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Abstract

Cocaine- and amphetamine-regulated transcript (CART) peptides appear to modulate various effects
of psychostimulant drugs. Injections of CART peptide into the nucleus accumbens (NAcc) inhibit
locomotion produced by systemic injections of the psychostimulants cocaine and amphetamine.
Intra-NAcc injections of CART peptide also inhibit locomotion produced by microinfusions of
dopamine into the NAcc, suggesting that the effects of CART peptides may be due to an interaction
with the dopaminergic system in the NAcc. We sought to determine if this inhibitory effect of CART
peptide generalizes to other measures of dopaminergic function such as reward/reinforcement by
testing the effect of bilateral intra-NAcc CART infusions (0, 0.25, 1.0 and 2.5 g per side) on cocaine
and food self-administration. One group of rats self-administered cocaine (0.75 mg/kg per 140 ul IV
infusion) on a progressive ratio schedule. A separate group received 45 mg food pellets on the same
progressive ratio schedule. Bilateral intra-NAcc injections of CART peptide dose-dependently
decreased the number of cocaine infusions, the breakpoint of cocaine self-administration, and the
total number of bar presses on the cocaine-associated lever. There were no effects of CART injections
on the break point for food reward. Thus, we conclude that injections of CART into the NAcc appear
to functionally antagonize a major site of action for cocaine self-administration in rats.

Introduction

CART (cocaine- and amphetamine-regulated transcript) peptides are brain/gut
neurotransmitters with potential physiological functions including a role in feeding, anxiety
and stress, sensory processing, and reward/reinforcement, especially pertaining to
psychostimulant drug abuse [For reviews see11’16!25] and August 2007 issue of Peptides).
Anatomically, CART mRNA and peptides are present in reinforcement and drug abuse-related
brain areas including the VTA, NAcc, amygdala, and ventral pallidum, [9!23].

Regarding CART and psychostimulants, Douglas et al. (1995) reported increased CART
MRNA expression in rat striatum after cocaine or amphetamine exposure. While the exact
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nature of this regulation is unclear and the effect is not always seen [28 37] it has been recently
shown that acute cocaine increased the number of CART cells staining for c-Fos [l 1. It has
also been shown that repeated dosing of amphetamine and cocaine in a manner reminiscent of
human drug use increases CART mRNA and peptide in the brain [6 10 15] Additionally,
CART mRNA levels are decreased in the ventral tegmental area gVTA) and increased in the
nucleus accumbens (NAcc) of human cocaine overdose victims [

Weak psychostimulant-related effects are seen after injections of CART peptide into the VTA
[17 22 ]. Intra-NAcc injections of CART alone have no effect on locomotion, but |nh|b|t
locomotion produced by systemic injections of amphetamine [ ] and cocaine [ ] Because
dopamine is thought to be a critical mediator of locomotor activity [ ] and the actions of
psychostimulants [ ] CART may modulate locomotor activity and influence the action of
psychostimulants by altering dopamine activity. Indeed, the slight increase in locomotion
observed after intra-VTA injections of CART peptide has been shown to be dose-dependently
blocked by the dopamine receptor antagonist haloperldol[ ] Inaddition, intra-NAcc injection
of CART peptlde dose-dependently blocked locomotion produced by intra-NAcc injection of
dopamine [ ] The fact that intra-NAcc CART blocked the effects of exogenously applied
dopamine strongly suggests that CART reduces dopamine-mediated events through a post-
synaptic mechanism.

The current literature indicates that intra-NAcc injection of CART peptide can reduce the
locomotor stimulating effect of several psychostimulant drugs as well as dopamine itself. It is
still unclear, however, whether CART peptide can alter other measures of drug reward such
as voluntary drug intake. Therefore, this study sought to determine if intra-NAcc injections of
CART peptide would alter cocaine self-administration in rats. We also examined the effect of
intra-NAcc CART injections on lever-pressing for food reward, in order to determine if
injection of CART peptide selectively affected drug motivation.

A total of seventeen male Sprague Dawley rats (Charles River, Wilmington, MA), weighing
350 — 550 gm at the time of the experiments, were used in these experiments (N=8 in the food
experiment and N=8 in the cocaine experiment). One rat was excluded from the cocaine
experiment because the site of the injections would not be histologically verified. The rats were
maintained on a 12/12 h light/dark cycle with lights on at 0600 hr. The rats were housed in
groups of two prior to surgery and individually housed thereafter and always had food and
water freely available in their home cages. Animal husbandry conformed to the guidelines set
forth in the NIH publication regarding the principles of laboratory animal care [-] and in a
manner approved by the University’s Institutional Animal Care and Use Committee.

Cocaine and food self-administration training and testing

The rats began training for self-administration one week after arrival at the OHSU vivarium.
Animals were trained in 60 min daily sessions in operant conditioning chambers equipped with
two stimulus lights located above two retractable levers (an active and non-active lever), a food
pellet dispenser and a houselight (Med Associates Inc., St Albans, VT). During daily training
sessions animals were allowed to press an active lever on an FR1 schedule of reinforcement
for 45 mg food pellets (Bioserve Inc., Frenchtown NJ). The lever on the opposite side of the
food dispenser was inactive. The reinforcement schedule for food reward was gradually
increased to FR12 over 3-5 days. Rats were then switched to a progressive ratio (PR) schedule
of reinforcement. Under this schedule, response requirements for each successive presentation
of a reinforcer increased progressively in the following series: 1, 2, 4, 6, 9, 12, 15, 20, 25, 32,
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40, 50, 62, 77, 95, 118, 145, 178, 219, 268, 328, 402, 492, 603, 737, 901. Break point (BP)
was determined in the cocaine experiment as the last ration achieved before 1 hr had lapsed
without reinforcement with a maximum session length of 5 hr.

Once rats displayed stable responding on the PR schedule (criterion was 2 consecutive days
within = 2BP), the rats underwent surgery (see below). All of the rats in both the cocaine and
the food self-administration experiments underwent the same surgery. The rats that had failed
catheters prior to receiving any cocaine infusions were used in the food self-administration
experiments (N=6).

After recovering from surgery, rats were placed in the operant conditioning chambers, an
infusion line was attached to their i.v. catheters and a spring tether was attached to the
headmount. In the case of the cocaine self-administration group, the infusion line (PE20) was
attached to a syringe containing a cocaine solution loaded onto a syringe pump (Med Associates
inc, St. Albans VT). Rats received an acquisition dose of 0.75 mg/kg/140 ul of cocaine
delivered over 4 sec on an FR3 schedule of reinforcement during twice daily 1 hr drug access
sessions. When rats achieved an acquisition criterion of at least 5 cocaine infusions in 1 hr
sessions (approximately 3-4 days), they were switched to the PR schedule described above.
They remained on the PR schedule or the rest of the experiment.

Rats in the food self-administration experiment were not food deprived at any time during
training or the experiment. They were placed in operant conditioning chambers and allowed
to lever press for 45 mg food pellets on the same PR schedule as rat in the cocaine self-
administration group. The only difference in reinforcement schedule for the food self-
administration rats was that BP was defined as the last ratio achieved before a 30 min period
had lapsed without receiving a pellet and the maximum session length was 3 hr.

Each rat was anesthetized with a cocktail of ketamine (45 mg/kg) acepromazine (1.0 mg/kg)
and xylazine (5.5 mg/kg) and implanted with a jugular catheter and bilateral guide cannulae
aimed at the nucleus accumbens.

Catheters were constructed similar to a method previously described in detail by Caine et al.
[7]. Briefly, catheters were made by connecting micro-renathane tubing (0.012 mm ID x 0.025
mm OD; Braintree Scientific Inc., Braintree, MA) to an L-shaped external guide cannula
(Plastics One Inc., Roanoke, VA) glued onto polypropylene mesh with cranioplastic cement.
This cannula-mesh assembly was inserted under the skin between the scapulae and served as
a catheter exit point. The other end of the tubing was tunneled subcutaneously and inserted
approximately 27 mm into either the right or left jugular vein. After surgery, each rat was given
the analgesic carprofen (50 mg/ml 0.08 ml s.c.; Rimadyl®; Pfiser Inc., New York, NY).
Intravenous catheters were flushed daily with 0.2 ml isotonic saline containing heparin (70 U/
ml) in the morning and 0.2 ml of the antibiotic ticarcillin (Timentin, 200 mg/ml; Smithkline
Beecham, Philadelphia, PA) dissolved in sterile saline in the evening. Catheter patency was
tested when necessary by infusion via the catheter of the fast acting barbiturate Brevital
(methohexital sodium; 1 mg/0.1 ml; Lilly, Indianapolis, IN). Catheters were deemed patent in
animals showing a profound loss of muscle tone within 5 sec.

Bilateral guide cannulae (23 ga. thin-walled stainless steel tubing cut to 10 mm length) were
lowered into place 4.0 mm above the nucleus accumbens using aseptic stereotaxic surgery.

Cannula coordinates were: A/P +1.2, M/L +1.5, D/V —4.4 mm relative to bregma, according
to the atlas of Paxinos and Watson (1998) [31]. The ventral coordinate for microinjection was
—8.4 mm (see below). An aluminum head shield was placed onto the skull surface just anterior
to the guide cannulae, and the shield and cannulae were anchored in place using cranioplastic
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cement and two 5 mm stainless steel screws (size 00-80; Small Parts Inc., Miami Lakes FL).
Wire stylets (10mm, 26 ga.) were inserted into the cannulae to keep them unobstructed.

Drug Injections

Drugs

Results

Artificial cerebral spinal fluid (aCSF) and CART peptide injections were made using silica
microinjectors. The microinjectors were constructed using fused silica glass tubing (75 pm
i.d., 150 pm o.d.) glued into a 28 ga. stainless steel tubing which in turn was soldered inside a
10 mm piece of thin-walled 23 ga. tubing. The microinjector was constructed in such a way
that the 28 ga. piece extended 2 mm past the end of the guide cannula and the fused silica tubing
extended an additional 2 mm past the end of the 28 ga tubing to the target coordinates of the
NAcc.

The microinjectors were connected to 10 pl syringes via PE20 tubing, and the syringes were
mounted onto pumps (Braintree Scientific, Braintree MA). Bilateral infusions were given in a
volume of 0.25 ul over 75 sec and the injectors were left in place for an additional 30 sec to
allow for drug diffusion and prevent backflow through the cannulae. Drug self-administration
sessions were started 3 minutes after the microinjectors were removed and the stylets were
replaced.

CART peptide (Peptide Institute, Louisville, KY) was dissolved in aCSF consisting of (in mM)
120 NaCl, 4.8 KCl, 2.5 CaCly, 1.2 MgCl,, 25 NaHCO3, 1.2 KH,POy, and 10 glucose (pH
adjusted to 7.3). Cocaine HCI was supplied by the Research Triangle Institute (Research
Triangle Park, NC) under the National Institute on Drug Abuse Drug Supply Program. The
cocaine was dissolved in physiological saline (0.9%) and the pH was adjusted to 6.0.

The data from one rat was excluded from the analysis because the proper placement of the
injectors could not be verified. All the other rats had the injectors properly located in the
accumbens and their data were included in the analysis. Drug injections occurred
predominantly in the transition region between the NAcc core and shell (Figure 1).

The effect of intra-NAcc CART peptide (and aCSF) infusions on the number of cocaine
infusions taken relative to baseline is shown in Figure 2A. Cocaine infusions on the progressive
ratio schedule were normalized to baseline values because the breakpoints for individual rats
varied considerably. CART peptide, but not aCSF, decreased the number of infusions taken
relative to baseline (for each rat, baseline was defined as the average number of infusions taken
in the two consecutive days prior to testing). The effect of CART infusion dissipated by the
next day (labeled “Recovery” in Fig. 2A), when rats achieved normal breakpoints for cocaine
self-administration. There were main effects for time (F, g3 = 10, p = 0.0001) and CART dose
(F3 83 = 3.1, p <0.05) and a significant dose by time interaction (Fg g3 = 3.5, p <0.005; Fig.
2A). Bonfferoni post-tests revealed that the highest dose of CART peptide (2.5 pg/side)
decreased the number of cocaine infusions (and BP) compared to both the aCSF treatment and
the baseline value for the 2.5 pg/side group (p<0.001 for both), while the other comparisons
were not statistically significant. CART peptide dose-dependently decreased the BP for cocaine
self-administration versus baseline levels (see Table 1). A one-way ANOVA revealed
significant differences between groups (F3 30 = 4.6, p < 0.01; Fig. 2A). Bonfferoni post-tests
revealed that the 2.5 pg/side dose of CART peptide decreased the BP versus aCSF (p<0.05),
while the other doses had no statistically significant effects.
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The effect of aCSF and CART peptide injections on the number of inactive lever presses on
the test day is shown in Figure 2B. There were no significant differences in the numbers of
inactive lever presses between treatment conditions. Because the total number of inactive lever
presses was quite low and was occasionally 0 for any given session, we did not transform the
data to a percent of baseline, but instead left it untransformed (total number of lever presses
on the drug treatment day). Regardless, there were no statistically significant differences in the
number of inactive lever presses between groups. The absolute numbers of cocaine infusions
and BP values for baseline, treatment and post-treatment days are summarized in Table 1.

In contrast to the effect of CART on cocaine intake, intra-NAcc injections of CART did not
affect the number of food pellets the non-food deprived rats self-administered on a progressive
ratio reinforcement schedule (Figure 3).

Discussion

We found that bilateral intra-NAcc injections of CART peptide 55-102 decreased several
measures of cocaine self-administration. The total number of infusions, the BP and the total
number of lever presses were all reduced suggesting a reduction in the rewarding value of
cocaine. Our findings are in agreement with previous studies that found an inhibitory effect of
intra-NAcc CART peptide on psychostimulant-induced behaviors. Intra-NAcc CART inhibits
locomotion produced by systemic cocaine [18] and amphetamine [21]. Thus, CART peptide
in the NAcc may function not only to modulate the motor properties but also the motivational/
rewarding properties of psychostimulants.

Intra-NAcc infusions of CART peptide reduced the breakpoint for cocaine self-administration
on a progressive ratio schedule. Breakpoint is a measure of work-effort an animal will expend
for a reward and is positively and, to a point, linearly related to the perceived reinforcement
value, or magnitude of a reinforcer. We therefore interpret the decrease in breakpoint that
occurred after intra-NAcc injection of CART peptide to reflect a decrease in the reward value
of self-administered cocaine. These results are consistent with the findings of previous studies
that intra-NAcc CART infusions reduced locomotion produced by i.p. injections of
amphetamine [21] and cocaine [18], and inhibits the expression of behavioral sensitization to
cocaine [41]. Thus, CART inthe NAcc appears to functionally inhibit the activating/reinforcing
effects of psychostimulants.

The mechanism for the effect of intra-NAcc CART peptide injections on cocaine self-
administration is currently unknown but presumably occurs through a CART receptor. A
CART receptor has been revealed by CART’s induction of signaling. An inhibition of L-type
voltage-gated calcium channels by CART peptide has been reported in cultured rat
hippocampal neurons [40]. Specific CART peptide receptor binding has been identified in
AtT20 cells [36], PC12 cells [27], HepG2 cells, hypothalamic dissociated cells [20], and in
primary cultures of NAcc neurons [1 ]. Binding studies indicate that the CART receptor is a
GPCR, which utilizes a pertussus toxin sensitive Gi/o coupling. In addition, based on the fact
that different CART peptide fragments have varying potencies on different behaviors [4’35]
there may be multiple CART receptors [36].

There is a growing literature documenting interactions between dopamine and CART peptide.
Medium spiny GABAergic output neurons in the NAcc contain CART peptide and express
dopamine D1, D2 and D3 receptors [5'13] and CART mRNA is regulated by D3 receptors
[6’14]. We have previously reported that NAcc injections of CART geptide dose-dependently
blocked locomotion caused by intra-NAcc injections of dopamine [ 8], which suggests that
CART inhibits dopaminergic activity downstream from dopamine release. In contrast to its
effect within the NAcc, a previous study showed that administration of CART into VTA caused
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amoderate increase in DA levels in the NAcc as measured by microdialysis [26]. Since CART
receptors are coupled to Gi/o, we suspect the increase in DA resulted from disinhibition of
VTA dopamine cells.

Responses to psychostimulants have been tested in mice lacking the gene necessary for
producing CART, however the results have been inconsistent. Couceyro et al. (2005) found a
decrease in cocaine self-administration as well as altered amphetamine-induced locomotor
activation and sensitization in CART knockout mice [8]. In contrast, another study found no
differences in cocaine self-administration or cocaine-induced locomotor sensitization between
wild type and CART knockout mice [33]. In the study by Steiner et al. (2006) psychostimulant-
induced locomotor sensitization was measured using different stimulants (cocaine vs.
amphetamine) and sex of the subjects; the study by Couceyro et al. (2005) used male mice,
while Steiner et al. used female mice in their sensitization experiments. It is noteworthy that
these labs used different groups of CART knockout mice with different backgrounds designed
with different methodologies; the 2005 study by Couceyro et al. used knockout mice with all
three CART exons deleted and expressed onto a mixed genetic background, while Steiner et
al. (2006) used knockout mice with the first and second exons deleted and expressed onto a
C57B1 background. The source(s) of the disparate results remain to be resolved, particularly
in light of another recent study by Moffett et al (2006) who reported decreased self-
administration of low doses of cocaine (0.125 & 0.25 mg/kg/infusion) but not a higher dose
(0.5 mg/kg) vs. wild-type in the same CART knockout mice used by Steiner et al. [30]. Thus
the effect of a CART knockout on psychostimulant-related behavior, including cocaine self-
administration, remains unresolved. Some, but not all groups have found a decrease in self-
administration of cocaine using the knockout model. Nevertheless, due to the large amount of
research in intact animals reporting CART peptide regulation of a number of psychostimulant
behaviors (including the present study), it appears that CART peptide may serve a regulatory
peptide of the mesolimbic dopamine system, although this modulation may be altered or
lacking in CART knockout mice. It is apparent that additional research is needed to delineate
the effect of CART using a genetic deletion model, but our studies using intact animals clearly
indicate that CART has an inhibitory effect on cocaine reward in rats.

In contrast to the effect seen on cocaine self-administration, intra-NAcc CART peptide
infusions did not alter food self-administration. The factors involved in the effect of intra-NAcc
on cocaine-, but not food-self administration, remain to be clarified. For example, in contrast
to the lack of an effect on food self-administration seen here, Yang et al (2005) found that intra-
NAcc infusions of similar doses of CART peptide decreased free feeding in rats [39].
Interestingly, this effect was more pronounced in freely fed rats compared to fasted rats. Clearly
more work is needed to discern if this is a fuel availability issue (i.e. fasted versus non fasted)
or a motivational issue (e.g. normal rat chow in a non-operant setting versus more appetitive
food pellets in an operant setting). Overall, our findings suggest that the effect of CART peptide
on cocaine self-administration may have at least some degree of selectivity between various
stimulus-seeking behaviors and different reinforcers.

It is worth noting that slight tremors were occasionally observed in a few rats that received the
highest dose of CART peptide. These tremors were only seen when the rats were moving, not
when they were at rest. Movement-associated tremors mainly involved the head and did not
appear to impact the rest of the body or interfere with animals’ lever pressing ability. The
majority of rats that received the highest dose of CART displayed bursts of high frequency
lever pressing at various times during the test session although all showed a reduced break
point. (For instance, the BP of one rat decreased from a baseline average of 178 to 95 after
receiving the 2.5 pg/side dose of CART. The time required to complete each progressive
cocaine infusion between 1 and 95 never took this particular animal longer than 13 minutes,
including the PR95, however the rat did not complete the next ratio [118 lever presses] even
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though ithad a full hour to attain it.) In general, this observation argues againsta CART-induced
deficit in movement ability, since rats were able to attain relatively high response levels after
CART injection. In addition, even at the highest dose tested, CART did not affect responding
for food reward on a PR reinforcement schedule. This is evidence that intra-NAcc injection of
CART did not interfere with the animals’ ability to lever-press.

The neural source of the head tremors is not clear. Similar, although more severe, movement-
associated tremors in head movement have been reported after CART injections into the lateral
ventricle, apparently acting at a hindbrain site surrounding the 41 ventricle [2]. CART fibers
exist in the nucleus of the solitary tract, parabrachial nucleus, locus coeruleus, and raphe nuclei
[24], and activation of one or more of these sites may be responsible for the observed head
tremors, potentially via enhancement of serotonergic function producing a “serotonin
syndrome” [2]. Although our histological examination revealed no obvious signs of ventricular
intrusion (e.g. a discontinuity in parenchymal cell junctions), there is a possibility that with the
highest dose of CART, a small amount of drug entered the ventricular system and contributed
to the advent of head tremor. However, locomotor studies by Jaworski et al (2003) did not
reveal any locomotor changes in rats after this dose of CART and it is doubtful that CART
interfered with self-administration through a motor process. Finally, intra-NAcc CART
injections, even at the highest dose, did not affect progressive ratio responding for food pellets,
which indicates that motor function was not likely to have been impaired by CART.

In summary, this study found that intra-accumbal injection of a 2.5 pg/side dose of CART
reduced cocaine self-administration on a progressive ratio reinforcement schedule. Since
progressive ratio schedules result in relatively linear cocaine dose-response functions [32], we
interpret the reduction in work effort to self-administer cocaine following CART infusion to
reflect a reduction in motivation to obtain drug. This study agrees with and extends the findings
of previous studies showing that CART peptide opposes the actions of psychostimulants. Our
findings are among the first to demonstrate that CART can regulate motivational processes
governing drug-seeking behavior.
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Figure 1.

Locations of the intra-NAcc injection sites are depicted on schematic drawings of coronal
slices. Numbers represent mm from Bregma according to the atlas of Paxinos & Watson (1998).
Injection sites in rats that completed the cocaine self-administration study are depicted by red
circles. Injection sites in rats used in the food self-administration study are shown in blue
triangles.
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Figure 2.

A. The effect of intra-NAcc infusions of CART peptide on the number of cocaine infusions
taken relative to baseline (grey bars; average of the 2 days prior to testing), CART
microinjection day (black bars) and recovery (average of the 2 days after treatment; white bars).
Data are MEAN=SEM. The n/group was 8,7,8, and 11 for the aCSF, 0.25,1.0and 2.5 ug CART
injection groups, respectively. The asterisk denotes a significant difference from the treatment
day value obtained for aCSF (p<0.05). B. The effect of the CART peptide infusions on the
absolute number of inactive lever presses on baseline (grey bars), CART microinjection day
(black bars) and recovery (white bars). There were no significant differences between the
treatment groups. These data are not depicted as a percent of baseline because in some animals,
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the number of inactive lever presses was 0. Data are MEAN£SEM. The n/group was 8,7,8, and
11 for aCSF, 0.25, 1.0 and 2.5 pg CART peptide injection groups, respectively.
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Figure 3.

The effect of intra-NAc injection of CART peptide (and aCSF) on food pellets received on a
progressive ratio reinforcement schedule. Data are MEANSEM. N=6 per group.
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