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Abstract. Rats exhibit profound individual differences 
in their propensity to ingest sugar and in their locomotor 
response to AMR Intrinsic variation in the responsive- 
ness of mesolimbic dopamine mechanisms has been sug- 
gested to account for these individual differences. In 
light of this overlap, it might be expected that individual 
differences in one behavior would predict individual dif- 
ferences in the other. The present study determined 
whether individual differences in sugar intake would 
predict individual differences in the locomotor response 
to AMR Male Wistar rats were divided into low and 
high feeders based on a median split of their sugar intake 
in response to saline administration and were subse- 
quently tested for their locomotor response to either 1.0 
or 1.75 mg/kg AMP in experiment 1. High sugar feeders 
exhibited significantly more locomotion than low sugar 
feeders in response to 1.75 mg/kg AMR This difference 
was observed immediately after injection and continued 
for approximately 90 rain. There was no difference be- 
tween the two groups in their locomotor response to 1.0 
mg/kg AMR In experiment 2, rats receiving 1.0 mg/kg 
AMP in experiment 1 were tested for the development of 
behavioral sensitization with repeated AMP administra- 
tions. Rats were administered 1.0 mg/kg AMP across 5 
test days, interspersed with days in which they received 
AMP treatment in their home cages to minimize condi- 
tioning effects. High sugar feeders exhibited greater be- 
havioral sensitization than low sugar feeders with repeat- 
ed AMP administration. Starting on test day 3, high sug- 
ar feeders exhibited significantly greater AMP-induced 
locomotor activity" than low sugar feeders. Taken togeth- 
er, these findings support the notion that there is overlap 
in the neurobiological substrates regulating sugar intake 
and responsivity to the locomotor activating effect of 
AMR Furthermore, these results establish that the pro- 
pensity to ingest sugar is a predictor of the susceptibility 
to the locomotor enhancing properties of AMR 
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Amphetamine's (AMP) primary neurobiological action 
is to increase catecholaminergic transmission. Treatment 
with AMP has been shown to affect multiple behaviors, 
including locomotor activity and feeding, via its action 
on brain catecholaminergic systems. Investigations into 
AMP's loci of action show that there is considerable 
overlap in the neuroanatomical substrates mediating 
AMP's effects on locomotion and feeding. Specifically, 
stimulation of dopamine (DA) activity in the nucleus ac- 
cumbens (Acc) is one mechanism through which AMP 
has been shown to affect both locomotion (Kelly et al. 
1975; Pijnenburg et al. 1975; Joyce and Koob 1981; 
Vaccarino et al. I986; Jones and Robbins 1992; Weis- 
senborn and Winn 1992; Whishaw et al. 1992) and feed- 
ing (Carr and White 1986; Evans and Vaccarino 1986 
and 1990; Colle and Wise 1988; Sills and Vaccarino 
1991; Sills et al. 1993). 

Recent evidence indicates that rats exhibit significant 
individual differences in response to AMP when either 
food intake or locomotion is the measure. For instance, 
Sills and Vaccarino (1991) and Sills et al. (1993) found 
that AMP stimulated sugar intake in rats with low base- 
line sugar intake levels and inhibited sugar intake in rats 
with high baseline sugar intake levels. Moreover, intra- 
Acc administration of alpha-flupenthixot, a DA receptor 
antagonist, reduced sugar intake in rats expressing 
AMP-facilitated intake as well as in rats with naturally 
elevated intake (Sills et al. 1993). 

To account for their findings, Sills and Vaccarino 
(1991) and Sills et al. (1993) proposed that high sugar 
feeders express more Acc-DA activity than low sugar 
feeders. In light of the U-shaped response function relat- 
ing DA activity and feeding (Heffner et al. 1977), it has 
been proposed that administration of a low dose of AMP 
to high sugar feeders induces a state of DA hyperstimu- 



lation resulting in anorexia (Sills and Vaccarino i991;  
Sills et al. 1993). In contrast, the same dose o f  A M P  ad- 
ministered to low sugar feeders, on the other hand, pro- 
duces a level o f  DAergic activation sufficient to stimu- 
late feeding. 

Individual differences in the locomotor  response to 
A M P  have been reported by a number  of  researchers. 
For example, Piazza et al. (1989) divided rats into two 
groups, a low responding (LR) group and a high re- 
sponding (HR) group, based on a median split o f  their 
locomotor  response to a novel environment.  Piazza et al. 
subsequently examined the hyper locomot ion induced by 
a 1.5 mg/kg  dose o f  A M P  administered to these two 
groups o f  animals and found that HR rats exhibited a 
higher locomotor  response to A M P  than did L R  rats. 
These findings have since been replicated by Hooks  et 
al. (1991a) for both 0.5 and 1.0 mg/kg AMR Moreover,  
Hooks et al. (1991a) found that HR rats, but not L R  rats, 
exhibited significant sensitization to the locomotor activat- 
ing effect of  1.0 mg/kg  A M P  with repeated treatments. 

Piazza et al. (1990b 1991b) have provided direct evi- 
dence that intrinsic differences in the responsiveness o f  
the mesolimbic DA system are associated with individu- 
al differences in responsivity to A M P  treatment. Piazza 
et al. (1990b 1991b) have shown that HR animals exhibit 
a higher D O P A C / D A  ratio in the Acc  than L R  animals 
under basal conditions, as well as in response to a novel 
environment.  Similarly, Hooks  et al. (1991b), utilizing in 
vivo microdialysis,  have demonstrated that HR animals 
exhibit higher DA release in the Acc  than LR animals 
under basal conditions, as well as in response to cocaine 
treatment. Thus, high AMP-responding  animals exhibit 
greater Acc-DAergic  activity than low AMP-responding  
animals under both basal and stimulated conditions, 

In light of  the overlap in the neural substrates regulat- 
ing feeding and A M P  locomotion,  it might  be expected 
that individual differences in one behavior  would be pre- 
dictive o f  individual differences in the other. The present 
experiment was developed to test this possibility. Specif- 
ically, the present experiment  determined whether an an- 
imal ' s  propensi ty to ingest sugar would be predictive o f  
that an imN's  locomotor  response to A M P  treatment. 
Since both high sugar feeders and HR rats are thought  to 
express higher levels o f  DA activity than low sugar feed- 
ers and LR rats, it was predicted that high sugar feeders 
would express more AMP-induced  locomotion than low 
sugar feeders. 

In a second experiment, the prospect  that sugar intake 
level would also be a predictor of  individual differences 
in the development  o f  behavioral  sensitization to repeat- 
ed A M P  administrations was assessed. 

Method 

Subjects. Sixty-six male Wistar rats (Charles River, Quebec) 
weighing approximately 250---300 g at the start of the experiment 
were housed in a temperature and light controlled environment, 
with lights on-off at 0700-1900 h. Rats had ad lib access to water 
and standard Purina lab chow pellets throughout the experiment, 
unless otherwise stated. 

Procedure 

Feeding phase. The experiment was divided into two phases. In the 
first phase, the feeding phase, animals / intake of powdered Purina 
lab chow and granulated sugar was determined. For 7 days, ani- 
mals were presented with powdered lab chow and granulated sugar 
for 1 h (1500-1600) each day; for the remaining 23 h of each day, 
rats had ad lib access to standard Purina lab pellets. On day 8, ani- 
mals were injected with 0.9% saline, in a volume of 1 ml/kg, im- 
mediately prior to presentation of the powdered lab chow and the 
granulated sugar. Intake was subsequently measured for 1 h. Ani- 
mals were then divided into two groups based on a median split of 
their intake of sugar on day 8. 

Locomotion phase. In the second phase of the experiment, animals 
were tested for their locomotor response to either 1.0 (n = 32) or 
1.75 (n = 34) mg/kg AMR Half of the animals in each drug condi- 
tion were characterized as low sugar feeders and the other half as 
high sugar feeders. 

Apparatus, To measure locomotion, eight photocell beam cages 
housed in another room were utilized. The cages measured 34 
cmx33 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 mesh, with the 
sides made of metal. The top and front of the cages were construct- 
ed out of Plexiglas. Each well measured 6 cmx6 cm and they were 
spaced 4 cm apart. The cages were interfaced with a computer lo- 
cated in another room that recorded photocell beam interruptions 
as counts. 

Due to the number of available cages, a maximum of eight ani- 
mals were tested at any one time; each group (low and high feed- 
ers) were represented equally on test days. On the first day of test- 
ing, animals were removed from their home cages and transported 
to the room housing the cages with the photocell beams. Animals 
were placed into the cages and locomotor activity recorded for a 
period of 3 h (1500-1800 hours). On the second test day, animals 
were again placed in the photocell beam cages for a 3-h adapta- 
tion period (120~1500 hours). Subsequent to this adaptation peri- 
od, animals were administered d-AMP at a dose of either 
1.0 rag/kg or 1.75 mg/kg and locomotor activity measured for an- 
other 3 h (1500-1800 hours). 

Data were analysed with Student's t-test and analysis of vari- 
ance (ANOVA) with post-hoc comparisons carried out with the 
Least Significant Difference test. In all cases the 0.05 level of sig- 
nificance was used. 

Experiment 1 

To determine whether individual differences in sugar intake would 
predict the magnitude of the locomotor response to AMP, low and 
high sugar feeders were tested for their locomotor response to ei- 
ther 1.0 or 1.75 mg/kg AMR 

Results' 

1.0 mg/kg  A M P  

Feeding phase. As in previous studies (Sills and Vac- 
carino 1991; Sills et al, 1993), rats ate most ly sugar and 
thus the results reported below are for sugar intake. A 
two-way ANOVA was carried out to examine the amount 
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Fig. 1. A Sugar intake across the 7-day adaptation period exhibi- 
ted by animals receiving 1.0 mg/kg amphetamine treatment. Ani- 
mals were characterized as low (~) and high (11) sugar feeders 
based on a median split of their sugar intake in response to saline 
administration on day 8 (see text for further clarification). B Mean 
number of photocell beam interruptions across the 3-h test period 
in response to 1.0 mg/kg amphetamine exhibited by low (O) and 
high (O) sugar feeders (inset: total photocell beam interruptions). 
* Significantly higher than low sugar feeders 
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Fig. 2. A Sugar intake across the 7-day adaptation period exhibit- 
ed by animals receiving 1.75 mg/kg amphetamine treatment. Ani- 
mals were characterized as low (D) and high (11) sugar feeders 
based on a median split of their sugar intake in response to saline 
administration on day 8 (see text for further clarification). B Mean 
number of photocell beam interruptions across the 3-h test period 
in response to 1.75 mg/kg amphetamine exhibited by low (O) and 
high (0) sugar feeders (inset: total photocell beam interruptions). 
* Significantly higher than low sugar feeders 

of sugar consumed on the previous seven days (adapta- 
tion period) in the two groups. The ANOVA revealed a 
significant groupxday interaction, IF(6, 180)= 3.194]. 
As can be seen in Fig. la, starting on day 2, high sugar 
feeders consumed more sugar than low sugar feeders 
with this difference reaching statistical significance on 
days 3, 4, and 6. 

Locomotion phase, Examination of the locomotor data re- 
vealed that low and high sugar feeders exhibited almost 
identical levels of  total activity in response to 1.0 mg/kg 
AMP [t(30) = 0.348], (Fig. lb). To examine the temporal 
aspects of  the locomotor response to AMP administra- 
tion, the 3-h test session was broken down into nine inter- 
vals of 20 min in duration. Once again, the ANOVA re- 
vealed no significant group effect [F(1,29)< 1.0] or 
groupxinterval interaction [F(8,232) < 1.0] (see Fig. lb). 
There was a significant main effect of  interval, [F(8, 232) 
= 46.8]. As can be seen in Fig. lb, there was a steady de- 
crease in locomotor activity across the three hour test pe- 
riod in both low and high sugar feeders. 

1.75 mg/kg AMP 

Feeding phase. A two-way analysis of  variance (ANOVA) 
carried out to examine the amount of  sugar consumed on 
the previous 7 days in the low and high sugar feeders re- 
vealed a significant main effect of  group,[F(1,32) = 13.9] 
and also a main effect of  days [F(7,224) = 5.3]. As can 

be seen in Fig. 2a, low feeders ate significantly less sugar 
than high feeders across all 7 days. 

Locomotion phase. Results showed that there was a sig- 
nificant difference between low and high feeders in their 
locomotor response to AMP [t(32) = 2.28]. High feeders 
exhibited significantly more locomotion in response to 
AMP than did low feeders. To examine the temporal as- 
pects of this difference, the 3-h test period was broken 
down into 18 intervals of  10 rain in duration. Subse- 
quently, a two-factor between-within ANOVA, with 
group and interval as the factors, was carried out. The 
ANOVA revealed that there was an interaction of group 
and interval [F(17,544)=2.89].  Post-hoc analysis re- 
vealed that high feeders exhibited more locomotion than 
low feeders in response to AMP starting at the time of 
administration and lasting for approximate ly  100 min 
(see Fig. 2b). 

Discussion 

High sugar feeders exhibited significantly more locomo- 
tor activity in response to 1.75 mg/kg AMP treatment 
than did low sugar feeders. This difference in activity 
was observed beginning immediately after AMP admin- 
istration and extending over the approximate period of  
AMP' s  action. These results establish that sugar intake 
level is a predictor of  individual differences in the loco- 
motor  response to AMP administration. One implication 



arising from this is that the mechanisms regulating sugar 
intake and AMP-induced locomotion overlap. 

Increased Acc-DA activity has been shown to be criti- 
cal to the locomotor stimulant effect of AMP (Kelly et 
al. 1975; Pijnenburg et al. 1975; Joyce and Koob 1981; 
Vaccarino et al. 1986; Jones and Robbins 1992; Weis- 
senborn and Winn 1992; Whishaw et at. 1992) and feed- 
ing is accompanied by increased Acc-DA activity (Her- 
nandez and Hoebel 1988a,b; Radhakishun et al. 1988). 
In a previous study, Mittleman et al. (1986) showed that 
rats with high levels of food intake elicited by electrical 
stimulation of the lateral hypothalamus, a procedure 
known to stimulate Acc-DA activity (Hernandez and 
Hoebel 1988a,b), exhibited a greater Acc-DA response 
to AMP treatment than rats with lower levels of food in- 
take elicited by stimulation of the lateral hypothalamus. 
More recently, it has been shown that rats with a high lo- 
comotor response to AMP express more Acc-DA activi- 
ty than rats with a low response (Piazza et al. 1990b, 
1991b). Thus, the findings of the present experiment are 
consistent with the notion that high sugar feeders ex- 
press more Acc-DA activity than low sugar feeders (Sills 
and Vaccarino 1991; Sills et al. 1993). 

In the present experiment, low and high sugar feeders 
did not exhibit different levels of locomotor activity in 
response to 1.0 mg/kg AME One possible reason for the 
failure to observe differential levels of activation in- 
duced by 1.0 mg/kg AMP may be due to the fact that 
low and high sugar feeders receiving 1.0 mg/kg AMP 
were not as clearly dissociated as low and high sugar 
feeders receiving 1.75 mg/kg AMR That is, low and 
high sugar feeders that received 1.0 mg/kg AMP did not 
exhibit as large, or as consistent, a difference in their 
sugar consumption as low and high feeders administered 
1.75 mg/kg AMR Perhaps if low and high sugar feeders 
were equally separable in the two conditions this dis- 
crepancy would not arise. Alternatively, the lack of dif- 
ference between the low and high sugar feeders at the 
1.0 mg/kg dose may reflect the limited resolution of our 
behavioral measure, which was only a gross index of 
general locomotor activity (i.e. the interruption of two 
photocell beams). This may have limited our ability to 
detect more subtle differences in activity patterns of low 
and high sugar feeders at the 1.0 mg/kg dose of AMR 

Another possible reason for the discrepancy in the lo- 
comotor effects of 1.0 and 1.75 mg/kg AMP in low and 
high sugar feeders may relate to differences in the 
amount of stimulation produced by these two doses of 
AMR Indeed, the level of locomotor stimulation pro- 
duced by the administration of 1.75 mg/kg AMP in both 
low and high sugar feeders was higher than that pro- 
duced by 1.0 mg/kg AMP (compare Figs. lb and 2b). 
Perhaps, then, low and high sugar feeders exhibit differ- 
ent levels of activation only when stimulated to a suffi- 
cient degree. It is known that feeding is accompanied by 
(relatively) low levels of Acc-DA activation (Hernandez 
and Hoebel 1988a,b; Radhakishun et al. 1988), while 
AMP administration, in doses that induce locomotor ac- 
tivation, results in significantly higher levels of DA ac- 
tivity (Hernandez and Hoebel 1988b; Kuczenski et al. 
1991). Thus, the small differences in Acc-DA activity 

expressed by low and high sugar feeders under non-drug 
stimulated conditions (i.e. feeding) may need to be am- 
plified to a sufficient degree in order to produce differ- 
ences in locomotor activity. To this end, a more com- 
plete dose-response study would be of interest. 

One manner in which to produce a sufficient degree 
of stimulation would be to chronically administer the t.0 
mg/kg dose of AMR It is well established that repeated 
administrations of AMP results in the development of a 
sensitized response such that the same dose of AMP in- 
duces a higher degree of locomotor activation (Segal and 
Mandell 1974; Robinson and Becker 1986; Robinson et 
al. 1988; Vezina and Stewart 1989; Piazza et al. 1990a; 
Hooks et al. 1991a, 1992a,b). Moreover, there have been 
recent reports of individual differences in the develop- 
ment of sensitization to the locomotor activating effects 
of AMP (Segal and Kuczenski 1987; Hooks et al. 1992 
a,b). Thus, it may be possible to produce different levels 
of locomotor activity in low and high sugar feeders with 
repeated administrations of 1.0 mg/kg AMR The second 
experiment examined this possibility. 

Experiment 2 

Rats were given repeated administrations of 1.0 mg/kg 
AMP across 9 days to determine whether low and high 
sugar feeders would exhibit differences in the develop- 
ment of sensitization to the locomotor activating effect 
of 1.0 mg/kg AMR 

Methods and procedure 

The procedure was identical to that of experiment 1 with 
the following exceptions: on test days, animals were 
adapted to the locomotor cages for 1.5 h prior to drug 
administration; between test days, animals received 
AMP injections in their home cages to minimize the ef- 
fects of conditioning. Animals were tested for their loco- 
motor response to AMP on days 1, 3, 5, 7, and 9, and 
were administered AMP in their home cages on days 2, 
4, 6, and 8. 

Results 

Examination of the locomotor response to AMP in low 
and high sugar feeders across the five days of testing re- 
vealed a significant group x day interaction [F(4, 108) = 
2.645]. As can be seen in Fig. 3, with repeated adminis- 
trations of AMR high sugar feeders exhibited a higher 
degree of sensitization than low sugar feeders. Starting 
on day 3, high sugar feeders exhibited significantly high- 
er levels of locomotor activity than low sugar feeders. 
This difference between low and high feeders arise from 
the first 90 min of the test period (data not shown). 

To examine the possibility that the pattern of results 
obtained were not confounded by conditioning effects, 
the data from the adaptation period of each of the 5 test 
days were analyzed. The ANOVA revealed no signifi- 
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cant effect of group [F(1,22) = 1.912], or group x day 
interaction [F(4,88)< 1.0], though there was a signifi- 
cant main effect of day [F(4,88)= 8.769]. As can be 
seen in Fig. 4, there was no difference between low and 
high sugar feeders in the amount of locomotion exhibit- 
ed during the adaptation period. More importantly, there 
was no increase in activity across the 5 test days which 
indicates that there was no effect of conditioning in this 
paradigm. 

Discussion 

In experiment 1, low and high sugar feeders did not dif- 
fer in their locomotor response to the acute administra- 

tion of 1.0 mg/kg AMR Experiment 2 showed that after 
repeated administrations of 1.0 mg/kg AMP, high sugar 
feeders exhibited significantly more locomotor activity 
than low sugar feeders. In other words, high sugar feed- 
ers exhibited a greater degree of behavioral sensitization 
to repeated AMP administrations than low sugar feeders. 
Thus, individual differences in sugar intake predict indi- 
vidual differences in the development of sensitization to 
the locomotor activating effect of AME 

The present findings suggest that there is a critical 
level of AMP stimulation that is necessary for low and 
high sugar feeders to express differences in locomotor 
activity. This level of stimulation can be attained either 
with a high dose of AMP (e.g. 1.75 mg/kg) or with re- 
peated administrations of lower doses (e.g. 1.0 mg/kg). 
Indeed, the level of locomotor activation attained with 
1.75 mg/kg AMP was similar to that obtained after five 
administrations of 1.0 mg/kg AMP (compare insert of 
Fig. 2b with the day 5 results in Fig. 3). 

Sensitization to AMP is thought to involve mesolim- 
bic DA mechanisms. For instance, Eichler and Antelman 
(1979) showed that intra-cranial self-stimulation of the 
mesolimbic pathway sensitized rats to a subsequent ad- 
ministration of AMR Segal et al. (1979) found that the 
development of sensitization to repeated AMP adminis- 
trations was attenuated by 6-OHDA lesions of the Acc. 
More recently, Robinson et al. (1988), utilizing in vivo 
microdialysis in freely moving animals, found that the 
increased sensitivity to AMP administrations was ac- 
companied by increased DA release in the Acc. Thus, 
sensitization to the motor stimulant effects of AMP may 
be a consequence of increased releasability of DA in the 
Acc. 

One implication of the present findings is that follow- 
ing repeated administrations of 1.0 mg/kg AMP, high 
sugar feeders exhibit a higher level of Acc-DA activity 
in response to AMP treatment than low sugar feeders. 
This notion is in line with the hypothesis that low and 
high sugar feeders exhibit intrinsic differences in the ac- 
tivation of mesolimbic DA mechanisms (Sills and Vac- 
carino 1991; Sills et al. 1993). 

One possible source of confound in the present exper- 
iment is that of conditioned locomotion. It is well estab- 
lished that the particular environment in which rats have 
been previously administered AMP will elicit locomotor 
activity in absence of the drug; this activity in AMP-pre- 
treated rats is significantly greater than activity in non- 
pretreated rats or rats that had been pretreated with AMP 
in another environment (Gold et al. t988; Martin-Iver- 
son and McManus 1990; DiLullo and Martin-Iverson 
1992). Thus, it is possible that a component of the sensi- 
tized response obtained in this experiment was due to a 
conditioning effect. There are three arguments against 
this possibility. First, the paradigm used in this study has 
been previously shown to minimize the effects of condi- 
tioning (Hooks et al. 1991a, 1992b). Second, if there 
was an obvious effect of conditioning, then the locomo- 
tor activity exhibited in the pre-drug, adaptation phase 
(Fig. 4) would be expected to increase across days. This 
was not the case; neither low nor high sugar feeders ex- 
hibited significantly different locomotor activity in this 



period across the 5 test days. Third, if there was a condi- 
tioning component to the sensitization observed in the 
present study, it was no different between low and high 
feeders. This is evidenced by the fact that the locomotor 
response pattern during the non-drug, adaptation period 
was identical for low and high sugar feeders (Fig. 4). 
Therefore, a conditioning effect, if present, could not ac- 
count for the differences in locomotor activity observed 
in low and high sugar feeders after repeated administra- 
tions of AMR 

General Discussion 

The findings of the present experiments show that sugar 
intake level is a predictor of the locomotor response to 
AMP treatment, such that high sugar feeders are more 
sensitive to the locomotor stimulating effect of AMP 
than low sugar feeders. Piazza et al. (1989) have report- 
ed that the locomotor response to AMP is a predictor of 
susceptibility to the reinforcing properties of AMR They 
showed that high AMP responders readily acquired self- 
administration of AMR while low AMP responders did 
not acquire this behavior. The results of the present 
study add further to the profile of animals that may be 
vulnerable to the reinforcing properties of AMR Specifi- 
cally, these results suggest that high sugar feeders may 
be more vulnerable to the reinforcing effects of AMP 
than low sugar feeders. An attractive hypothesis that 
emerges is that rats with high liability to develop AMP 
self-administration may be more sensitive to natural re- 
inforcers as well, at least those that access the mesolim- 
bic DA system. This is an important consideration in de- 
veloping animal models and theories of vulnerability to 
drug addiction. 

Wise and Bozarth (1987) and Vaccafino et al. (1989) 
have argued that the stimulation of locomotor activity is 
a characteristic common to addictive drugs and appetiti- 
ve behaviors. This notion is an extension of the theory 
advanced by Glickman and Schiff (1967), who posited 
that an elementary component of all positive reinforcers 
is the ability to elicit approach behavior. In the view of 
Wise and Bozarth (1987), drug-induced locomotor activ- 
ity is an instance of approach behaviour in the absence 
of an orienting stimulus. Moreover, Wise and Bozarth 
(1987) propose that positive reinforcement and drug-in- 
duced locomotor activation are homologous. In other 
words, positive reinforcers (natural or otherwise) access 
the same neural mechanisms that promote approach be- 
haviour. The mesolimbic DA system is thought to be one 
component of this mechanism (Wise and Bozarth 1987; 
Vaccarino et al. t989). The findings of the present exper- 
iments, as well as those of Piazza et al. (1989, 1990b, 
1991b) and Hooks et al. (t991a,b), fit well within this 
framework. 

To be consistent with prior studies examining individ- 
ual differences in sugar consumption and responsiveness 
to AMP treatment (Sills and Vaccarino 1991, 1993), ani- 
mals were divided into low and high sugar feeders based 
on their consumption of sugar in response to saline in- 
jection. Prior to the saline injection, the animals were 

not handled; thus the injection could be construed as a 
mild stressor. It may be the case that the results obtained 
in this study reflect individual differences in sensitivity 
to stress. This is plausible in light of the fact that mild 
stressors stimulate feeding (Antelman and Szechtman 
1975; Rowland and Antelman 1976; Wallach et al. 1977; 
Morley et al. 1983; Souquet and Rowland 1989). More- 
over, the mechanisms regulating the response to stress 
and to AMP interact to some degree. For instance, it has 
been shown that intravenous administration of cor- 
ticotrophin-releasing factor (CRF) antiserum attenuated 
the sensitized locomotor response obtained with repeat- 
ed AMP administration (Cole et al. 1990a). A CRF an- 
tagonist delivered centrally has also been shown to block 
the sensitized locomotor response induced by restraint 
stress (Cole et al. 1990b). Moreover, CRF, in low doses, 
has been shown to facilitate AMP-induced stereotypy 
(Cole and Koob 1989) and repeated foot shock stress po- 
tentiates the locomotor activity induced by systemic 
(Herman et al. 1984) and intra-Acc (Leyton and Stewart 
1990) AMP administration. 

In a recent study, Piazza et al. (1991a) reported that 
animals expressing high levels (HR rats) of locomotor 
activity in response to a novel environment exhibited a 
longer duration of corticosterone secretion when ex- 
posed to the novel environment than low responding 
(LR) rats. The HR, but not LR, rats readily acquired 
AMP self administration (SA) and corticosterone admin- 
istration to LR rats resulted in the acquisition of AMP- 
SA in these animals. Piazza et al. concluded that stress, 
and its consequences for the hypothalamic-pituitary-ad- 
renal axis, may play an etiological role in the predisposi- 
tion of rats to self-administer AMR In support of this, 
Maccari et al. (1991) have reported that HR rats have 
lower affinities for both hippocampal type I and type II 
corticosteroid receptors relative to LR rats. This suggests 
that HR rats have an impairment in a negative feedback 
mechanism regulating corticosterone levels. 

It has long been known that stress will alter Acc 
DAergic activity. For example, foot shock stress has 
been reported to increase DA utilization in the Acc, as 
well as the frontal cortex (Thierry et al. 1976; Robinson 
et al. 1987; Kalivas and Duffy 1989). Utilizing in vivo 
microdialysis, Abercrombie et al. (1989) and Imperato et 
al. (1989) have found that tail-shock stress increases ex- 
tracellular DA in the Acc. Thus, individual differences in 
the responsiveness of the mesolimbic DA system to rein- 
forcing stimuli may be a consequence of differences in 
the exposure of rats to stressful life events. In this re- 
gard, it is interesting to note that isolation rearing results 
in an increased sensitivity to AMP and other rewarding 
stimuli (Jones et al. 1990) and in an exaggerated Acc- 
DA response to AMP challenge (Jones et al. 1992). 

In the present experiments, only the forward locomo- 
tor response to AMP was measured. It is well known 
that AMP will also produce stereotypy when adminis- 
tered in high doses (Kelly et al. 1975; Leith and Kuczen- 
ski 1982; Segal and Kuczenski; 1987; Patrick et al. 
1991). Thus, it is possible that differences in AMP-in- 
duced stereotypy could have confounded the results in 
this study. This possibility appears unlikely for two rea- 



sons. First, the doses o f  A M P  that induce stereotypy (> 
2.0 mg/kg)  are generally higher than the doses used in 
the present s t u d y .  Second,  the profile o f  the locomotor  
activity generated by A M P  administration to low and 
high feeders is not consonant  with that o f  stereotypy. In 
both experiments it was shown that fol lowing the admin- 
istration o f  AMP, there was a rapid rise in activity that 
peaked at around 40 min, with a steady decline thereaf- 
ter in both low and high sugar feeders; the only differ- 
ence between the two groups was that o f  magni tude o f  
the locomotor  response. The activity profile observed in 
the case o f  AMP- induced  stereotypy, on the other hand, 
is multiphasic in nature. Fol lowing A M P  treatment, 
there is an initial increase in locomotor  activity, fol lowed 
by a period o f  stereotyped responding when there is an 
almost  complete  cessation o f  forward locomotion,  and 
then a final rise in locomotor  activity (Leith and Kuczen-  
ski 1982; Robinson and Becker  1986). However,  though 
it is unlikely, the present results do not completely rule 
out  the possibility that low sugar feeders exhibited ste- 
reotypies as animals were not monitored for AMP-in-  
duced stereotypies. 

Acknowledgements. This research was assisted by the Ontario 
Mental Health Foundation and a Medical Research Council of 
Canada Grant to EJ.V. 

References 

Abercrombie ED, Keefe KA, DiFrischia DS, Zigmond MJ (1989) 
Differential effect of stress on in vivo dopamine release in 
striatum, nucleus accumbens, and medial frontal cortex. J Neu- 
rochem 52:1655-1658 

Antelman SM, Szechtman H (1975) Tail-pinch induces eating in 
sated rats which appears to depend on nigrostriatal dopamine. 
Science 189:731-733 

Carr GD, White NM (1986) Contributions of dopamine terminal 
areas to amphetamine-induced anorexia and adipsia. Pharma- 
col Biochem Behav 25:17-22 

Cole B J, Koob GF (1989) Low doses of corticotropin-releasing 
factor potentiate amphetamine-induced stereotyped behavior. 
Psychopharmacology 99:27-33 

Cole B J, Cador M, Stinus L, Rivier C, Rivier J, Vale W, Le Moat 
M, Koob GF (1990a) Critical role of the hypothalamic pitu- 
itary adrenal axis in amphetamine-induced sensitization of be- 
havior. Life Sci 47:1715-1720 

Cole B J, Cador M, Stinus L, Rivier J, Vale W, Koob GF, Le Moal 
M (1990b) Central administration of a CRF antagonist blocks 
the development of stress-induced behavioral sensitization. 
Brain Res 512:343-346 

Colle L, Wise RA (1988) Concurrent facilitory and inhibitory ef- 
fects of amphetamine on stimulation-induced eating. Brain 
Res 459:356-360 

DiLullo SL, Martin-Iverson MT (1992) Evidence for presynaptic 
dopamine mechanisms underlying amphetamine-conditioned 
locomotion. Brain Res 578:161-167 

Eichler AJ, Antelman SM (1979) Sensitization to amphetamine 
and stress may involve nucleus accumbens and medial frontal 
cortex. Brain Res 176:412-416 

Evans KR, Vaccarino FJ (1986) Intra-nucleus accumbens amphet- 
amine: dose-dependent effects on food intake. Pharmacol 
Biochem Behav 25:1149-1151 

Evans KR, Vaccarino FJ (1990) Amphetamine- and morphine-in- 
duced feeding: evidence for involvement of reward mecha- 
nisms. Neurosci Biobehav Rev 14:9-22 

Glickman SE, Schiff BB (1967) A biological theory of reinforce- 
ment. Psychol Rev 74:81-109 

Gold LH, Swerdlow NR, Koob GF (1988) The role of mesolimbic 
dopamine in conditioned locomotion produced by amphetamine. 
Behav Neurosci 102:544-552 

Heffner TG, Zigmond MJ, Stricker EM (1977) Effects of do- 
paminergic agonists and antagonists on feeding in intact and 
6-hydroxydopamine-treated rats. J Phm:macol Exp Ther 201: 
386-399 

Herman J-R Stinus L, Le Moal M (1984) Repeated stress increas- 
es locomotor response to amphetamine. Psychopharmacology 
84:431435 

Hel~andez L, Hoebel BG (1988a) Feeding and hypothalamic 
stimulation increase dopamine turnover in the accumbens. 
Physiol Behav 44:59%606 

Hernandez L, Hoebel BG (1988b) Food reward and cocaine in- 
crease extracellular dopamine in the nucleus accumbens as 
measured by microdialysis. Life Sci 42:1705-1712 

Hooks MS, Jones GH, Smith AD, Neill DB, Justice JB, Jr (1991a) 
Individual differences in locomotor activity and sensitization. 
Pharmacol Biochem Behav 38:467-470 

Hooks MS, Jones GH, Smith AD, Neill DB, Justice JB, Jr (1991b) 
Response to novelty predicts the locomotor and nucleus ac- 
cumbens dopamine response to cocaine. Synapse 9: 121- 
128 

Hooks MS, Jones GH, Liem B J, Justice JB, Jr (1992a) Sensitiza- 
tion and individual differences to IP amphetamine, cocaine, or 
caffeine following repeated intracraniaI amphetamine infu- 
sions. Pharmacol Biochem Behav 43:815-823 

Hooks MS, Jones GH, Neill DB, Justice JB, Jr (1992b) Individual 
differences in amphetamine sensitization: dose-dependent ef- 
fects. Pharmacol Biochem Behav 41: 203-210 

Imperato A, Pugtisi-Allegra S, Casolinin R Zocchi A, Angelucci 
L (1989) Stress-induced enhancement of dopamine and ace- 
tylcholine release in limbic structures: role of corticosterone. 
Eur J Pharmacol 165:337-338 

Jones GH, Robbins TW (1992) Differential effects of mesocorti- 
cal, mesolimbic, and mesostriatal dopamine depletion on 
spontaneous, conditioned, and drug-induced locomotor activi- 
ty. Pharmacol Biochem Behav 43:887-895 

Jones GH, Marsden CA, Robbins TW (1990) Increased sensitivity 
to amphetamine and reward-related stimuli following social 
isolation in rats: possible disruption of dopamine-dependent 
mechanisms of the nucleus accumbens. Psychopharmacology 
102:364-372 

Jones GH, Hernandez TD, Kendall DA, Marsden CA, Robbins 
TW (1992) Dopaminergic and serotonergic function following 
isolation rearing in rats: study of behavioural responses and 
postmortem and in vivo neurochemistry. Pharmacol Biochem 
Behav 43:17-35 

Joyce EM, Koob GF (1981) Amphetamine-, scopolamine- and 
caffeine-induced locomotor activity following 6-hydroxydopa- 
mine lesions of the mesolimbic dopamine systems. Psycho- 
pharmacology 73:311-313 

Kalivas PW, Duffy P (1989) Similar effects of daily cocaine and 
stress on mesocorticolimbic dopamine neurotransmission in 
the rat. Biol Psychiatry 25:913-928 

Kelly PH, Seviour PW, Iversen SD (1975) Amphetamine and apo- 
morphine responses in the rat following 6-OHDA lesions of 
the nucleus accumbens septi and corpus striatum. Brain Res 
94:507-522 

Kuczenski R, Segal DS, Aizenstein ML (1991) Amphetamine, co- 
caine, and fencamfamine: relationship between locomotor and 
stereotypy response profiles and caudate and accumbens do- 
pamine dynamics. J Neurosci 11: 2703-2712 

Leith NJ, Kuczenski R (1982) Two dissociable components of be- 
havioral sensitization following repeated amphetamine admin- 
istration. Psychopharmacology 76:310-315 

Leyton M, Stewart J (t990) Preexposure to foot-shock sensitizes 
the locomotor response to subsequent systemic morphine and 
intra-nucleus accumbens amphetamine. Pharmacol Biochem 
Behav 37:303-310 



Maccari S, Piazza PV, Deminiere JM, Angelucci L, Simon H, Le 
Moal M (1991) Hippocampal type I and type II corticosteroid 
receptor affinities are reduced in rats predisposed to develop 
amphetamine self-administration. Brain Res 548:305-309 

Martin-Iverson MT, McManus DJ (1990) Stimulant-conditioned 
locomotion is not affected by blockade of D 1 and/or D 2 dopa- 
mine receptors during conditioning. Brain Res 521:175-184 

MittIeman G, Castaneda E, Robinson TE, Valenstin ES (1986) 
The propensity for nonregutatory ingestive behavior is related 
to differences in dopamine systems: behavioral and biochemi- 
cal evidence. Behav Neurosci 100:213-220 

Morley JE, Levine AS, Rowland NE (1983) Stress induced eating. 
Life Sci 32:2169-2182 

Patrick SL, Thompson TL, Walker JM, Patrick RL (1991) Con- 
comitant sensitization of amphetamine-induced behavioral 
stimulation and in vivo dopamine release from rat caudate nu- 
cleus. Brain Res 538:343-346 

Piazza PV, Deminiere JM, Le Moal M, Simon H (1989) Factors 
that predict individual vulnerability to amphetamine self-ad- 
ministration. Science 245:15 l 1-1513 

Piazza PV, Deminiere JM, Le Moal M, Simon tt (1990a) Stress 
and pharmacologically-induced behavioral sensitization in- 
creases vulnerability to acquisition of amphetamine self-ad- 
ministration. Brain Res 514:22-26 

Piazza PV, Rogue-Pont F, Deminiere JM, Kharouby M, Le Moal 
M, Simon H (1990b) Individual vulnerability to amphetamine 
self-administration is correlated with dopaminergic activity in 
frontal cortex and nucleus accumbens. Soc Neurosci Absr 16: 
243.14 

Piazza PV, Maccari S, Deminiere J-M, Le Moat M, Mormede R 
Simon H (1991a) Corticosterone levels determine individual 
vulnerability to amphetamine self-administration. Pro Natl 
Acad Sci 88:2088-2092 

Piazza PV, Rogue-Pont F, Deminiere JM, Kharouby M, Le Moal 
M, Simon H (1991b) Dopaminergic activity is reduced in the 
prefrontal cortex and increased in the nucleus accumbens of 
rats predisposed to develop amphetamine self-administration. 
Brain Res 567:169-174 

Pijnenburg AJJ, Honig WMM, Van Rossum JM (1975) Inhibition 
of d-amphetamine-induced locomotor activity by injection of 
haloperidol into the nucleus accumbens of the rat. Psycho- 
pharmacologia 41:87-95 

Radhakishun FS, van Ree JM, Westerink BHC (1988) Scheduled 
eating increases dopamine release in the nucleus accumbens 
of food-deprived rats as assessed with on-line brain dialysis. 
Neurosci Lett 35:351-356 

Robinson TE, Becker JB (1986) Enduring changes in brain and 
behavior produced by chronic amphetamine administration: a 
review and evaluation of animal models of amphetamine psy- 
chosis. Brain Res Rev 11 : 157-198 

Robinson TE, Becker JB, Young EA, Akil H, Castaneda E (1987) 
The effects of footshock stress on regional brain dopamine 
metabolism and pituitary fl-endorphin release in rats previous- 
ly sensitized to anaphetamine. Neuropharmacology 26: 
679-691 

Robinson TE, Jurson PA, Bennett JA, Bentgen KM (1988) Persis- 
tent sensitization of dopamine neurotransmission in ventral 

striatum (nucleus accumbens) produced by prior experience 
with (+) -amphetamine: a microdialysis study in freely mov- 
ing rats. Brain Res 462:211-222 

Rowland NE, Antelman SM (1976) Stress-induced hyperphagia 
and obesity in rats: a possible model for understanding human 
obesity. Science 191 : 310-312 

Segal DS, Kuczenski R (1987) Individual differences in respon- 
siveness to single and repeated amphetamine administration: 
behavioral characteristics and neurochemical correlates. J 
Pharmacol Exp Ther 242:917-926 

Segal DS, MandeI1 AJ (1974) Long-term administration of am- 
phetamine: progressive augmentation of motor activity and 
stereotypy. Pharmacol Biochem Behav 2:249-255 

Segal DS, Kelly R Koob GF, Roberts DCS (1979) Non-striatal do- 
pamine mechanisms in the response to repeated d-amphetamine 
administration. In: Usdin E, Kopin IJ, Barchas J (eds) Cat- 
echolamines: basic and clinical frontiers, Vol. 2. Pergamon, 
New York, pp 1672-1674 

Souquet A-M, Rowland NE (1989)Effect of chronic administra- 
tion of dexfenfluramine on stress-and palatability-induced 
food intake in rats. Physiol Behav 46:145-149 

Sills TL, Vaccarino FJ (1991) Facilitation and inhibition of feed- 
ing by a single dose of amphetamine: relationship to baseline 
intake and accumbens cholecystokinin. Psychopharmacology 
105:329-334 

Sills TL, Baird JR Vaccarino FJ (1993) Individual differences in 
the feeding effects of amphetamine: role of nucleus accum- 
bens dopamine and circadian factors. Psychopharmacology 
112:233-241 

Thierry AM, Tassin JR Blanc G, Glowinski J (1976) Selective ac- 
tivation of the mesocortical DA system by stress. Nature 263: 
242-243 

Vaccarino FJ, Amalric M, Swerdlow NR, Koob GF (1986) Block- 
ade of amphetamine but not opiate-induced locomotion fol- 
lowing antagonism of dopamine function in the rat. Pharmacol 
Biochem Behav 24:61-65 

Vaccarino FJ, Schiff BB, Glickman SE (1989) Biological view of 
reinforcement. In: Klein SB, Mowrer RR (eds) Contemporary 
learning theories. Lawrence Erlbaum, New Jersey, pp 111-142 

Vezina P, Stewart J (1989) The effect of dopamine receptor block- 
ade on the development of sensitization to the locomotor acti- 
vating effects of amphetamine and morphine. Brain Res 499: 
108-120 

Wallach MB, Dawber M, McMahon M, Rogers C (1977) A new 
anorexigen assay: stress-induced hyperphagia in rats. Pharma- 
col Biochem Behav 6:529-531 

Weissenborn R, Winn P (1992) Regulatory behaviour, exploration 
and locomotion following NMDA or 6-OHDA lesions in the 
rat nucleus accumbens. Behav Brain Res 51:127-137 

Whishaw IQ, Fiorino D, Mittleman G, Castaneda E (1992) Do 
forebrain structures compete for behavioral expression? Evi- 
dence from amphetamine-induced behavior, microdialysis, 
and candate-accumbens lesions in medial frontal cortex dam- 
aged rats. Brain Res 576:1-11 

Wise RA, Bozarth MA (t987) A psychomotor stimulant theory of 
addiction. Psychol Rev 94:469-492 


