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Abstract

Variations in dietary constituents such as carbohydrate are known to alter psychostimulant function in brain. Relatively few studies have
examined the reinforcing effects of psychostimulants in subjects maintained on high-fat diets. The present experiment compared the rate of
acquisition of an operant response for intravenous (i.v.) cocaine infusions (0.2 mg/kg) in rats fed either a chow-pellet diet or a 35.9% (by weight)
high-fat diet for 45 days prior to cocaine self-administration testing. Rats maintained on a high-fat diet for 45 days exhibited diminished
acquisition of cocaine self-administration, and this effect was not a function of dietary-induced obesity. The results suggest that prolonged
exposure to a high-fat diet diminishes the efficacy of cocaine reinforcement.

© 2007 Elsevier Inc. All rights reserved.
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Nutritional status is an important modulatory factor for the
acquisition and maintenance phases of cocaine self-administra-
tion (Campbell and Carroll, 2000; Carroll, 1998). Food
deprivation/restriction augments the acquisition of cocaine
and amphetamine self-administration (Carroll, 1998) and
augments the acute locomotor response to cocaine (Bell et al.,
1997). In contrast, the acquisition of drug self-administration is
delayed when the rats are trained under conditions of food
satiation (Campbell and Carroll, 2000; Carroll and Lac, 1998;
Carroll and Meisch, 1980) or when rats are fed a chow diet
spiked with a sweet flavor such as saccharin (Carroll and Lac,
1998).

Rodent chow diets ordinarily contain about 10% fat of total
calories, whereas humans consume more than 30% of their daily
calories as fat (Bray et al., 2002). Rats maintained on a chow-
pellet diet will “binge” on fat (Corwin, 2004) when such fat is
offered during a brief access period (i.e., under conditions of
restricted fat access). Acute consumption of fat is reinforcing, as
indexed by conditioned taste preference (Sclafani and Ackroff,
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2004) and by the capacity of acute consumption of fat to induce
a conditioned place preference (Figlewicz et al., 2004). Acute
ingestion of liquid fat (corn oil) during sham-feeding increases
extracellular levels of dopamine within the nucleus accumbens
(NACC) (Liang et al., 2006).

Relatively few studies have examined the impact of acute or
chronic fat ingestion on drug reinforcement. Gosnell (2000)
reported that preference for fat, as assessed by fat consumption
in a brief access test, does not predict the subsequent rate of
acquisition of i.v. cocaine self-administration, whereas sucrose
preference does. The Gosnell study, however, did not assess the
impact of maintenance diet fat content on cocaine self-
administration. Consumption of fat reduces oral consumption
of amphetamine by rats (Kanarek et al., 1996), which suggests
that fat consumption may diminish subsequent amphetamine
reinforcement. That variation in daily fat intake may modulate
reactivity to cocaine and other psychostimulants is important
given the propensity of humans to consume high-fat diets (Bray
et al., 2002).

The aforementioned studies suggest that chronic ingestion of
a high-fat diet may diminish cocaine reinforcement. Accord-
ingly, the present study considered the potential impact of
exposure to a high-fat diet on subsequent weight gain and
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reactivity to cocaine. Rats were maintained on a chow diet or a
high-fat diet for 45 days, implanted with a jugular catheter, and
then tested for acquisition of cocaine self-administration, using
the methods of Carroll and colleagues (Campbell and Carroll,
2000, 2001; Carroll, 1998).

1. Materials and methods
1.1. Animals

The studies were approved by the Texas A&M University
Laboratory Animal Care Committee. The subjects were adult
male Sprague Dawley rats (Harlan Industries: Houston, TX)
weighing approximately 285-325 g at the beginning of the
study. The rats were single-housed in plastic hanging cages in a
colony room maintained at 22.0+1 °C under a 12-h light/dark
cycle (lights on at 1200 h) and fed standard chow pellets (or a
high-fat test diet) and tap water ad libitum, except when noted
below. Rats were tail-marked for ease of identification.
Behavioral testing commenced at approximately 15:00 h, 3 h
into the 12-h light cycle.

1.2. Drugs

Cocaine hydrochloride was provided from the Research
Technology Branch of the National Institute of Drug Abuse
(to JRN) and was dissolved in heparinized saline.

1.3. Diets

Two maintenance diets that varied in fat content were used in
the present study. The low-fat diet consisted of a pelleted rodent
chow diet (Teklad 8604W). The high-fat (HIGH-FAT) diet
consisted of two parts by weight of ground chow and one part
melted vegetable shortening (Hill Country Farms, San Antonio
TX) and was prepared fresh every third day (Wellman et al.,
2005). The HIGH-FAT diet was thoroughly mixed while hot,
allowed to cool and then remixed and stored at room
temperature. The nutritional content of the chow diet (by
weight) was 4.5% fat and 24.8% protein; with a calculated gross
energy content of 3.3 kcal/g. In contrast, the HIGH-FAT diet
contained about 35.9% fat (by weight) and 16.3% protein and
its calculated energy content was 5.28 kcal/g. Each diet was also
made available to the rats in the self-administration chambers
during the acquisition period.

1.4. Surgical procedures

Rats were pretreated with 0.4 mg/kg (i.p.) atropine sulphate
and anesthetized with an IM combination of ketamine (80 mg/kg)
and xylazine (20 mg/kg). Using a backplate technique,
implantation of chronic indwelling jugular catheters was
performed using sterile techniques as described in detail
elsewhere (Nation et al., 2003; Rocha et al., 2005). The rats
were allowed 5 days to recover from surgery before commencing
cocaine self-administration testing. During this recovery period,
each rat received in the home cage hourly intravenous (i.v.)

infusions (200 pl) of a sterile saline solution containing heparin
(1.25 U/ml) and penicillin potassium G (250,000 U/ml).
Following recovery, animals received automated hourly infusions
(213 pl) of heparinized saline over a 6.0-s time frame in the home
cage for the duration of'the study. All animals received continuous
access to food and water for 5 days while recovering from surgery.

Inasmuch as food restriction is known to accelerate cocaine
acquisition (Campbell and Carroll, 2001), the rats were not food
deprived in the present studies. Rats were fed either the chow or
the HIGH-FAT diet throughout the study, including during the
daily acquisition sessions. Uncontaminated water was available
ad libitum throughout the study. Animals were weighed daily
prior to testing. Food was continuously available in home cages
following the end of each daily testing session.

1.5. Apparatus

Twelve operant conditioning chambers (Model E10-10,
Coulbourn, Allentown, PA) in sound-attenuating cubicles
served as the test apparatus. Each chamber had two levers and
a stimulus light located above each lever. Infusion pumps (Razel
Scientific Instruments; Stamford, CT) controlled drug delivery
to each of the boxes. A 20-ml syringe delivered i.v. infusions
(160 pl) over a 6.0-s time frame. The system was interfaced
with 2 IBM computers, each controlling drug delivery and
recording data from 6 chambers. The rats were offered a 15-ml
beaker of water and their food source (pellet or HIGH-FAT) in
each test chamber. Food pellets were glued to plastic Petri
dishes whereas the HIGH-FAT diet was offered to the rats in a
15-ml beaker glued to a plastic Petri dish. Food spillage was
collected on paper pads beneath each chamber; total 6-h food
intake was measured at the end of each session.

1.6. Procedure

1.6.1. Autoshaping component

Each of the 6-h experimental sessions consisted of two parts,
an autoshaping, and a self-administration component. Testing
was carried out seven days per week. For the first 3 h, during the
autoshaping component, testing commenced with the retract-
able lever drawn outside the reach or vision of the animal. After
a 90-s time-out period, the retractable lever extended into the
operant chamber at which point the animal received an i.v.
cocaine infusion if it pressed the lever or after 15-sec, whichever
occurred first. Once again, a 90-s time-out period was instituted.
As before, the active lever was then extended into the chamber
and the animal was given 15 s to press the lever for an
immediate infusion of cocaine, or, if no response occurred the
animal received a noncontingent cocaine infusion at the end of
the 15-s period. This cycle repeated for the first 20 min of each
hour for 3 h (30 total cocaine infusions).

With the chamber house-light off, the stimulus light above
the active (right) lever was lit for the 6-s duration of the infusion
and terminated immediately after. The inactive (left) lever
remained extended inside the chamber throughout the study.
Responses on the inactive lever, as well as responses during an
infusion, were recorded but had no programmed consequences.



P.J. Wellman et al. / Pharmacology, Biochemistry and Behavior 88 (2007) 89-93 91

250

w
>
©
T 200 - -
[Ts]
h
o s
£ 1507
m v
(U] ' . g
% 100 - N * )
g .
> 501
°
=]
m

0 r . . T

W S < 3
O (e) bas <>
o o s e}
o o |
¥ ot "
Diet Groups

Fig. 1. Changes in body (g) for rats fed either a chow-pellet diet or a 35.9%
(by weight) fat diet for a 45-day period prior to self-administration surgery and
testing. The groups are broken into those that acquired or did not acquire while
fed a chow diet (N=7) or a high-fat diet (N=38).

A 0.20-mg/kg cocaine HCI infusion (.160 ml) was delivered to
the animal following each lever retraction regardless of whether
the action was contingent or noncontingent. After the first
20 min of each hour, following the 10 cocaine infusions, all
stimulus lights were extinguished and the active lever remained
retracted for a 40-min time-out session, until testing recom-
menced at the beginning of the next hour.

1.6.2. Self-administration component

For the second 3-h component of the experiment, the
retractable lever remained extended and cocaine infusions were
contingent upon lever pressing under an FR-1 schedule. As
before, responses on the left lever and responses during an
infusion delivery were recorded, but had no programmed
consequences. At the end of the 3-h self-administration period,
testing was concluded for the day.

The criterion for acquisition of cocaine self-administration was
a mean of 25 infusions per day over 2 consecutive daily self-
administration sessions and was based on our previous study
{Rocha, 2005 #213}. The cocaine dose (0.20 mg/kg) was chosen
based on data from previous studies that show this dose is
marginally reinforcing, and does not produce satiation or motoric
impairments (Campbell and Carroll, 2001; Rocha et al., 2005).

In order to maintain patency during acquisition training,
catheters were flushed twice daily with 0.2 ml of a heparinized
saline solution; once prior to and once following each daily
testing session. At the end of the study, each animal received an
i.v. infusion of 7.50 mg/kg sodium pentobarbital. Catheter
patency was verified by rapid onset of brief anesthesia.

1.7. Statistical analyses

Data were analyzed only for rats sustaining open catheters
throughout the experiment. Animal body weights recorded
during the 45-day diet exposure phase were converted to change
values (day 45 weight less day 0 weight). The differences in

weight gain between chow and HIGH-FAT groups were
contrasted using a Student’s ¢ test. Two different approaches
were taken with regard to analysis of acquisition of cocaine self-
administration. In the first set of analyses, the comparative rates
of acquisition of cocaine self-administration were assessed for
successive 5-day periods using the Kaplan—Meier survival
analysis, Breslow statistic (Rocha et al., 2005). This analytical
procedure is ideally suited for determining differences in rate
with respect to animals reaching a set criterion (SPSS; Chicago,
IL). An additional analysis used a proportion test to compare
performance patterns in which animals reach criterion at
different rates (Bruning, 1997). Food intakes during the 6-
h daily session were recorded to the nearest 0.1 g and converted
to kcal. Difference probabilities that are <0.05 were deemed
statistically significant.

2. Results

Rats fed a chow-pellet diet or a high-fat diet for 45 days
showed variable degrees of weight gain (see Fig. 1). Comparison
of average weight gains indicated that the HIGH-FAT rats gained
significantly more body weight than did the chow-fed rats during
the 45-day exposure period (p<0.04). In this figure, the weight
gains are displayed separately for rats fed the chow diet that
either acquired (ACQ-CHOW) or did not acquire cocaine self-
administration (NO ACQ CHOW) and for rats fed the high-fat
diet that either acquired (ACQ-FAT) or did not acquire cocaine
self-administration (NO ACQ FAT). As can be seen, the rats that
acquired cocaine self-administration tended to show weight
gains that were close to the average of each diet group.

Fig. 2 illustrates the cumulative percentage of rats in each
diet exposure condition meeting criterion for the acquisition of
cocaine self-administration. Rats maintained on a chow-pellet
diet slowly acquired cocaine self-administration such that at the
end of 25 days, 3 of 7 rats met the criterion of 25 responses/3-h self-
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Fig. 2. Cumulative percentage (%) of rats fed a pellet diet (closed symbol: N=7)
or a high-fat diet (open symbol: N=8) rats meeting the criterion for the
acquisition of cocaine self-administration within the 25-day limit. Chow-pellet
rats were fed a pellet diet in the home cage whereas high-fat rats were fed a
35.9% (by weight) high-fat diet for 45 days prior to the start of cocaine testing.
The cocaine hydrochloride dose was 0.2 mg/kg/infusion and the criterion was
set at 25 responses during the last 3 h on 2 consecutive days.
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administration session. In contrast, 2 rats of 8 maintained on the
HIGH-FAT diet acquired the self-administration of cocaine,
but this did not occur until day 17 and day 25, respectively, of
the 25-day acquisition period. Survival analyses indicated
significant differences between the HIGH-FAT and chow
groups during days 11-15, and 16-20 (p<0.05) but not
during days 1-5, 6—10, or 21-25. A proportion test indicated
a significant difference (p<0.03) between the groups on
day 16 of the acquisition period. The rats were fed their
respective diets during the 6-h testing period. The chow-fed
rats consumed an average of 6.9 g of the chow diet
(approximately 22.7 kcal) over the 6-h test period, whereas
the HIGH-FAT rats consumed an average of 5.7 g (approx-
imately 30 kcal), a difference that was not statistically
significant (p=0.337). Food intakes were not recorded in the
home cage between self-administration sessions.

3. Conclusions

In the present experiment, rats fed a standard pellet diet
showed gradual acquisition of i.v. cocaine self-administration
such that 42% of the rats met the acquisition criterion by day 25.
This pattern of acquisition is similar to that noted in a chow-fed
control group in a recent report from this laboratory (Rocha
et al., 2005). In contrast, rats fed a high-fat diet showed
diminished acquisition of cocaine self-administration. One
explanation for this effect is that maintenance on a high-fat
diet results in differential weight gain such that high-fat fed rats
gain more weight on average than do chow-fed rats (Levin,
2000). A fraction of rats fed a high-energy diet will rapidly gain
weight and are termed diet-induced obese (DIO) rats, whereas
another fraction, termed diet-resistant (DR) rats, maintain body
weights comparable to chow-fed rats. Thus, DIO and DR rats
are both exposed to a high-energy diet, but DR rats do not
exhibit significant weight gain.

Obesity per se might alter drug dosing, pharmacokinetics of
cocaine, or CNS reactivity to cocaine. However, in the present
experiment, cocaine dosing was adjusted for body weight.
Moreover, there was substantial variability in weight gain (see
Fig. 1) within the groups relative to that between groups. As can
be seen, rats that acquired cocaine self-administration (groups
ACQ-CHOW or ACQ-FAT) showed weight gains that were
close to the median for the chow group and for the HIGH-FAT
group. With regard to pharmacokinetic differences associated
with varying degrees of body weight, male and female rats
differ substantially in body weight and carcass fat content, yet
show similar pharmacokinetic profiles to cocaine (Bowman
et al., 1999). Body weight per se does not appear to account for
the differences in acquisition of cocaine self-administration.

Nutritional status is known to modulate the acquisition of
psychostimulant self-administration. It has been shown that
palatable food has higher reward efficacy via increased dopamine
release in NACC (Roop et al., 2002) and that food deprivation
increases the rewarding effects of drugs of abuse (Carr, 2002). A
common laboratory procedure is to restrict rats to a limited amount
of food per day during acquisition of cocaine self-administration.
Such restriction necessarily alters body weight and growth

patterns. In the present study, rats were offered food at all times
in the home cage as well as in the self-administration testing
chambers. It is unlikely that the present effect of diminished
acquisition of cocaine self-administration represents a difference in
calories consumed during the 6-h session, inasmuch as there were
no significant differences between the groups in terms of calories
consumed. Consumption of food per se during acquisition training
is known to diminish the rate of acquisition. In the present instance,
it appears that feeding rats a high-fat diet diminishes the rate of
acquisition of cocaine self-administration. Acute consumption of
corn oil augments dopamine levels within the NACC, whereas
relatively few studies have examined the impact of chronic
maintenance on a high-fat diet on psychostimulant reactivity.

The diets used in the present study are dissimilar in a number
of dimensions. The HIGH-FAT diet has a greasy rather than solid
texture, contains more calories as fat (35.9% versus 4%), less
protein (16.3% versus 24.0%) and reduced amounts of vitamins
and minerals (due to dilution by the addition of fat). It should
therefore be noted that these diets are not balanced with regard to
protein or to vitamins and minerals and it is thus possible that the
behavioral results reflect one (or more) of these diet differences.
It is unlikely that the protein difference produced this profile
given that the level of protein in the HIGH-FAT diet exceeds the
maintenance requirement of 5—15% for adult animals (Anon-
ymous, 1995; Bernardis and Bellinger, 1981). Future studies
using protein and vitamin/mineral balanced diets will be
required to confirm the present results.

Psychostimulants are also used to suppress appetite and
reduce body weight (Blosser et al., 1987; Cochrane et al., 1998;
Wellman, 2005) and several studies have considered the
interaction between dietary fat consumption and drug-induced
anorexia. Clegg et al. (2003) have shown that increased dietary
fat reduces the anorectic effects of ICV injection of MTII,
without change in mRNA expression of POMC, AgRP and
MC4R. Elsewhere, rats fed a high-fat diet exhibit greater
anorexia and weight loss in response to nicotine administration
than that noted in a chow control group (Wellman et al., 2005).
Rats fed a 35.9% HIGH-FAT diet exhibited a greater suppression
of eating to the systemic satiety peptide cholecystokinin (CCK)
than did rats fed a chow-pellet diet (Torregrossa and Smith,
2003). These studies suggest that maintenance on a high-fat diet
can augment or diminish the capacity of drugs to suppress
appetite. The present study extends that literature to include a
reduced reinforcing action of cocaine in rats fed a high-fat diet.
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