-induced CPP.

In conclusion, administration of a sucrose solution at different
time-points may affect the expression, extinction, and reinstatement
of morphine-induced CPP. More importantly, the sucrose solution
administered during the extinction of morphine-induced CPP robustly
suppressed morphine-induced reinstatement. The present results
provide insight into non-drug reward as a possible means to maintain
abstinence and prevent relapse in drug addicts.
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