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Abstract Rationale: Previous studies have shown that
individual differences in oral sucrose consumption are
predictive of the psychomotor and dopamine (DA) stim-
ulant properties of amphetamine in rats. Objectives: The
present experiment was designed to examine the rela-
tionship between sucrose feeding and the reinforcing
properties of amphetamine using the intravenous (i.v.)
drug self-administration paradigm. Methods: Based on a
median split of sucrose intake during a final 1-h feeding
test session, male Wistar rats were designated as either
low (LSF) or high sucrose feeders (HSF). Acquisition of
i.v.-amphetamine self-administration across ten daily
30-min sessions was then assessed. Following acquisi-
tion, i.v. self-administration of several doses of amphet-
amine was similarly tested across daily 30-min sessions.
Results: Data from this experiment revealed augmented
responding in HSF compared with LSF during acquisi-
tion of amphetamine self-administration. Corresponding-
ly, when given access to different doses of amphetamine,
responding was greater in HSF than in L SF across sever-
a doses (3 pg and 10 pg per infusion). Conclusions:
These data support the notion that individual differences
in oral sucrose consumption are predictive of the rein-
forcing properties of psychostimulant drugs.
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Introduction

Over the past several decades, a wealth of converging
evidence has critically implicated the mesolimbic dopa-
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mine (DA) system in mediating both the activating and
reinforcing properties of addictive drugs. Indeed, several
authors have proposed that these drugs act as chemical
surrogates, activating a mesolimbic DA system which
evolved subserving behaviours (e.g. exploration) associ-
ated with more conventiona reinforcers (e.g. food)
(Vaccarino et a. 1989; Koob 1992; Di Chiara 1995). Ac-
cordingly, research supports the notion that individual
differences in DA-dependent behaviours associated with
conventional reinforcement may be useful predictors of
behavioural and neurochemical reactivity to drugs of
abuse.

Recent studies in rodents have shown that individual
differences in exploration of a novel environment predict
the effects of abused drugs. In one of the first such stud-
ies, individuals from a random population of rats were
designated as either low (LR) or high (HR) responders,
based on a median split of their exploratory locomotor
response during exposure to anovel environment (Piazza
et al. 1989). It was shown that an acute systemic injec-
tion of amphetamine produced greater locomotor activa-
tion in HR than in LR. Other studies have confirmed the
relationship between novel exploration and the psycho-
motor-stimulant properties of drugs of abuse, including
amphetamine (Hooks et al. 1991a) and cocaine (Hooks
et a. 1991b). Of particular interest for this study, Piazza
and colleagues (1989) further demonstrated that when al-
lowed to self-administer i.v. amphetamine, HR more
readily acquired drug-seeking behaviour relative to LR.
Additional studies suggest that these behavioural differ-
ences are associated with variability in the activation of
mesolimbic DA projections that terminate within the nu-
cleus accumbens (NAcc). For example, post-mortem tis-
sue homogenate studies have reported that following ex-
posure to a novel environment HR have a higher 3,4-
dihydroxyphenylacetic acid (DOPAC)/DA ratio than LR
(Piazza et a. 1991). In vivo microdialysis studies sup-
port these findings and show a positive relationship be-
tween response to novelty and extracellular DA release
within the NAcc during both basal and psychostimulant-
induced test conditions (Bradberry et al. 1991; Hooks et



a. 1992). Thus, individua differences in novelty-
induced responding are predictive of the reinforcing,
psychomotor-stimulating, and mesolimbic-DA-activating
effects of psychostimulant drugs.

Rats exhibit considerable individual variability in
their consumption of granulated sucrose (Sills and
Vaccarino 1991; DeSousa et al. 1998). A number of
studies suggest that individual differences in sucrose
feeding, like individual differences in novel exploration,
are predictive of the behavioural and neurochemical ef-
fects of abused drugs (Vaccarino 1994). Based on a me-
dian split of sucrose intake in sucrose-habituated rats,
Sills and Vaccarino (1996) categorized animals as either
low (LSF) or high (HSF) sucrose feeders. Following ad-
ministration of various doses of amphetamine, these re-
searchers showed that HSF were more sensitive than
L SF to the inhibitory effects of amphetamine on sucrose
intake. In a study designed to examine exploratory loco-
motor activity, Sills and Vaccarino (1994) further
showed that HSF displayed higher levels of exploratory
activity than LSF following an acute injection of am-
phetamine. Additional research suggests a role for the
mesolimbic DA system in the mediation of these effects.
Specifically, results from microdiaysis studies showed
that HSF exhibited greater NAcc-DA release than LSF
during access to sucrose and following acute treatment
with amphetamine (Sills and Crawley 1996; Sills et al.
1998). Taken together, these data show that individual
differences in sucrose consumption predict the feeding,
psychomotor stimulant and DA-activationa effects of
amphetamine. However, it remains unknown whether in-
dividual differences in sucrose feeding are associated
with the abuse potential of psychostimulant drugs.

The purpose of the present study was to examine the
relationship between sucrose intake and the response-
reinforcing properties of psychostimulant drugs. Given
the literature reviewed above, it was hypothesised that
psychostimulants should function as more powerful rein-
forcers in HSF than in LSF. This hypothesis is based on
two facts. First, the novel exploration measure has
shown remarkable predictive utility with regard to the
self-administration of i.v. amphetamine by rodents. Sec-
ond, there are obvious parallels between LR/LSF and
HR/HSF with respect to their reactivity to the psychomo-
tor and mesolimbic-DA-activating properties of psycho-
stimulant drugs. To test the hypothesis, sucrose-habituated
animals were designated as L SF or HSF based on a me-
dian split of their sucrose intake in the initial phase of
this study. In the second phase, acquisition of i.v.-
amphetamine self-administration was assessed under a
continuous reinforcement schedule in both LSF and
HSF. Given that self-administration of drugs under
such a schedule of reinforcement typicaly yields an
“inverted-U” dose—response function, it is difficult to in-
terpret differences in response levels when only a single
dose istested (Pickens and Thompson 1968; Yokel 1987;
DeSousa and Vaccarino 1998). Accordingly, in the fina
phase we examined responding in LSF and HSF during
self-administration of several doses of amphetamine.
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Materials and methods

This research was conducted with due regard for the Animals for
Research Act, the Guidelines of the Canadian Council on Animal
Care and relevant University of Toronto policy.

Subjects

Male Wistar rats (n=27) purchased from Charles River, Canada,
were used in this study. At the time of arrival, rats weighed
250-275 g and were housed individually in Plexiglas cages in a
temperature-controlled (21+1°C) colony room maintained on a
12 h light/dark cycle (lights off at 0700 hours). Water and Purina
lab pellets were freely available in the home cages except as noted.

Surgery

Animals were treated with 0.1 ml atropine (0.6 mg/ml) and ana-
esthetized with sodium pentobarbital (50 mg/kg) via the intraperi-
toneal (i.p.) route. A chronic i.v. catheter (45 Wl internal volume)
was then implanted into the external jugular vein using a proce-
dure adapted from Caine and colleagues (1993). Briefly, a catheter
constructed from silastic tubing was inserted into the right jugular
vein and anchored via a series of non-absorbable sutures. The por-
tion of tubing exiting the jugular vein, constructed from polyethyl-
ene tubing, was tunnelled subcutaneously and connected to a
threaded guide cannula (C313G/Spc, Plastics Products, Roanoke,
Va) resting in a dental acrylic base. This assembly, secured be-
tween the skin and fascia via polypropylene mesh, emerged from
the back at the mid-scapular region. To prevent clogging and to
maintain a closed system, a cap constructed from microbore tub-
ing, heat-fused at one end, was fitted to the outer part of the cathe-
ter assembly. Following surgery, animals were given an intramus-
cular injection of penicillin-G-benzathine (100,000 units’kg) to
prevent infection and allowed at least 7 days recovery. To main-
tain patency, catheters were flushed daily with 0.1 ml saline con-
taining heparin (30 U/ml) to inhibit blood clotting and streptoki-
nase (2000 U/ml) to dissolve fibrinogen, plasminogen and throm-
bin clots. Testing was discontinued in animals whose catheters
showed evidence of blockage and/or |eakage.

Drugs

p-Amphetamine (Bureau of Drug Surveillance, Ottawa, Canada)
was dissolved in sterile physiological saline (0.9% NaCl) prior to
each daily testing session. Amphetamine or saline solutions were
infused viathei.v. route at a volume of 20 pl during al test sessions.

Apparatus

Self-administration testing was conducted in eight ventilated
and sound-attenuating operant chambers measuring 22 cm3 (Med
Associates Inc., Georgia, Vt.). Within the chambers, mounted
7 cm above a steel-rod floor, were two retractable response levers
measuring 4.5 cm wide. Stimulus lights were positioned 5 cm
above each lever and on the opposite wall a dim house light was
centred 2 cm from the top of the chamber. Each chamber was ad-
ditionally outfitted with a liquid infusion assembly that was con-
nected to an infusion pump. A single microcomputer, running Med
PC software (version 2.08), was programmed to activate the infu-
sion pump following depression of the active lever.

Procedure
Feeding phase

Before the sucrose feeding test, animals were habituated to su-
crose across seven daily sessions. During these habituation ses-
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sions, food pellets were removed from the home cage, and rats
were presented with two stainless-steel cups (8 cm diameter by
4 cm deep), one containing granulated sucrose and the other con-
taining powdered chow, for a period of 1 h. Between habituation
sessions, food cups were removed and animals were allowed free
access to fresh chow pellets. Following this habituation period, an-
imals were implanted with i.v. catheters as described above, al-
lowed to recover and then tested for their sucrose intake. This test
session was identical to the habituation sessions with the excep-
tion that animals received an i.p. injection of saline (1 mi/kg) im-
mediately before the presentation of the pre-weighed sucrose and
chow containers. Following this test, the feeding cups were re-
moved and re-weighed. Animals were separated into LSF and
HSF on the basis of a median split of sucrose intake during this
test (Sills and Vaccarino 1991).

Acquisition of i.v.-amphetamine self-administration

Following the feeding assay, rats were tested for acquisition of
i.v.-amphetamine self-administration across ten daily 30-min ses-
sions. At the start of each session, the house light was activated
and a priming infusion of amphetamine (10 pg) was delivered.
Like al subsequent infusions, this infusion was simultaneously
paired with the activation of the stimulus light located above the
active lever. Following the priming infusion, both levers were ex-
tended into the operant chambers. Depression of the active lever
resulted in the delivery of amphetamine (10 pg/20 W/1.16 s per in-
fusion) on a continuous reinforcement schedule. However, active
lever responses were not reinforced when they occurred during a
period of drug infusion. Depression of the inactive lever had no
programmed consequences. At the end of each session, both levers
were retracted and the house light was turned off.

Dose-response to i.v.-amphetamine self-administration

Dose—response testing commenced on the day after the final-ac-
quisition test session. In this test phase, animals were allowed to
self-administer different doses of amphetamine (0, 1, 3, 30 and
100 pg per infusion) across 19 daily sessions. Following two ses-
sions of stable responding at a specific dose, animals were allowed
to self-administer a new dose determined in randomized order un-
til all doses were tested or catheter failure occurred. Given that re-
sponse levels were stable across the final two sessions of the ac-
quisition phase, data from these sessions were used for the 10-pug
per infusion test condition. All testing variables used during the
dose-response phase were identical to those used during the ac-
quisition phase, with the exception of the amphetamine dose. The

102030 102030 102030 102030 102030 102030 102030 102030 102030 102030 Time (min)

4 5 6 7 8 9 10 Session

total number of animals that completed testing of each individual
dose was as follows: 0 pg per infusion (n=18); 1 pg per infusion
(n=18); 3 ug per infusion (n=23); 10 ug per infusion (n=26); 30 ug
per infusion (n=23); 100 pg per infusion (n=17).

Results
Feeding phase

Based on a median split of their sucrose intake levels
over a 1-h test period, rats were separated into LSF
(n=13; 2.24+0.31 g) and HSF (n=13; 4.80+0.38 g). Sta-
tistical analysis showed that sucrose feeding was signifi-
cantly greater in HSF than L SF (F, ,,=23.78, P<0.0001).
There were no significant differences in chow intake or
body weight amongst these groups.

Acquisition of i.v.-amphetamine self-administration

Visual inspection of Fig. 1 reveals that intra-session ac-
tive-lever responding is greater in HSF than in LSF
across the ten acquisition test sessions. This effect is
most evident in the initial 10-min “loading phase” of
each session. Further examination of the loading phase
totals (data not presented) showed elevated response to-
tals for HSF, compared with LSF, on both active and in-
active levers during the initial few days of testing. How-
ever, during the final test sessions responding by HSF
became most pronounced on the active amphetamine le-
ver. Statistical analyses supported this description of the
data. To reduce heterogeneity of variance, response
scores were subjected to a sguare root transformation
(Kirk 1995). A mixed three-factor analysis of variance
(ANOVA; group x lever x session) was conducted to ex-
amine lever-press responding during the loading phase in
both LSF and HSF. This analysis revealed significant
main effects of group, F;,,=6.11, P<0.05, and lever,
F124=10.43, P<0.01. Additionaly, there was a signifi-
cant lever x day interaction, Fq,,,=2.08, P<0.05, and
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post-hoc analyses using the Newman-Keuls test revealed
that active-lever responding was significantly greater
than inactive-lever responding on days 6-10 of acquisi-
tion testing (P<0.05). To further examine the relationship
between sucrose feeding and the acquisition of i.v.-
amphetamine self-administration, t-tests were conducted
comparing LSF and HSF across days. These analyses
showed that responding during the loading phase on the
inactive lever was greater in HSF than LSF for sessions
1, 5 and 10 (P<0.05). In contrast, responding on the ac-
tive amphetamine lever was higher in HSF than LSF
across all test sessions (P<0.05), except session 8.

Dose—response to i.v.-amphetamine self-administration

Examination of Fig. 2A indicates that intra-session ac-
tive-lever responding is most pronounced for HSF dur-

10 20 30 10 20 30
3 10 30 Amphetamine
(ng/infusion)
Active Lever
—e— LSF

—o— HSF

Amphetamine (pg/infusion)

ing the 3-pg and 10-pg amphetamine self-administration
test conditions. Figure 2B demonstrates a clear amphet-
amine dose-response function for HSF responding on
the active lever. In comparison, L SF show only a blunted
amphetamine dose-response. Results from statistical an-
alyses are consistent with this description of the data.
Again, response scores were subjected to a square root
transformation prior to analyses (Kirk 1995). Due to un-
equal numbers of animals tested across each of the dif-
ferent doses, each individual dose condition was subject-
ed to a two-factor ANOVA (group x lever) of the 2-day-
block mean-response totals for active and inactive levers
in LSF and HSF. These analyses revealed significant
main effects of lever, showing that active-lever respond-
ing was significantly greater than inactive-lever respond-
ing for the 3-pyg, F;=4.94, P<0.05, and 10-ug,
F1,,=8.38, P<0.01, amphetamine test conditions. To fur-
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ther analyse these results, t-tests were conducted com-
paring responding of L SF with HSF during the 3-pg and
10-pg amphetamine conditions. Results from these ana-
lyses showed significantly greater levels of active-, but
not inactive-, lever responding in HSF than LSF at the
3-ug and 10-pg amphetamine dose conditions (P<0.05).

Discussion

In the present study, we examined the relationship be-
tween sucrose feeding and the reinforcing properties of
amphetamine using the i.v.-amphetamine self-adminis-
tration paradigm. Based on a median split of their su-
crose intake, animals were designated as LSF or HSF.
Results showed that during acquisition of self-adminis-
tration behaviour, responding for i.v. amphetamine was
greater in HSF than in LSF across each of ten daily
sessions. Further, in a subsequent phase, it was found
that when animals were given access to different doses
of i.v. amphetamine, responding on the active lever was
greater in HSF than LSF across all doses tested. This
effect reached statistical significance at the doses sup-
porting the highest levels of responding (3 pg and
10 pg per infusion). Taken together, these results suggest
that the reinforcing value of amphetamine may be
augmented in HSF compared with LSF.

These results are supported by previous studies in
which individual differences in sucrose feeding were
found to predict the psychomotor response to amphet-
amine. For example, Sills and Vaccarino (1994) have
shown that HSF demonstrate significantly greater levels
of locomotor activation than LSF following acute treat-
ment with 1.75 mg/kg, but not 1.0 mg/kg, amphetamine.
Further, repeated treatment with the 1.0-mg/kg dose of
amphetamine revealed greater levels of locomotor sen-
sitisation in HSF when compared with L SF. Results from
microdialysis studies suggest that these differences are
mediated via the mesolimbic DA system. For example,
Sills and Crawley (1996) demonstrated that acute sys-
temic treatment with 1.75 mg/kg amphetamine resulted
in significantly greater DA overflow in the terminal re-
gion of the medial-posterior NAcc in HSF than in LSF.
The present self-administration data extend these find-
ings by demonstrating that individual differences in su-
crose feeding are also predictive of amphetamine’s rein-
forcing properties. Additionally, these data are consistent
with findings from studies examining the relationship
between individual differences in other DA-dependent
behaviours and psychostimulant drug reactivity (Piazza
et al. 1989; Bradberry et al. 1991; Hooks et al. 1991a,
1991b, 1992; Piazzaet al. 1991).

Glickman and Schiff (1967) proposed that a common
feature of all natural reinforcers is their ability to facili-
tate approach-related behaviour. This facilitation was
thought to be critically mediated by the medial forebrain
bundle (MFB) system. More recently, a number of au-
thors have extended this idea and suggested that the ca-
pacity of drugs of abuse to serve as positive reinforcers

is intimately associated with their locomotor-activating
properties (Wise and Bozarth 1987; Vaccarino et al.
1989; Vaccarino 1994, 1995). Activation of the mesolim-
bic DA system, a component of the MFB, is proposed as
a critical element in such processes. The sucrose-feed-
ing/self-administration data presented here fit nicely
within such a framework, as do the results from the be-
havioural and neurochemical studies described above.

In contrast to the results reported here, a recent study
has shown no relationship between acquisition of i.v.-
cocaine self-administration and the voluntary intake of a
solution containing the non-caloric sweetener, saccharin
(Gahtan et al. 1996). Similarly, in a study examining in-
dividual differences in saccharin avidity, defined as the
ratio of weight-adjusted fluid intake during availability
of solutions containing both water and saccharin to in-
take during availability of water alone, no relationship
was observed between saccharin intake and acquisition
of i.v.-cocaine self-administration during a single 18-h
session (Gosnell et a. 1998). Interestingly, further exam-
ination of a subgroup of animals whose self-administra-
tion levels did not approach a predetermined limit re-
vealed evidence of an “inverted-U” relationship between
saccharin avidity and i.v.-cocaine intake. However, as
pointed out by these authors, conclusions drawn follow-
ing the elimination of selected data points should be re-
garded tentatively.

The apparent discrepancy between the findings pre-
sented here and those from studies exploring the link be-
tween saccharin intake and cocaine self-administration
are very likely related to a number of important method-
ological differences. For example, granulated sucrose
feeding was assayed in the present study, whereas
previous studies have measured drinking of saccharin-
sweetened solutions. This raises a number of potentially
important qualitative differences. First, it is unclear
whether the form (solid or liquid) of the sweetener used
during the assessment of individual differencesis critical
to the present findings. To our knowledge, no one has yet
directly investigated whether results from studies mea-
suring sucrose feeding generalize to those measuring su-
crose drinking in the context of individual differences.
Second, in contrast to saccharin, sucrose has nutritive
value and its intake is influenced by factors regulating
energy balance. This is shown by behavioura studies
demonstrating differences in sucrose intake between
control and sham-drinking preparations (Mook 1963;
Mook et al. 1983). Third, sucrose and saccharin differ
significantly with respect to taste. In humans, the hedon-
ic properties of saccharin are rated less positively than
are those of sucrose (Schiffman and Erickson 1971).
Further, multidimensional scaling analyses have shown
that, unlike sucrose, the taste of saccharin is associated
with taste stimuli possessing “bitter” and “metallic”
properties (Schiffman et a. 1979). Indeed, Dess (1993)
has reviewed numerous animal studies that have delin-
eated the aversive properties of saccharin. It islikely that
nutritive and taste parameters together account for re-
sults from conditioned place-preference studies showing



that saccharin, unlike sucrose, fails to produce a place
preference even at concentrations that support robust in-
take (White and Carr 1985; Agmo and Marroquin 1997).
The latter findings indicate that saccharin does not rein-
force behaviour to the same degree as sucrose. Thus, it is
likely that both nutritive and taste characteristics, as well
as differences in reinforcing potential, contribute to the
apparent discrepancies between sucrose- and saccharin-
based results.

The studies at issue also differed methodologically
with respect to their self-administration components. In
addition to significant procedural differences between
studies, animals in the present study were assessed for
self-administration of amphetamine, as opposed to co-
caine. While the psychomotor-activating and reinforcing
properties of amphetamine and cocaine appear to be me-
diated viathe same mesolimbic circuitry, their rate of on-
set and metabolism differ. Other differences include their
mechanisms of action. For example, amphetamine acts
primarily by releasing stored pools of DA, while cocaine
blocks the re-uptake of released DA (Carboni et a.
1989). As such, the DA-stimulating actions of amphet-
amine, unlike cocaine, are impulse independent. Addi-
tionally, amphetamine and cocaine have differential ef-
fects on non-DAergic transmitter systems. For example,
amphetamine inhibits re-uptake of norepinephrine, while
cocaine inhibits serotonin re-uptake (Taylor and Ho
1978). Not surprisingly, behavioural studies have also
shown that the profile of reinforcement differs for i.v.-
amphetamine and cocaine self-administration (Shannon
and Risner 1984). So, it is possible that discrepant find-
ings between the present study and previous studies are
due to the use of different psychostimulants.

In summary, the present study examined the relation-
ship between individual differences in oral sucrose in-
take and i.v.-amphetamine self-administration. Results
indicated that responding for amphetamine was signifi-
cantly greater in HSF than in L SF across ten daily acqui-
sition sessions. Further, examination of responding for
different doses of amphetamine showed that lever-press-
ing was significantly augmented in HSF versus LSF at
doses of 3 pug and 10 pg per infusion. These data are con-
sistent with reports that demonstrate greater sensitivity
of HSF than LSF, to the psychomotor-activating and
DA-releasing effects of amphetamine. More generally,
these results are also consistent with studies showing
that individual differences in other DA-dependent be-
haviours are predictive of the activational and reinforc-
ing effects of psychostimulant drugs. The present study
highlights the utility of experimental designs examining
individual differences and, more importantly, has impli-
cations for future studies directed at examining the link
between behaviours associated with conventional rein-
forcers and the acquisition and maintenance of psycho-
stimulant drug abuse.
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