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a b s t r a c t

The dopamine (DA) projections from the ventral tegmental area to the nucleus accumbens (NAc) are the
key component of the brain reward circuitry. The encoded information by DA in reward-related mem-
ory within this circuit during opiate reinforcement requires further clarification. The present study was
designed to explore the correlations between morphine dose, retention of morphine-induced conditioned
place preference (CPP), morphine-induced changes in levels of DA and its metabolites in the NAc in expres-
sion and retention of CPP in Sprague–Dawley male rats. A dose-effect curve for morphine-induced CPP
(0.01–10 mg/kg, i.p.) was obtained using 4-day conditioning sessions followed by a CPP test; the retention
esolimbic dopamine system (MLDS)
PLC
rug-associated environmental cue

of morphine CPP was measured with CPP tests after the development of CPP. We found a dose-dependent
effect of morphine (from 0.01 to 10.0 mg/kg, i.p.) on both the magnitude and the retention of CPP. Dur-
ing the retention of morphine-induced CPP, a morphine-dose- and time-dependent elevation of DA and
its metabolites was observed in the NAc. These changes were absent if the same dose of morphine was
injected outside of the conditioning environment (i.e., in the home cage). These results suggest that that
the long-lasting elevation of DA and its metabolites in the NAc is attributable mainly to drug-associated

esidu
context, rather than the r

. Introduction

Ingestion of drugs of abuse has long-lasting behavioral conse-
uences, one of which is that drug-related behaviors can be elicited
nd maintained by stimuli associated with the effects of the drug. In
he absence of the drug itself, these conditioned stimuli (CSs) have
een demonstrated to maintain and renew drug-seeking behavior

n rats [1–3]. Drug-associated CSs maintain their effectiveness long
fter the period of acute withdrawal from drugs in rats [4] and in
umans [5]. Most of the drugs abused by humans produce condi-
ioned place preference (CPP) in animals. Thus, CPP has become a
idely used animal model for the study of the rewarding properties

f abused substances such as opiates and cocaine [6].
The mesolimbic dopaminergic system (MLDS) mediates patho-
ogical behavioral changes that occur with repeated exposure to
rugs of abuse [7,8]. In the MLDS, dopaminergic neurons origi-
ating in the ventral tegmental area (VTA) project to the nucleus
ccumbens (NAc), a key neural substrate for reinforcement of drug-

∗ Corresponding author at: Neuroscience Research Institute, Peking University,
8 Xueyuan Road, Beijing 100083, PR China. Tel.: +86 10 82801120;

ax: +86 10 82072207.
E-mail address: clcui@bjmu.edu.cn (C.-L. Cui).

166-4328/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.bbr.2009.06.017
al effect of morphine.
© 2009 Elsevier B.V. All rights reserved.

seeking behavior underlying addiction to morphine [9,8]. Opiates
elevate dopamine levels in the NAc [10], and the elevated dopamine
leads to neural adaptation that underlies reinforcement and addic-
tion to morphine in animals and humans [7,9].

What information is encoded by dopamine activity in the MLDS
of subjects addicted to drugs? Debate continues on the precise
contributions made by MLDS to rewards and reward-associated
context [11]. An early view of DA function was that it signaled
experience of addictive drugs as a hedonic neurotransmitter, but
this viewpoint has been challenged by pharmacological blockade,
genetic, and lesion studies [12,13] in which animals preserved pref-
erence for rewards such as sucrose even after dopamine depletion.
All behavioral tests in the present study were performed in drug-
free status, which is helpful to exclude the plausible explanation
of changed dopamine activity made by drugs of abuse. Instead of
acting as a hedonic signal itself, we hypothesize that increased
dopamine activity is a conditioned response to reward-related con-
text.

The present experiments were designed (1) to investigate the

relationship between the dose of morphine used in CPP condi-
tioning, the magnitude of CPP expression and the duration of CPP
retention, (2) to examine changes in NAc content of DA and its
metabolites dihydroxyphenyl acetic acid (DOPAC) and homovanil-
lic acid (HVA) in CPP rats, and (3) to assess the effects of alternate

http://www.sciencedirect.com/science/journal/01664328
http://www.elsevier.com/locate/bbr
mailto:clcui@bjmu.edu.cn
dx.doi.org/10.1016/j.bbr.2009.06.017
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orphine/saline injections, without the CPP conditioning, on the
ontent of DA and its metabolites in the NAc.

. Materials and methods

.1. Animals

All experiments were performed on male Sprague–Dawley rats, weighing
80–220 g at the beginning of the experiment, obtained from Experimental Animal
enter, Peking University. Animals were housed 4 per cage in a 12:12 h light/dark
ycle (lights on at 07:00) with food and water available at all times. The room tem-
erature was maintained at 22 ± 1 ◦C. Animals were conditioned and tested during
he light phase of the cycle. They were handled daily during the first week after
rrival. All experimental procedures were approved by the Animal Use Committee
f the Peking University Health Science Center and in accordance with the National

nstitutes of Health guide for the care and use of Laboratory animals (NIH Publica-
ions No. 8023, revised 1978). All efforts were made to minimize animal suffering
nd to reduce the number of animals used.

.2. Apparatus

Conditioning was conducted in black rectangular polyvinyl chloride boxes
795 mm × 230 mm × 250 mm), containing three chambers separated by guil-
otine doors [14–16]. The two large black conditioning chambers (A and C,
80 mm × 220 mm × 225 mm) were separated by a small gray center choice cham-

er B (135 mm × 220 mm × 225 mm). Chamber A has 4 light-emitting diodes (LEDs)

orming a square on the wall and a stainless steel mesh floor (22.5 mm × 22.5 mm),
hamber C has 4 LEDs forming a triangle on the wall and a stainless-steel rod floor
15 mm apart), whereas chamber B has a gray wooden floor. Fourteen photobeams
7.5 mm apart were placed across the chambers. Through a computer interface, the
ime spent in each chamber was recorded for each rat.

able 1
xperimental design.

Morphine (mg/kg) C

xperiment 1
CPP induced by morphine in a

dose-dependent manner
0 Y
0.01 Y
0.03 Y
0.1 Y
0.3 Y
1 Y
3 Y

10 Y

xperiment 2
CPP retention by low dose of

morphine
0 Y
0.3 Y
0 Y
0.3 Y
0 Y
0.3 Y
0 Y
0.3 Y

CPP retention by high dose of
morphine

0 Y
3 Y
0 Y
3 Y
0 Y
3 Y
0 Y
3 Y
0 Y
3 Y

Home-cage injection 0 N
3 N
0 N
3 N
0 N
3 N
0 N
3 N

For the conditioned groups, sampling shows how many days after the last conditionin
njections”, shows how many days after the last injection tissue was harvested (see Sectio
esearch 204 (2009) 192–199 193

2.3. Place preference procedure

A total of 80 rats were used to test the dose effect of morphine on CPP expression
(see Table 1). The methods of CPP have been described in detail previously [14–16].
Briefly, animals received a single preconditioning test in which they were placed
in the center choice chamber with the guillotine doors removed to allow access to
the entire apparatus for 15 min. The amount of time spent in each chamber was
monitored and used to assess natural preferences. The next day, rats were assigned
to receive saline or morphine (0.01, 0.03, 0.1, 0.3, 1.0, 3.0, 10 mg/kg) paired with one
of the two conditioning environments in a counterbalanced manner (the ‘unbiased’
procedure). All animals were confined to the lateral chambers for a period of 45-
min twice daily with an interval of 6 h (09:00 and 15:00) for 4 days. The morphine
groups received morphine injection in the morning session and saline injection in
the afternoon session; whereas the saline groups received saline injections in both
sessions. Morphine-paired sides were counterbalanced among all groups. The center
choice chamber was never used during conditioning and was blocked by guillotine
doors. After the 4-day conditioning, rats were placed in the center choice chamber
with access to the entire apparatus for 15 min. The locomotor activity was estimated
by counting the total number of crossings between any two adjacent compartments.

2.4. Retention of developed CPP

A total of 146 rats were used to investigate the temporal course of the retention of
CPP induced by morphine at two dosages, 0.3 and 3.0 mg/kg (see details in Table 1).
The rats were divided into 2 batches. The first batch of 67 rats was randomly divided
into 6 groups, including 3 control groups conditioned by saline and 3 CPP groups

conditioned by 0.3 mg/kg morphine. On the 2nd, 4th and 8th days after the last
injection of conditioning drug, CPP tests were performed.

The second batch of 79 rats was randomly divided into 7 groups, plus one more
saline group from the first batch, including 4 control groups conditioned by saline
and 4 CPP groups conditioned by 3 mg/kg morphine. On the 8th, 16th, 32nd and 64th
day after the last injection of conditioning drug, CPP tests were performed.

onditioning Samplinga n Group no.

es 1 12 1
es 1 10 2
es 1 10 3
es 1 10 4
es 1 10 5
es 1 9 6
es 1 9 7
es 1 10 8

es 1 12 As #1
es 1 10 As #3
es 2 10 9
es 2 11 10
es 4 12 11
es 4 12 12
es 8 12 13
es 8 10 14

es 1 12 As #1
es 1 9 As #7
es 8 12 As #13
es 8 10 15
es 16 11 16
es 16 11 17
es 32 12 18
es 32 11 19
es 64 12 20
es 64 12 21

o 1 6 22
o 1 6 23
o 8 6 24
o 8 6 25
o 16 6 26
o 16 6 27
o 32 6 28
o 32 6 29

g, CPP test and brain dissection were performed; for groups by the “home-cage
n 2 for more details about “home-cage injections”).



1 rain Research 204 (2009) 192–199

2

i
f
[
t
u
w

2

d
t
m
(
T
1

2

l
c
c
a
(
a
0
5
l
w

2

d
c
a
w
o
l
l

3

3
m

3

e
C
(
s
t
u

i
3
t
t
a
s
n
m
o
t
t

Fig. 1. Effect of morphine dose on the expression of CPP. (A) Different doses of mor-
phine (0.01, 0.03, 0.1, 0.3, 1.0, 3.0 and 10 mg/kg) or saline (0 mg/kg morphine) were
administered intraperitoneally in a 4-day schedule of conditioning. On the testing
day, the animals were observed for a 15-min period. The CPP score for each rat was
calculated by dividing the duration spent in the drug-paired compartment by the
duration spent in both conditioning compartments. (B) The locomotor activity was
assessed as described in Section 2. Data are expressed as mean ± S.E.M. *P < 0.05,
94 Y.-Y. Ma et al. / Behavioural B

.5. Tissue dissection and preparation

Rats were returned to their home-cage immediately after the CPP test and decap-
tated 1 h after the test. The brains were removed and placed on an ice-cooled plate
or dissection of the NAc according to the stereotaxic atlas of Paxinos and Watson
17]. Immediately after, the tissue samples were weighed and placed in 1.5 ml plastic
ubes containing ice-cold perchloric acid (200 �l, 0.4 M), homogenized for 10 s using
ltrasound (0.5 Hz) and centrifuged for 20 min at 15,000 × g at 4 ◦C. The supernatant
as passed through a 0.2 �m filter and kept at 4 ◦C until HPLC analysis.

.6. Home-cage drug administration

A total of 48 rats were injected at home-cage following the same schedule of
rug administration as in CPP groups, but without any behavior components of CPP
raining and testing. Four groups (n = 6 in each group) received daily injections of

orphine (3 mg/kg) at 9:00 and saline at 15:00 for 4 days, and the other four groups
n = 6 in each group) received twice saline injections at 9:00 and 15:00, respectively.
issue dissections were performed at the same time as that in CPP groups on the
st, 8th, 16th, and 32nd days, respectively, after last injection.

.7. HPLC analysis for dopamine and its metabolites

DA and its metabolites 3,4-dihydroxyphenylacetic acid (DOPAC) and homovanil-
ic acid (HVA) were analyzed using reversed-phase ion-pair chromatography
ombined with electrochemical detection under isocratic conditions [18]. The six-
hannel detector potentials were set at +50, 100, 200, 300, 400, and 500 mV using
glassy carbon electrode and an Ag/AgCl reference electrode. The mobile phase

0.6 mM 1-octanesulfonic acid, 0.27 mM Na2EDTA, 0.043 M triethylamine and 50 ml
cetonitrile/l, adjusted to pH 2.95 with H3PO4) was delivered at a flow rate of
.5 ml/min onto the reversed phase column (125 mm × 3 mm with pre-column
mm × 3 mm, filled with Nucleosil 120-3 C18, Knauer, Berlin, Germany). Ten micro-

iters aliquots were injected by an autoinjector with cooling module set at 4 ◦C. Data
ere calculated by an external standard calibration.

.8. Statistical analysis

CPP score represents the index of place preference for each rat, calculated by
ividing the time spent in the drug-paired compartment by the time spent in both
onditioning compartments [19,15,16]. Concentrations of catecholamines in the NAc
re presented as ng/mg tissue. Data were processed by commercially available soft-
are Graph Pad Prism 4.0. Results are presented as mean ± S.E.M. and analyzed with

ne-way ANOVA followed by Dunnett post-test (Figs. 1 and 2), two-way ANOVA fol-
owed by Bonferroni post-test (Figs. 3–5), and linear regression (Fig. 6). The accepted
evel of statistical significance is P < 0.05.

. Results

.1. Experiment 1: CPP induced by morphine in a dose-dependent
anner and DA/metabolites in NAc

.1.1. Effect of the dose of morphine on the magnitude of CPP
The pre-conditioning test showed that animals spent almost an

qual amount of time in the two end chambers (A: 311 ± 7.19 s,
: 314 ± 6.72 s) and less time in the small center choice chamber
B: 274 ± 10.84 s). There were no significant differences in the time
pent in the two end chambers (P > 0.05). Thus, the CPP appara-
us was considered as unbiased in terms of chamber preferences of
ntreated rats.

80 rats were used to explore the magnitude of morphine-
nduced CPP. Different doses of morphine (0, 0.01, 0.03, 0.1, 0.3, 1.0,
.0 and 10 mg/kg) were administered by intraperitoneal (i.p.) injec-
ion in the four sessions of conditioning. The CPP test was performed
he following day. The relationship between the dose of morphine
nd the score of CPP is shown in Fig. 1A. One-way ANOVA revealed a
ignificant dose-related preference [F(7, 72) = 9.169, P < 0.0001]. Sig-

ificant place preference was observed in the groups treated with
orphine at doses from 0.3 to 10 mg/kg, with maximum response

btained at 3.0 mg/kg of morphine. The doses of morphine used in
he present study seemed not to affect the locomotor activity in the
esting phase [F(7, 72) = 0.3328, P = 0.9365] (Fig. 1B).
**P < 0.01, ***P < 0.001, different from the saline (0 mg/kg morphine) control group,
n = 12, 10, 10, 10, 10, 9, 9, and 10, respectively. For additional details, see Section
3.

3.1.2. Effect of morphine dose on the contents of DA and its
metabolites in the NAc

As shown in Fig. 2, changes in DA content in the NAc as
a function of dose of morphine strikingly paralleled morphine
dose-dependent effects on expression of CPP (Fig. 1). One-way
ANOVA analysis showed significant changes in the contents of DA
[F(7, 46) = 52.96, P < 0.0001] as well as in DOPAC [F(7, 44) = 9.698,
P < 0.0001] and HVA [F(7, 44) = 10.12, P < 0.0001]. A significant
increase in the DA content appeared at the dose of 0.3 mg/kg mor-
phine (by Dunnett post-test, P < 0.05), and reached a plateau from
1.0 to 10 mg/kg. The contents of DOPAC and HVA in the NAc were
also significantly increased starting at the dose of 0.3 mg/kg mor-
phine (by Dunnett post-test, P < 0.05), reaching a plateau from 0.3
to 10 mg/kg.

3.2. Experiment 2: retention of morphine-induced CPP and
DA/metabolites in NAc

3.2.1. The retention of CPP over time

Fig. 3A shows the temporal course of retention of CPP induced

by 0.3 mg/kg morphine. Two-way ANOVA indicated significant
effects of the conditioning drug (morphine/saline) [F(1, 81) = 12.6,
P = 0.0006] and the time [F(3, 81) = 4.64, P = 0.0048], with no signif-
icant effect of the interaction between the conditioning drug and
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Fig. 2. Effect of morphine dose on DA and its metabolite levels in the NAc from CPP
rats. The data were analyzed using one-way ANOVA followed by Dunnett post-test,
n = 8, 6, 6, 6, 8, 6, 8, 6, respectively, in each group. Data are expressed as mean ± S.E.M.
*
t
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Fig. 3. Retention of morphine-induced CPP. All animals used in the experiments
described in this section experienced only one test for place preference after CPP
training. (A) Treated by 0.3 mg/kg morphine, n = 10, 11, 12 and 10, respectively. (B)
Treated by 3.0 mg/kg morphine, n = 11, 10, 12, 11and 12, respectively. Values are
expressed as mean ± S.E.M. of CPP score, calculated by dividing the time spent in

P < 0.0001; interaction F(4, 60) = 4.80, P = 0.0020] in the NAc dur-
P < 0.05, **P < 0.01, ***P < 0.001, compared with the saline (0 mg/kg morphine) con-
rol group.

he time [F(3, 81) = 2.61, P = 0.0568]. Bonferroni post-test showed
hat the CPP remained for only 2 days, and disappeared on the 4th
ay.

Fig. 3B shows the curve for retention of CPP induced by 3 mg/kg
orphine. Two-way ANOVA indicated significant effects of the con-

itioning drug (morphine/saline) [F(1, 104) = 37.56, P < 0.0001] and
he interaction between the conditioning drug (morphine/saline)
nd the time [F(4, 104) = 3.32, P = 0.0133], although no significant
ffect of the time [F(4, 104) = 1.75, P = 0.1456]. Bonferroni post-test

howed that the CPP induced by 3 mg/kg morphine was maintained
or at least 16 days, with complete forgetfulness occurring 64 days
fter the last injection.
the drug-paired compartment by the time spent in both conditioning compartments.
The data were analyzed using two-way ANOVA followed by Bonferroni test. *P < 0.05,
**P < 0.01, ***P < 0.001, compared with the corresponding saline group.

3.2.2. Contents of DA and its metabolites in the NAc during the
retention of CPP expression

The tissue contents of DA and its metabolites in the NAc were
tested on the CPP rats conditioned by morphine at 0.3 mg/kg. Two-
way ANOVA analysis showed significantly increased tissue contents
of DA [treatment F(1, 56) = 13.93, P = 0.0004; time F(3, 56) = 3.26,
P = 0.0282; interaction F(3, 56) = 4.40, P = 0.0076] as well as its
metabolites DOPAC [treatment F(1, 48) = 47.25, P < 0.0001; time F(3,
48) = 10.26, P < 0.0001; interaction F(3, 48) = 7.26, P = 0.0006] and
HVA [treatment F(1, 48) = 46.55, P < 0.0001; time F(3, 48) = 9.74,
P < 0.0001; interaction F(3, 48) = 7.26, P = 0.0004] in the NAc dur-
ing the retention of the CPP. The contents of DA and its metabolites
in the NAc peaked 2 days after the last injection of the drug, and
returned to the baseline levels as represented by the saline control
group 4–8 days after the last injection of morphine (Fig. 4).

The tissue contents of DA and its metabolites in the NAc were
also tested on the CPP rats conditioned by morphine at 3.0 mg/kg.
Two-way ANOVA showed significantly increased tissue contents
of DA [treatment F(1, 70) = 153.17, P < 0.0001; time F(4, 70) = 10.59,
P < 0.0001; interaction F(4, 70) = 11.84, P < 0.0001] as well as its
metabolites DOPAC [treatment F(1, 60) = 81.99, P < 0.0001; time F(4,
60) = 7.68, P < 0.0001; interaction F(4, 60) = 4.66, P = 0.0024] and
HVA [treatment F(1, 60) = 50.53, P < 0.0001; time F(4, 60) = 23.48,
ing the retention of CPP (left panel of Fig. 5). Corresponding to the
data shown in Fig. 3B, the baseline levels of DA, DOPAC and HVA
in the control group shown in the left panel of Fig. 5 were simi-



196 Y.-Y. Ma et al. / Behavioural Brain R

Fig. 4. Time-dependent change in tissue contents of DA and its metabolites in the
NAc from CPP rats induced with 0.3 mg/kg morphine. The data were analyzed using
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has been increased to a similar extent. In contrast, the content of
wo-way ANOVA followed by Bonferroni post-test, n = 8 in each group. Data are
xpressed as mean ± S.E.M. *P < 0.05, **P < 0.01, compared with the corresponding
aline group.

ar. In the morphine-induced CPP rats, the increase of DA content
as much more drastic (4-fold increase in 3.0 mg/kg group and 2-

old increase in 0.3 mg/kg group), and longer lasting (32 days in
.0 mg/kg group and 2 days in 0.3 mg/kg group). In contrast, the
agnitude of change of the contents of DOPAC and HVA was quite

imilar (2–3-fold) in both groups, except that the changes last up to
6 days in the 3 mg/kg group, compared to 2 days in the 0.3 mg/kg
roup.

The right panel in Fig. 5 shows the contents of DA and its metabo-
ites in rats injected alternately with 3 mg/kg morphine/saline

morphine group), or injected with saline twice a day (saline group),
or four consecutive days, without CPP training or testing. Two-

ay ANOVA showed the contents of DA [treatment F(1, 40) = 3.61,
= 0.0647; time F(3, 40) = 1.61, P = 0.2121; interaction F(3, 40) = 2.25,
esearch 204 (2009) 192–199

P = 0.0976] as well as DOPAC [treatment F(1, 40) = 1.26, P = 0.2689;
time F(3, 40) = 3.31, P = 0.0296; interaction F(3, 40) = 5.92, P = 0.0019]
in NAc were not significantly increased by morphine treatment,
although the change of HVA [treatment F(1, 40) = 3.97, P = 0.0531;
time F(3, 40) = 3.93, P = 0.0151; interaction F(3, 40) = 1.65, P = 0.1941]
1 day after the last injection of morphine was significantly lower
than that in saline group (P < 0.01, Bonferroni post-test after two-
way ANOVA).

4. Discussion

Our data indicate that morphine produced a dose-dependent
increase in place preference, in agreement with the literature [20],
with higher doses of morphine used in the CPP training eliciting a
larger magnitude of response to the drug-paired context in doses
ranging from 0.01 to 10.0 mg/kg. However, since previous reports
[20] showed that 1 mg/kg of morphine administered via the sys-
temic route was required to induce significant place preference, we
were surprised to find in our study that 0.3 mg/kg morphine was
sufficient to produce significant place preference. In this context, it
is noteworthy that the specially designed visual cues (LEDs form-
ing different shapes) in combination with the tactile cues (different
constructs of the floor) used in the CPP apparatus of the present
study could facilitate discrimination between the two compart-
ments.

A number of studies have explored the duration of retention
of morphine-induced CPP [21,22]. In the present study, we inves-
tigated the retention of CPP induced by two different doses of
morphine. The CPP induced by 0.3 mg/kg morphine lasted for at
least 2 days, and disappeared completely 8 days after the last CPP
conditioning, while that induced by 3 mg/kg lasted for at least 16
days, with a complete disappearance after 64 days. From these
results we conclude that (1) while the fluctuation of CPP scores
should not be excluded during behavioral test interval, CPP induced
by a higher dose of morphine was significantly longer than that
induced by a lower dose; and (2) the established morphine CPP is
subject to forgetting after 1–9 weeks. The latter conclusion has been
supported by the results obtained by Wang et al. [23] in our labora-
tory, showing that in the absence of extinction testing or extinction
training, the morphine-induced CPP (4 mg/kg, i.p.) was no longer
evident 7 days after the last conditioning trial.

In order to assess the importance of the MLDS in the mediation
of the rewarding effect of morphine, we measured the contents of
DA and its metabolites DOPAC and HVA in the NAc, and tried to cor-
relate the neurochemical findings with the dynamic changes of the
behavior, including the expression and retention of CPP in a dose-
and time-dependent manner. The S-shaped tendency depicted in
Fig. 2 almost coincides with those of behavioral changes shown in
Fig. 1, with a turning point at 0.3 mg/kg and a plateau at 3–10 mg/kg.
The 2–3-fold increase of the metabolites of DA (DOPAC and HVA)
suggested an increased release or turnover of DA transmission. If
the synthesis remained constant, then the content of DA should be
decreased. In fact, there was a 7-fold increase of the DA content,
suggesting that the synthesis was dramatically accelerated.

Having explored the dose response relationship, we proceeded
to assess the time response relationship using two fixed doses of
0.3 and 3.0 mg/kg as the least and the maximally effective doses.
Careful comparison of the data in the two figures revealed that the
DOPAC- and HVA levels were essentially the same in the two dose
settings, suggesting that the degree of release or catabolism of DA
DA in the NAc showed a marked difference, increasing 2-fold in the
0.3 mg/kg group and 4-fold in the 3 mg/kg group, suggesting that
the rate of synthesis or anabolism was much higher in the high dose
group. Even more noticeable was that the duration of the increase
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Fig. 5. Time-dependent change in tissue contents of DA and its metabolites in the NAc of rats injected with 3 mg/kg morphine. The data were analyzed using two-way ANOVA
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ollowed by Bonferroni post-test, n = 8 (A) or 6 (B) in each group. The left panel sho
he transmitter contents in rats only injected by morphine, without CPP training o
orresponding saline group.

f the contents of DA and its metabolites showed a very high corre-
ation with the CPP expression. In the 0.3 mg/kg group, the content
eaked on the second day and returned to normal levels on the
–8 days; whereas in the 3 mg/kg group the contents remained at
high level until the 16th day and faded away completely on the
4th day. It is difficult to assume that only 4 daily injections of such
small dose of morphine (0.3 and 3.0 mg/kg) would induce such a

obust change in the synthesis and release of NAc DA with the effects
utlasting the drug injection for 2 days and 2 weeks, respectively.

What then is the dominant factor determining the long-lasting
eurochemical changes in the NAc? Two factors became obvious.
ne is the pharmacokinetics of morphine, and the other is the envi-

onmental conditioning. Experiments were designed to observe the
ffect of morphine on DA metabolism in the NAc. Rats were given
aily alternate injections of morphine (3 mg/kg) and saline for 4
ays, in much the same way as that in the CPP paradigm. The only
ifference was that the injections were made in the animal room
ith the rats returned to their home cage right after the injection.
he assessment of DA metabolism in the NAc (Fig. 5, right panel)
howed that there was no significant increase in the content of DA
nd its metabolites in the period of observation on days 1, 8, 16, 32
fter the end of injection, except for a moderate decrease (instead
f increase) of the HVA content on day 1. These results clearly indi-
e transmitter contents in rats with CPP training and testing. The right panel shows
ng. Data are expressed as mean ± S.E.M. **P < 0.01, ***P < 0.001 compared with the

cate that the long-lasting up-regulation of DA activity could only
be attributable to the consequence of conditioning rather than the
residual effect of the drug. Concerning the decreased HVA in the NAc
24 h after last morphine injection, decreased DA turnover could be
a reasonable explanation. The rats were handled and injected with
morphine at the same time each day, thus counter-adaptive changes
in DA might have already been acquired. The question here is why
this only occurs in the HVA measure. To answer this question more
studies are needed.

Considering the nature of the experiments performed in the
present study, we cannot exclude alternative explanations for the
increased tissue contents of DA and its metabolites. The increase in
DA synthesis and release in the NAc, although displaying a strong
correlation with CPP, may be attributable to some other conditioned
effects of morphine such as conditioned locomotor sensitization,
analgesia, gut motility or taste aversion. Furthermore, no place con-
ditioning was seen at a morphine dose of 0.03 mg/kg in Experiment
1 of CPP expression and 32 days in Experiment 2 of CPP retention,

but the tissue contents of HVA and DA in the NAc, respectively, were
still higher than in control groups. Thus, the measure of DA and its
metabolites in the NAc is more sensitive than the behavioral assess-
ment of CPP score, which also suggests some other conditioned
effects might be mediated by activation of MLDS. However, tissue
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ig. 6. Association between the tissue contents of DA and its metabolites and CPP s
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ontents of DA and its metabolites presented strong correlations
ith CPP score in both CPP development (r2 > 0.84 at least, P < 0.01 at

east, Fig. 6A) and CPP retention (r2 > 0.55 at least, P < 0.001 at least,
ig. 6B), which demonstrates a tight relationship between MDLS
nd CPP behavior.

Studies in our laboratory also revealed that rats conditioned with
orphine/saline alternate injections and tested the following day,

isplayed no change in DA content in the NAc at 0 (i.e. no CPP test), 5
nd 10 min after the beginning of CPP test, and a significant increase
t 15 min after the beginning of CPP test (i.e. the end of CPP test)
data to be published). Taken together these results suggested that
1) CPP conditioning resulted in an inducible, rather than sponta-
eous, increase of the metabolism of DA in the NAc; (2) CPP rats
ere in a “readiness” status, rapidly responding to drug-associated

ontext (within 15 min); (3) the response of CPP rats to context
ould be finally extinguished after a long period (2 months later).

It should be mentioned that the brain samples for neurochem-
cal measurement were obtained 1 h after the end of CPP testing,
r 75 min after the beginning of the exposure to reward-associated
ontext. While it is easy to understand that the environmental cue
ould stimulate the release of DA from the nerve terminals, it is
ard to reconcile how the synthesis of DA, which relied on the

ncreased production of the rate limiting enzyme tyrosine hydrox-
lase (TH), can be accelerated within such a short time. Studies
ave indicated that several trans-acting factors (Fos, Jun, CREB, etc.)
ind to cis elements within the promoter region of the TH gene and
ffect its transcription [24,25]. Cleavage of the proenzyme from
he inactive form to functional form might be one possibility. In
ddition, the activity of this enzyme can be postulated to be up-
egulated when morphine-induced CPP rats are exposed to the

rug-associated context. Further studies are necessary to explore
his issue.

In conclusion, our results clearly demonstrated that the dose of
orphine bears a positive correlation with both the magnitude and

he retention of response to drug-associated context. The increase

[

The location of each dot represents the mean value of tissue content and behavior
ys after conditioning; r2 values refer to Pearson correlation coefficients; The trend

of DA and its metabolites DOPAC and HVA in the NAc of CPP rats
occurred in a morphine-dose- and time-dependent manner. The
long-lasting influence on MLDS response was attributed mainly
to drug-associated context, rather than the residual effect of mor-
phine. A connection between drug-associated context, NAc DA and
behavioral changes is postulated.
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