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(1) 293–303, 1998.—Rats with high propensity to
ingest sugar (HIGH) show increased responsiveness to amphetamine treatments than rats with low propensity to ingest sugar
(LOW). Intrinsic variation in the functioning of the mesolimbic dopamine system has been suggested to account for these in-
dividual differences. Morphine has stimulatory effects on feeding and locomotion that are in part mediated by the mesolimbic
dopamine system. The present study therefore examined whether LOW and HIGH rats would exhibit differences in the feed-
ing and locomotor stimulating effects of morphine. Morphine (1, 2, and 4 mg/kg) significantly stimulated the intake of chow
and sugar in LOW rats without affecting food consumption in HIGH rats. Further, it was found that both groups of rats did
most of their feeding in the first 20 min following injection, and that the stimulatory effect of morphine in LOW rats was re-
stricted to the first hour of the 3-h test session. Repeated morphine (2 mg/kg) stimulated sugar intake in LOW but not HIGH
rats, and there was no evidence of increased intake across injections. Acute administration of 5.0 mg/kg, but not 2.0 mg/kg, of
morphine produced higher levels of locomotor activity in LOW rats compared to HIGH rats; repeated treatment with 5.0 mg/
kg morphine produced a sensitized locomotor response in both LOW and HIGH rats. These results indicate that LOW rats
exhibit increased responsiveness to the locomotor and feeding stimulatory effects of morphine compared to HIGH rats. One
implication arising from these findings is that LOW and HIGH rats may be distinguished by differences in opiatergic func-
tion, as well as by differences in dopaminergic function. © 1998 Elsevier Science Inc.

 

Locomotion Sensitization Rats Food intake Sugar Opiate

 

CONSIDERABLE evidence indicates that rats exhibit indi-
vidual differences in behaviors mediated by the mesocorticolim-
bic dopamine (DA) pathway (5,6,9,11–17,25–27,29,31–33).
Animals that exhibit high novelty-induced locomotor behav-
ior show a greater locomotor response to amphetamine and
cocaine, and more readily self-administer amphetamine than
animals that exhibit low novelty-induced locomotor activity
(16,25). Further, rats expressing high levels of novelty-induced
activity exhibit higher DA release in the nucleus accumbens
(Acb) than low responding animals under baseline and cocaine-
stimulated conditions (12), as well as in response to a novel
environment (28).

Recent evidence indicates that rats exhibit significant in-
terindividual variation in their consumption of sugar and in
their feeding and locomotor response to amphetamine treat-

ments. Rats with low baseline sugar intake (LOW) show an
increase in sugar consumption when administered low doses
of amphetamine (29,31), an effect that is blocked by intra-Acb
administration of the DA receptor block 

 

a

 

-flupenthixol. Rats
with high baseline sugar intake (HIGH), on the other hand,
show a decrease in sugar intake at the same doses (29,31).
When locomotor activity is measured, HIGH rats show a
greater locomotor response to acute and repeated amphet-
amine treatments than LOW rats, indicative of a higher level
of Acb-DA activity (32). Indeed, HIGH rats exhibit higher
levels of Acb-DA overflow than LOW rats following the
acute administration of amphetamine (30).

Morphine has stimulatory effects on food intake and loco-
motor activity that are in part mediated by its actions in the
mesolimbic DA system (2,8,18,21,23,24). It has been reported

 

Requests for reprints should be addressed to Terrence L. Sills, Ph.D., Biopsychology Section, Clarke Institute of Psychiatry, 250 College
Street, Toronto, Ontario, Canada.



 

294 SILLS AND VACCARINO

that animals exhibit individual differences in their response to
the psychoactive properties of morphine, and that intrinsic vari-
ability in the functioning of the mesolimbic DA system under-
lies these differences. Thus, rats with high novelty-induced lo-
comotor activity show higher levels of morphine-induced
locomotor activity than low novelty-responding animals (7).
Further, animals with high baseline Acb-DA activity have
higher rates of morphine self-administration than rats with
low DA activity (9).

In light of the fact that there may be a common biological
mechanism underlying the expression of individual differ-
ences in responsiveness to both amphetamine and morphine,
it was of interest to determine the responses of LOW and
HIGH rats to morphine treatments. The present study investi-
gated the effects of morphine treatment on feeding and loco-
motor activity exhibited by LOW and HIGH rats. It is well es-
tablished that repeated administrations of morphine results in
an augmented locomotor response to subsequent morphine
treatments (1,4,19,35). Repeated morphine infusions into the
Acb has also been shown to produce a sensitization in feeding
behavior, and to induce a conditioned feeding response to sa-
line challenge (3). Thus, it was of interest to determine
whether LOW and HIGH rats would exhibit differences in
their feeding and locomotor responses to either acute or re-
peated morphine treatments or both.

In one group of LOW and HIGH rats, the effects of sys-
temic morphine treatments (0.0, 1.0, 2.0, 4.0 mg/kg) on the in-
take of sugar and powdered lab chow were assessed. A second
group of LOW and HIGH rats were tested for their consump-
tion of sugar over a 3-h period following treatment with 4.0
mg/kg morphine. A third group of LOW and HIGH rats were
tested for their consumption of sugar following repeated ad-
ministrations of 2.0 mg/kg morphine. In a fourth group of
LOW and HIGH rats, the effects of acute and repeated mor-
phine treatments (5.0 mg/kg) on locomotor activity were de-
termined. Finally, a fifth group of LOW and HIGH rats were
tested for their locomotor response to an acute administration
of 2.0 mg/kg morphine.

 

METHODS

 

Subjects

 

Male Wistar rats (Charles River, Quebec) weighing 280–
350 g at the start of the experiment were housed singly in a
temperature- and light-controlled environment, with lights on
at 0700 h and lights off at 1900 h. Rats had ad lib access to wa-
ter and standard Purina lab chow pellets throughout the ex-
periment, except where noted.

 

Food Intake: Acute Morphine Treatments

 

For 10 days prior to testing, male Wistar rats were habitu-
ated to the test diets for 1 h (1500–1600 h) each day; for the
remaining 23 h of each day rats had ad lib access to standard
Purina lab pellets. The test diets consisted of a choice of gran-
ulated sugar and powdered Purina lab chow. Animals were
administered saline, 1.0, 2.0, and 4.0 mg/kg morphine in a
counterbalanced order; morphine was administered IP in a
volume of 1.0 ml/kg. Animals had two drug-free days between
each test session. On tests days, animals were removed from
their home cages and were injected with the predetermined
dose of morphine. After injection, animals were returned to
their home cages where two 5 

 

3

 

 5 

 

3

 

 3 cm stainless steel con-
tainers of preweighed amounts of sugar and powdered chow
had replaced the standard lab diet. Animals were allowed to

feed on the test diets for a period of 1 h (1500–1600 h) after
which the remaining food (including spillage) was reweighed.
Animals were designated LOW (

 

n 

 

5

 

 8) and HIGH (

 

n 

 

5

 

 8)
rats based on a median split of their intake of sugar in re-
sponse to saline (0.9%, IP).

A second group of male Wistar rats were given access to
sugar for 1 h (1500–1600 h) each day for 7 days; for the re-
maining 23 h of each day rats had ad lib access to standard Pu-
rina lab pellets. These animals were divided into LOW (

 

n 

 

5

 

8) and HIGH (

 

n 

 

5

 

 8) rats as outlined above. Subsequently,
these animals were tested for their intake of sugar in response
to 4.0 mg/kg morphine over a 3-h test period. For the first
hour of the test session, food intake was measured every 20
min, after which the remaining food (including spillage) was
reweighed and intake recorded; subsequent to this, the food
containers were returned to cages and the animals allowed to
feed until the end of the next measurement period. After the
first hour, food intake was measured once an hour for 2 h as
outlined above.

 

Food Intake: Repeated Morphine Treatments

 

For 7 days prior to testing, male Wistar rats were habitu-
ated to the test diet of sugar for 1 h (1500–1600 h) each day;
for the remaining 23 h of each day rats had ad lib access to
standard Purina lab pellets. On day 8, animals were adminis-
tered saline (0.9%, IP) and their intake of sugar measured for
1 h. Animals were subsequently designated as LOW (

 

n 

 

5

 

 9)
and HIGH (

 

n 

 

5

 

 9) rats based on a median split of their intake
of sugar in response to this saline treatment as previously de-
scribed (32).

Following the habituation period animals were tested for
their consumption of sugar following the repeated administra-
tions of 2.0 mg/kg morphine. Four morphine treatments were
preceded and followed by a saline challenge, in an A-B-A de-
sign. All drugs were administered IP in a volume of 1.0 ml/kg
and animals had two drug-free days between test sessions.
Testing was carried out as outlined above with the exception
that only sugar was used as the test diet.

 

Locomotor Activity

 

On each of 2 days prior to drug testing, LOW (

 

n 

 

5

 

 7) and
HIGH (

 

n 

 

5

 

 7) rats were removed from their home cages and
transported to the room housing the cages with the photocell
beams. All rats were placed into the cages and locomotive ac-
tivity recorded for a period of 3 h (1500–1800 h). On test days,
all rats were adapted to the locomotor cages for 1.5 h prior to
drug administration; between test days, rats received mor-
phine (5.0 mg/kg, IP) injections in their home cages to mini-
mize the effects of conditioning. All rats were tested for their
locomotor response to morphine (5.0 mg/kg, IP) on days 1, 3,
5, 7, and 9, and were administered morphine (5.0 mg/kg, IP) in
their home cages on days 2, 4, 6, and 8. A second group of
LOW (

 

n 

 

5

 

 5) and HIGH (

 

n 

 

5

 

 5) rats were tested for their lo-
comotor response to the acute administration of 2.0 mg/kg
morphine.

 

Apparatus

 

To measure locomotion, eight photocell beam cages housed
in another room were utilized. The cages measured 34 

 

3

 

 33
cm, with two photocell beams placed 3 cm above the floor,
with one beam located 11 cm from the front of the cage, and
the other beam located 11 cm from the back of the cage. The
floor and back wall of the cages were constructed out of wire
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mesh, with the sides made of metal. The top and front of the
cages were constructed out of Plexiglas. The cages were inter-
faced with a computer located in another room that recorded
photocell beam interruptions as counts.

 

Analyses

 

Statistical analyses were carried out using Student’s 

 

t

 

-test
and Repeated Measures Analysis of Variance (ANOVA), fol-
lowed by post hoc comparisons using the Least Significant
Difference test.

 

RESULTS

 

Food Intake: Acute Morphine Treatments

 

A two-way ANOVA examining the average daily amount
of sugar and chow consumed by LOW and HIGH rats across
the 10-day adaptation period revealed a significant interaction
of group 

 

3

 

 food, 

 

F

 

(1, 14)

 

 

 

5

 

 9.76, 

 

p 

 

,

 

 0.01. Figure 1 shows that
HIGH rats had higher average daily sugar intake than LOW
rats but that the two groups did not differ in chow intake.
Both groups of animals also consumed more sugar than chow,
as indicated by a significant main effect of food, 

 

F

 

(1, 14)

 

 

 

5

 

109.22, 

 

p 

 

,

 

 0.0001. Figure 2a shows that LOW rats preferred
sugar over chow, 

 

F

 

(1, 7)

 

 

 

5

 

 18.046, 

 

p 

 

,

 

 0.01, and morphine
treatment produced a significant increase in the intake of both

types of food, 

 

F

 

(3, 21)

 

 

 

5

 

 5.143, 

 

p 

 

,

 

 0.01. As shown in Fig. 2b,
HIGH rats consumed more sugar than chow across all condi-
tions, 

 

F

 

(1, 7)

 

 

 

5

 

 101.384, 

 

p 

 

,

 

 0.0005, and morphine treatment
was without effect on chow and sugar intake, 

 

F 

 

,

 

 1.0.
Figure 3a shows that, as in the first experiment, morphine

stimulated sugar consumption in LOW rats over the first hour
of the test session, 

 

t

 

(7)

 

 

 

5

 

 2.28, 

 

p 

 

,

 

 0.05. In contrast, morphine
did not significantly stimulate the intake of sugar in HIGH
rats over the first hour of the test session, 

 

t

 

(7)

 

 

 

5

 

 0.93, 

 

p 

 

.

 

 0.05
(Fig. 3b). Consistent with the first experiment, HIGH rats
consumed significantly more sugar than LOW rats in the first
hour following saline treatment, 

 

t

 

(14)

 

 

 

5

 

 2.49, 

 

p 

 

,

 

 0.05, and
had significantly higher average daily sugar intake levels than
LOW rats across the 7-day adaptation period, 

 

t

 

(14)

 

 

 

5

 

 2.49,

 

p 

 

,

 

 0.05.
To examine the temporal aspects of the feeding response

to morphine in LOW and HIGH rats over the first hour of the
test session, two-way ANOVAs were carried out examining
the amount of sugar consumed following saline or morphine
across each of three 20-min intervals. For LOW rats, the
ANOVA revealed a significant main effect of interval, 

 

F

 

(2,
14)

 

 

 

5

 

 38.59, 

 

p 

 

,

 

 0.05. Post hoc analyses revealed that LOW
rats did most of their feeding over the first 20 min of the first
1-h test period. The ANOVA also showed that the main ef-
fect of drug was marginally significant, 

 

F

 

(1, 7)

 

 

 

5

 

 5.2, 

 

p 

 

5

 

0.057, and the interaction of drug 

 

3

 

 interval was not signifi-
cant, 

 

F

 

(2, 14)

 

 

 

5

 

 2.04, 

 

p 

 

.

 

 0.05. For HIGH rats, the ANOVA

FIG. 1. The average amount of sugar and chow (6SEM) consumed across the 10-day adaptation period by animals designated as LOW and
HIGH rats based on a median split of their sugar intake in response to saline treatment. Inset: average daily amount of sugar and chow con-
sumed by LOW and HIGH rats during the adaptation period (*p , 0.05 compared to LOW rats).
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FIG. 2. (A) The average amount of sugar and chow (6SEM) consumed in response to morphine treatment by LOW rats. Inset: total food
intake in response to morphine treatment (*p , 0.05 compared to 0.0 mg/kg morphine). (B) The average amount of sugar and chow (6SEM)
consumed in response to morphine treatment by HIGH rats.
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revealed a significant main effect of interval, 

 

F

 

(2, 14)

 

 

 

5

 

 18.47,

 

p 

 

,

 

 0.05. Again, post hoc analyses revealed that HIGH rats
did most of their feeding over the first 20 min of the first 1-h
test period. The ANOVA also showed that there was no sig-
nificant main effect of drug, 

 

F

 

(1, 7)

 

 

 

,

 

 1.0, nor a significant
drug 

 

3

 

 interval interaction, 

 

F

 

(2, 14)

 

 

 

5

 

 2.15, 

 

p 

 

,

 

 0.05.
To determine whether a delayed feeding facilitatory effect

of morphine could be unveiled in HIGH feeders, sugar intake
levels were examined across the full 3-h test period. ANOVA
revealed a significant main effect of interval, 

 

F

 

(2, 14)

 

 

 

5

 

 93.0,

 

p 

 

,

 

 0.05. Post hoc analyses revealed that HIGH rats did their
majority of feeding in the first hour of the 3-h test session (see
Fig. 3b). The ANOVA also showed that there was no signifi-
cant effect of drug, 

 

F

 

(1, 7)

 

 

 

5

 

 4.08, 

 

p 

 

.

 

 0.05, nor a significant
drug 

 

3

 

 interval interaction, 

 

F

 

(2, 14)

 

 

 

5

 

 1.82, 

 

p 

 

.

 

 0.05. For
LOW rats, ANOVA revealed a significant drug 

 

3

 

 interval in-
teraction, 

 

F

 

(2, 14)

 

 

 

5

 

 4.61, 

 

p 

 

,

 

 0.05. Post hoc analyses revealed
that LOW rats did most of their feeding during the first hour
of the 3-h test session, and sugar consumption under mor-
phine was significantly higher than sugar consumption under
saline in this period (see Fig. 3a). The ANOVA also showed a

significant main effect of intervals, 

 

F

 

(2, 14)

 

 

 

5

 

 34.51, 

 

p 

 

,

 

 0.05,
and no significant main effect of drug, 

 

F(1, 7) 5 4.66, p . 0.05.

Food Intake: Repeated Morphine Treatments

HIGH rats exhibited significantly higher average daily
sugar intake than LOW rats across the 7-day adaptation pe-
riod, t(16) 5 1.98, p , 0.05. Figure 4 shows that HIGH rats
consumed significantly more sugar than LOW rats following
both the first saline injection, t(16) 5 2.28, and the last saline
injection, t(16) 5 3.73, p , 0.05. Figure 4 also shows that in
LOW rats, morphine treatment significantly enhanced the in-
take of sugar, F(5, 40) 5 5.61, p , 0.05. Post hoc analyses re-
vealed that LOW rats consumed significantly more sugar in
response to morphine compared to the first saline treatment.
Intake under morphine was also significantly higher than in-
take in response to the second saline treatment, but only on
the last day of morphine treatment. There was no evidence of
sensitization, as indicated by the fact that there was no differ-
ence in sugar intake across the four morphine injections.
There was also no evidence of conditioned feeding in LOW

FIG. 3. (A) The average amount of sugar (6SEM) consumed by LOW rats across the 3-h test session in response to 4.0 mg/kg morphine treat-
ment (*p , 0.05 compared to 0.0 mg/kg morphine; 1p , 0.05 compared to hour 2 and hour 3). (B) The average amount of sugar (6SEM) con-
sumed by HIGH rats across the 3-h test session in response to 4.0 mg/kg morphine treatment (1p , 0.05 compared to hour 2 and hour 3).
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rats, as there was no difference in sugar intake between the
first and second saline treatments. With regard to HIGH rats,
sugar intake did not differ across any of the treatment condi-
tions, F(5, 40) 5 1.22, p . 0.05 (see Fig. 4).

Locomotor Activity

HIGH rats had higher average daily sugar intake than
LOW rats across the 7-day habituation period, F(1, 12) 5
5.791, p , 0.05. Figure 5 shows that an acute dose of 5.0 mg/kg
morphine (day 1) produced higher levels of locomotor in
LOW compared to HIGH rats across the last 75 min of the
test period, F(11, 132) 5 2.72, p , 0.05. Overall, LOW rats
had higher levels of locomotor activity than HIGH rats, as re-
vealed by a main effect of group, F(1, 12) 5 5.49, p , 0.05.
Further, activity levels were significantly higher in the second
half of the test period compared to the first half, as indicated
by a main effect of intervals, F(11, 132) 5 9.29, p , 0.05.

Figure 6 shows the effects of repeated morphine treat-
ments on locomotor activity in LOW and HIGH rats.
ANOVA revealed a significant group 3 day 3 interval inter-
action, F(44, 528) 5 1.45, p , 0.05, a significant day 3 interval
interaction, F(44, 528) 5 5.46, p , 005, and significant main

effects of day, F(4, 48) 5 41.92, p , 0.05, and interval, F(11,
132) 5 23.18, p , 0.05. Repeated administrations of morphine
produced a triphasic locomotor response pattern that was dif-
ferent from the pattern of activation produced by the acute
administration of morphine (day 1). Following acute mor-
phine injection, rats exhibited a period of relative inactivity
that was followed by an increase in activity after approxi-
mately 90 min. With repeated administrations of morphine,
there was a period of significant hyperactivity that immedi-
ately followed the injection. This period of hyperactivity was
followed by a period of lessened activity that lasted for ap-
proximately 60–75 min. Subsequently, there was another in-
crease in locomotor activity that peaked at 90–105 min postin-
jection. This second peak in activity was equal to the initial
burst of activity that was seen immediately following mor-
phine injection.

Figure 7 shows the locomotor response exhibited by LOW
and HIGH rats following the acute administration of 2.0 mg/
kg morphine. ANOVA revealed a significant group 3 drug 3
interval interaction, F(11, 88) 5 2.01, p , 0.05. Post hoc anal-
yses revealed that, following an initial 15 min period of inhib-
ited activity, morphine stimulated locomotor activity in LOW
rats across the test session except at two intervals. In HIGH

FIG. 4. The average amount of sugar (6SEM) consumed by LOW and HIGH rats following repeated injections of 2.0 mg/kg morphine (#p ,
0.05 compared to LOW rats; *p , 0.05 compared to saline 1; **p , 0.05 compared to saline 2).
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rats, morphine produced a significant enhancement in loco-
motor activity 30 min following the morphine injection, and
this increased activity lasted for 105 min. ANOVA also re-
vealed significant main effects of drug, F(1, 8) 5 38.46, p ,
0.05, and intervals, F(11, 88) 5 21.63, p , 0.05, and a signifi-
cant drug 3 intervals interaction, F(11, 88) 5 4.81, p , 0.05.
LOW and HIGH rats did not differ with regard to their over-
all activity levels following either saline or morphine treat-
ments, as there was no significant main effect of group, F ,
1.0, nor was there a significant group 3 drug interaction, F(1,
8) 5 2.62, p . 0.05; there was also no significant group 3 in-
terval interaction, F , 1.0. However, LOW rats tended to ex-
hibit slightly higher levels of locomotor activity than HIGH
rats in the first half of the test session. Finally, HIGH rats had
higher average daily sugar intake than LOW rats across the
seven day habituation period, t(8) 5 5.36, p , 0.05.

DISCUSSION

Food Intake

In the present study, rats that consumed low amounts of
sugar under baseline conditions (LOW) exhibited an increase
in sugar and chow consumption when treated with morphine.

In contrast, rats that consumed high amounts of sugar under
baseline conditions (HIGH) were unaffected by morphine
treatments. These results demonstrate that LOW and HIGH
rats exhibit individual differences in their feeding response to
morphine treatments, and that baseline intake level is an im-
portant determinant of the feeding response to morphine.

In the present study, morphine stimulated the intake of
both chow and sugar in LOW rats. These effects of morphine
can be contrasted with those of amphetamine. Previously, it
has been shown that low doses of amphetamine (29,31) in-
duced a selective increase in sugar intake in LOW rats given a
choice of sugar and lab chow. Thus, morphine produced a
generalized stimulatory effect on feeding in LOW rats, in con-
trast to the sugar selective effect produced by amphetamine.
This finding is in agreement with that reported by Evans and
Vaccarino (8), and indicates that there must be some diver-
gence in the mechanism(s) regulating the feeding responses to
amphetamine and morphine in LOW rats.

The results of the present study show that the largest
amount of food is consumed by both LOW and HIGH rats in
the 20-min period following injection. Consequently, the ma-
jority of feeding is done within the first hour after drug injec-
tion, and it is at this time point that morphine produces a sig-

FIG. 5. The average number of photocell beam interruptions (6SEM) exhibited by LOW and HIGH rats following an acute administration of
5.0 mg/kg morphine. Inset: total number of photocell beam interruptions (6SEM) exhibited by LOW and HIGH rats across the 3-h test session
following 5.0 mg/kg morphine (*p , 0.05 compared to HIGH rats).
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nificant increase in sugar intake in LOW rats. Furthermore,
extending the period of measurement out to 3 h revealed no
evidence of a delayed feeding-stimulatory effect produced by
morphine in HIGH rats, nor any further significant increases
in LOW rats. This temporal profile for the feeding stimula-
tory effect of morphine is different from that of the locomotor
activating effect of morphine in LOW rats, which occurs in
the latter half of the 3-h test session. Together, these results
suggest that the feeding and locomotor stimulatory effects of
morphine may rely on different mechanisms, with different
temporal characteristics.

Repeated treatments with 2.0 mg/kg morphine produced a
stimulation of sugar intake in LOW, but not HIGH, rats that
did not differ across test sessions, indicating a lack of sensiti-
zation of the feeding stimulatory effect of morphine in LOW
rats. Previously, Morley et al. (22) reported that repeated
morphine treatments resulted in a sensitized feeding re-
sponse. The discrepancy between the present study and that
of Morley et al. may be accounted for by the fact that the dose
of morphine used by Morley et al. was considerably higher (25
mg/kg) than the dose used in the present study (2.0 mg/kg).
As suggested by Morley et al. (22) the sensitized feeding re-
sponse to repeated treatments with 25 mg/kg morphine prob-
ably reflects a tolerance to the sedative effects of morphine
that is observed at high doses. A similar explanation may ac-

count for the sensitized feeding response to repeated infu-
sions of morphine into the Acb reported by Bakshi and Kelley
(3). In the present study, the dose of morphine (2 mg/kg) that
was used would be expected to produce minimal sedation.
Furthermore, environmental conditioning may be an impor-
tant factor in the expression of sensitization (3,36) and in the
present study, the effects of such conditioning were minimized
by the experimental design; all animals received both drug
and nondrug treatments in the home cage, which also served
as the test environment.

Bakshi and Kelley (3) reported conditioning of feeding fol-
lowing repeated infusions of morphine into the Acb. Thus,
rats that received repeated treatments with morphine ate sig-
nificantly more food in response to saline (or sham injection)
challenge after the repeated treatments with morphine com-
pared to a saline challenge prior to the beginning of morphine
treatments. In the present study, there was no evidence of a
conditioned feeding response in either LOW or HIGH rats
following repeated treatments with morphine. A likely expla-
nation for this discrepancy is that, as noted above, the experi-
mental design served to minimize the impact of environmen-
tal cues that are critical for the development of conditioning.
Another possible explanation for the discrepancy between the
present study and that of Bakshi and Kelley is that condition-
ing may require targeting the Acb directly with morphine. A

FIG. 6. The average number of photocell beam interruptions (6SEM) exhibited by LOW and HIGH rats following repeated treatment with 5.0
mg/kg morphine (#p , 0.05 compared to HIGH rats; 1p , 0.05 compared to locomotor activity exhibited by LOW rats on day 1; *p , 0.05 com-
pared to locomotor activity exhibited by HIGH rats on day 1).
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third possibility is that conditioning requires a greater stimu-
lation of feeding than was produced in the present study. In
this regard, it is of interest to note that morphine-induced
feeding was significantly higher in the study by Bahski and
Kelley than in the present study.

It is possible that HIGH rats are at a ceiling with regard to
their consumption of sugar, and thus further increases in in-
take are not possible following morphine treatments. Coun-
tering this possibility is the finding that intracerebroventricu-
lar administration of the potent feeding-stimulatory peptide
galanin induced a significant increase in sugar consumption in
both LOW and HIGH rats that had levels of intake similar to
that observed in the present study (unpublished observation).
Also, as noted above, rats are able to consume significantly
higher amounts of food than is observed in the present study.

Locomotor Activity

As was the case for food consumption, LOW and HIGH
rats exhibited differences in their locomotor response to mor-
phine. When challenged with an acute dose of 5.0 mg/kg, but
not 2.0 mg/kg, morphine, LOW rats exhibited significantly
higher levels of locomotor activity than HIGH rats. The 5.0
mg/kg dose of morphine produced a biphasic effect on loco-
motor activity in both LOW and HIGH rats. Following mor-
phine administration there was a period of relative inactivity

that lasted for approximately 90 min. This was followed by a
gradual increase in activity over the last 90 min of the test ses-
sion. The difference in locomotor activity exhibited by LOW
and HIGH rats was not apparent until the latter half of the
test session, when activity levels were at their highest.

The biphasic pattern of activity was not evident at the 2.0
mg/kg dose of morphine. At this dose, morphine stimulated
locomotor activity in both groups of rats beginning 15–30 min
postinjection, and this activity declined slowly over the test
session. HIGH rats had a clearer pattern of activation than
LOW rats following treatment with the 2.0 mg/kg dose of
morphine, although the levels of locomotor activity were not
different between the two groups.

Previous work has shown that moderate to high doses of
morphine and other selective m opioid agonists produce a bi-
phasic effect on locomotor activity (1,20,34) similar to that ob-
tained in the present study. It is important to note that HIGH
rats exhibited a prolonged period of inactivity in response to
acute morphine when compared to LOW rats. LOW rats ex-
hibited consistently higher levels of locomotor activity during
the last 90 min of the test session compared to the first 90 min
of the test session. In contrast, HIGH rats exhibited only a
brief period of elevated activity 135–150 min post-morphine
injection. The fact that HIGH rats showed a prolonged period
of inactivity raises the possibility that HIGH rats may be more
sensitive than LOW rats to the sedative effects of morphine,
thereby exhibiting lowered levels of locomotor activity.

Following repeated administrations of morphine, both
LOW and HIGH rats exhibited a sensitized response such
that the same dose of morphine produced significantly greater
locomotor activity. It is well established that with repeated
administrations of morphine and other m opioid agonists tol-
erance develops to the depressant effect of morphine while
the stimulant effect is enhanced (1,20). In the present experi-
ment, LOW rats exhibited both of these changes following re-
peated morphine. Repeated morphine treatments in LOW
rats resulted in a progressive enhancement of locomotor ac-
tivity across both the initial sedative phase and the second hy-
perlocomotive phase following morphine injection. HIGH
rats, on the other hand, exhibited only an increase in the stim-
ulant effect of morphine without exhibiting any tolerance to
the sedative effect of morphine (see Fig. 6).

Previously, it was shown that HIGH rats exhibited higher
levels of locomotor activity in response to amphetamine than
LOW rats (32). It has been reported elsewhere that rats that
exhibit high levels of activity in response to amphetamine also
exhibit high levels of activity in response to 2.0 mg/kg mor-
phine treatment (7). However, the present study found no dif-
ferences in locomotor activity between LOW and HIGH rats
at this dose. Rather, the present study found evidence for an
enhanced locomotor response to 5.0 mg/kg morphine in LOW
rats that have been shown to be less sensitive to the locomotor
activating effect of amphetamine. As discussed above, this
dose of morphine appeared to have produced a longer period
of sedation in HIGH rats compared to LOW rats. Thus, LOW
and HIGH rats may be distinguished by their differential sen-
sitivity to both the locomotor activating and the locomotor
depressing effects of morphine.

The expression of individual differences in response to the
feeding and motor stimulating effects of morphine reported
here might be pertinent to recent findings of individual differ-
ences in morphine self-administration (9). Of particular rele-
vance to the present study is the report by Gosnell et al. (10)
that rats with a high preference for saccharin self-adminis-
tered more morphine than rats with low preference for sac-

FIG. 7. The average number of photocell beam interruptions
(6SEM) exhibited by (A) LOW and (B) HIGH rats following the
acute treatment with either saline or 2.0 mg/kg morphine (*p , 0.05
compared to saline treatment; 1p , 0.05 compared to HIGH rats in
the saline condition).
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charin. Extrapolating from this finding, it might be expected
that HIGH rats would also self-administer more morphine
than LOW rats. However, the results of the present study sug-
gests that LOW rats may be more sensitive to the rewarding
effects of morphine than HIGH rats. Therefore, the predic-
tion based on the present results would be that LOW rats
would exhibit greater morphine self-administration than
HIGH rats. The use of a progressive ratio schedule of mor-
phine self-administration would be useful in determining
whether LOW and HIGH rats differ with respect to the rein-
forcing effects of morphine. A higher breaking point exhib-
ited by one or the other group of rats would indicate an in-
creased sensitivity to the reinforcing effect of morphine.

In summary, results of the present study show that LOW rats
exhibit increased sensitivity to the feeding and locomotor stim-

ulating effects of morphine compared to HIGH rats. In con-
trast, HIGH rats have been shown to be more sensitive than
LOW rats to the behavioral activating effect of amphetamine,
and to exhibit greater amphetamine-induced Acb-DA release.
Taken together, these findings indicate that LOW and HIGH
rats may be distinguished by differences in the functioning of
both opiatergic and DAergic mechanisms. However, the mech-
anism(s) through which morphine differentially affects re-
sponding in LOW and HIGH rats awaits further elucidation.

ACKNOWLEDGEMENTS

This research was supported by a Medical Research Council Op-
erating Grant to F. J. V. and a NARSAD Young Investigator Award
to T. L. S.

REFERENCES

1. Babbini, M.; Davis, W. M.: Time–dose relationships for locomo-
tor activity effects of morphine after acute or repeated treatment.
Br. J. Pharmacol. 46:213–224; 1972.

2. Bakshi, V. P.; Kelley, A. E.: Striatal regulation of morphine-
induced hyperphagia: An anatomical mapping study. Psycho-
pharmacology (Berlin) 111:207–214; 1993.

3. Bakshi, V. P.; Kelley, A. E.: Sensitization and conditioning of
feeding following multiple morphine microinjections into the
nucleus accumbens. Brain Res. 648:342–346; 1994.

4. Bartoletti, M.; Gaiardi, M.; Gubellini, G.; Bacchi, A.; Babbini, M.:
Long-term sensitization to the excitatory effects of morphine. A
motility study in postdependent rats. Neuropharmacology 22:1193–
1196; 1983.

5. Bradberry, C. W.; Gruen, R. J.; Berridge, C. W.; Roth, R. H.:
Individual differences in behavioral measures: Correlations with
nucleus accumbens dopamine measured by microdialysis. Phar-
macol. Biochem. Behav. 39:877–882; 1991.

6. Deminiere, J. M.; Piazza, P. V.; Le Moal, M.; Simon, H.: Experi-
mental approach to individual vulnerability to psychostimulant
addiction [Review]. Neurosci. Biobehav. Rev. 13:141–147; 1989.

7. Deroche, V.; Piazza, P. V.; Le Moal, M.; Simon, H.: Individual
differences in the psychomotor effects of morphine are predicted
by reactivity to novelty and influenced by corticosterone secre-
tion. Brain. Res. 623:341–344; 1993.

8. Evans, K. R.; Vaccarino, F. J.: Amphetamine- and morphine-
induced feeding: Evidence for involvement of reward mecha-
nisms. Neurosci. Biobehav. Rev. 14:9–22; 1990.

9. Glick, S. D.; Merski, C.; Steindorf, S.; Wang, S.; Keller, R. W.;
Carlson, J. N.: Neurochemical predisposition to self-administer
morphine in rats. Brain. Res. 578:215–220; 1992.

10. Gosnell, B. A.; Lane, K. E.; Bell, S. M.; Krahn, D. D.: Intrave-
nous morphine self-administration by rats with low vs. high sac-
charin preference. Psychopharmacology (Berlin) 117:248–252;
1995.

11. Higgins, G. A.; Sills, T. L.; Tomkins, D. M.; Sellers, E. M.; Vac-
carino, F. J.: Evidence for the contribution of CCKB receptor
mechanisms to individual differences in amphetamine-induced
locomotion. Pharmacol. Biochem. Behav. 48:1019–1024; 1994.

12. Hooks, M. S.; Colvin, A. C.; Juncos, J. L.; Justice, J. B., Jr.: Indi-
vidual differences in basal and cocaine-stimulated extracellular
dopamine in the nucleus accumbens using quantitative microdial-
ysis. Brain. Res. 587:306–312; 1992.

13. Hooks, M. S.; Jones, D. N.; Holtzman, S. G.; Juncos, J. L.; Kali-
vas, P. W.; Justice, J. B., Jr.: Individual differences in behavior
following amphetamine, GBR-12909, or apomorphine but not
SKF-38393 or quinpirole. Psychopharmacology (Berlin) 116:217–
225; 1994.

14. Hooks, M. S.; Jones, G. H.; Liem, B. J.; Justice, J. B., Jr.: Sensiti-
zation and individual differences to IP amphetamine, cocaine, or
caffeine following repeated intracranial amphetamine infusions.
Pharmacol. Biochem. Behav. 43:815–823; 1992.

15. Hooks, M. S.; Jones, G. H.; Neill, D. B.; Justice, J. B., Jr.: Individ-
ual differences in amphetamine sensitization: Dose-dependent
effects. Pharmacol. Biochem. Behav. 41:203–210; 1992.

16. Hooks, M. S.; Jones, G. H.; Smith, A. D.; Neill, D. B.; Justice, J.
B., Jr.: Individual differences in locomotor activity and sensitiza-
tion. Pharmacol. Biochem. Behav. 38:467–470; 1991.

17. Jones, G. H.; Marsden, C. A.; Robbins, T. W.: Increased sensitiv-
ity to amphetamine and reward-related stimuli following social
isolation in rats: Possible disruption of dopamine-dependent mech-
anisms of the nucleus accumbens. Psychopharmacology (Berlin)
102:364–372; 1990.

18. Joyce, E. M.; Iversen, S. D.: The effect of morphine applied
locally to mesencephalic dopamine cell bodies on spontaneous
motor activity in the rat. Neurosci. Lett. 14:207–212; 1979.

19. Kalivas, P. W.; Duffy, P.: Sensitization to repeated morphine
injection in the rat: Possible involvement of A10 dopamine neu-
rons. J. Pharmacol. Exp. Ther. 241:204–212; 1987.

20. Locke, K. W.; Holtzman, S. G.: Behavioral effects of opioid pep-
tides selective for mu or delta receptors. II. Locomotor activity in
nondependent and morphine-dependent rats. J. Pharmacol. Exp.
Ther. 238:997–1003; 1986.

21. Majeed, N. H.; Przewlocka, B.; Wedzony, K.; Przewlocki, R.:
Stimulation of food intake following opioid microinjection into
the nucleus accumbens septi in rats. Peptides 7:711–716; 1986.

22. Morley, J. E.; Levine, A. S.; Grace, M.; Kniep, J.: An investiga-
tion of the role of kappa opiate receptor agonists in the initiation
of feeding. Life Sci. 31:2617–2626; 1982.

23. Mucha, R. F.; Iversen, S. D.: Increased food intake after opioid
microinjections into nucleus accumbens and ventral tegmental
area of rat. Brain. Res. 397:214–224; 1986.

24. Pei, Q.; Elliott, J. M.; Grahame-Smith, D. G.; Zetterstrom, T.:
Quinine and 4-aminopyridine inhibit the stimulatory output of
dopamine in nucleus accumbens and the behavioural activity pro-
duced by morphine. Eur. J. Pharmacol. 249:243–246; 1993.

25. Piazza, P. V.; Deminiere, J. M.; Le Moal, M.; Simon, H.: Factors
that predict individual vulnerability to amphetamine self-admin-
istration. Science 245:1511–1513; 1989.

26. Piazza, P. V.; Deminiere, J. M.; Le Moal, M.; Simon, H.: Stress-
and pharmacologically induced behavioral sensitization increases
vulnerability to acquisition of amphetamine self-administration.
Brain Res. 514:22–26; 1990.

27. Piazza, P. V.; Mittleman, G.; Deminiere, J. M.; Le Moal, M.;
Simon, H.: Relationship between schedule-induced polydipsia
and amphetamine intravenous self-administration. Individual dif-
ferences and role of experience. Behav. Brain Res. 55:185–193;
1993.

28. Piazza, P. V.; Rouge-Pont, F.; Deminiere, J. M.; Kharoubi, M.; Le
Moal, M.; Simon, H.: Dopaminergic activity is reduced in the pre-
frontal cortex and increased in the nucleus accumbens of rats pre-
disposed to develop amphetamine self-administration. Brain Res.
567:169–174; 1991.



ACUTE AND REPEATED MORPHINE TREATMENT 303

29. Sills, T. L.; Baird, J. P.; Vaccarino, F. J.: Individual differences in
the feeding effects of amphetamine: Role of nucleus accumbens
dopamine and circadian factors. Psychopharmacology (Berlin)
112:211–218; 1993.

30. Sills, T. L.; Crawley, J. N.: Individual differences in sugar con-
sumption predict amphetamine-induced dopamine overflow in
nucleus accumbens. Eur. J. Pharmacol. 303:177–181; 1996.

31. Sills, T. L.; Vaccarino, F. J.: Facilitation and inhibition of feeding
by a single dose of amphetamine: Relationship to baseline intake
and accumbens cholecystokinin. Psychopharmacology (Berlin)
105:329–334; 1991.

32. Sills, T. L.; Vaccarino, F. J.: Individual differences in sugar intake
predict the locomotor response to acute and repeated amphetamine
administration. Psychopharmacology (Berlin) 116:1–8; 1994.

33. Sills, T. L.; Vaccarino, F. J.: Individual differences in sugar con-
sumption following systemic or intraaccumbens administration of
low doses of amphetamine in nondeprived rats. Pharmacol. Bio-
chem. Behav. 54:665–670; 1996.

34. Vasko, M. R.; Domino, E. F.: Tolerance development to the
biphasic effects of morphine on locomotor activity and brain ace-
tylcholine in the rat. J. Pharmacol. Exp. Ther. 207:848–858; 1978.

35. Vezina, P.; Kalivas, P. W.; Stewart, J.: Sensitization occurs to the
locomotor effects of morphine and the specific mu opioid receptor
agonist, DAGO, administered repeated into the ventral tegmental
area but not to the nucleus accumbens. Brain Res. 417:51–58; 1987.

36. Vezina, P.; Stewart, J.: Conditioning and place-specific sensitiza-
tion of increases in activity induced by morphine in the VTA.
Pharmacol. Biochem. Behav. 20:925–934; 1984.


