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Abstract
Mesencephalic dopamine neurons form synapses with acetylcholine (ACh)-containing interneurons
in the nucleus accumbens (NAcc). Although their involvement in drug reward has not been
systematically investigated, these large aspiny interneurons may serve an important integrative
function. We previously found that repeated activation of nicotinic cholinergic receptors enhanced
cocaine intake in rats but the role of muscarinic receptors in drug reward is less clear. Here we
examined the impact of local changes in muscarinic receptor activation within the NAcc on cocaine
and food self-administration in rats trained on a progressive ratio (PR) schedule of reinforcement.
Animals were given a minimum of 9 continuous days of drug access before testing in order to establish
a stable breaking point (BP) for intravenous cocaine infusions (0.75 mg/kg/infusion). Rats in the
food group acquired stable responding on the PR schedule within 7 days. On the test day, rats were
bilaterally infused in the NAcc with the muscarinic receptor agonist oxotremorine methiodide (OXO:
0.1, 0.3 or 1 nmol/side), OXO plus the M1 selective antagonist pirenzepine (PIRENZ; 0.3 nmol/side)
or aCSF 15 min before cocaine or food access. OXO dose dependently reduced BP values for cocaine
reinforcement (-17%, -44% [p<0.05] and -91% [p<0.0001] for 0.1, 0.3 and 1.0 nmol, respectively)
and these reductions dissipated by the following session. Pretreatment with PIRENZ blocked the BP-
reducing effect of 0.3 nmol OXO. Notably, OXO (0.1, 0.3 and 1.0 nmol/side) injection in the NAcc
did not affect BP for food reward. The results suggest that muscarinic ACh receptors in the
caudomedial NAcc may play a role in mediating the behavior reinforcing effects of cocaine.
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1. Introduction
The mesolimbic dopamine (DA) system has been the primary focus of research on the
neurochemical substrates of drug reward and addiction. Terminals of DA cells projecting from
the ventral midbrain are susceptible to the action of psychostimulants that potentiate DA
transmission by acting as substrates for (e.g. amphetamines) or inhibitors of (e.g. cocaine) the
DA reuptake transporter (Gulley and Zahniser 2003). A key projection site of DA cells from
the ventral tegmental area (VTA) is the nucleus accumbens (NAcc), where DA terminals
synapse on medium spiny gamma-aminobutyric acid (GABA)-containing cells and a smaller
population of large, aspiny acetylcholine (ACh) -containing interneurons (Smith and Bolam
1990). Cholinergic interneurons have large dendritic arbors and an extensive network of axons
that contact many cell bodies and terminals within the NAcc (Kawaguchi et al. 1995; Meredith
and Chang 1994). In conjunction with DA inputs from VTA, ACh interneurons can modulate
the activity of the GABA projection neurons, the primary output neurons of the NAcc (de Rover
et al. 2002; Di Chiara et al. 1994).

Several lines of evidence suggest that stimulation of both nicotinic and muscarinic cholinergic
receptors can affect mesolimbic DA levels and modify the reinforcing value of self-
administered drugs. In this regard, the action of nicotine (the prototypical agonist at nicotinic
ACh receptors) on the mesolimbic DA system has been studied extensively (Mansvelder et al.
2003; Mansvelder and McGehee 2002) as has its interaction with other drugs of abuse such as
alcohol (Le et al. 2003; Soderpalm et al. 2000) and cocaine (Bechtholt and Mark 2002; Corrigall
et al. 2002; Zachariou et al. 2001). These studies demonstrate that nicotinic activation increases
extracellular DA in the NAcc, stimulates locomotor activity with repeated exposure and can
potentiate the rewarding value of cocaine.

In comparison to the rather clear-cut situation for nicotinic activation, the role of muscarinic
receptors in mediating reward processes is less clear. Muscarinic M5 receptors in the VTA are
necessary for slow onset depolarization of dopamine neurons, increased dopamine levels in
the NAcc and brain stimulation reward (Yeomans et al. 2001). In addition, there is evidence
that systemic administration of muscarinic agonists can decrease amphetamine-induced
hyperactivity (Shannon and Peters 1990) and inhibit amphetamine-induced DA release in the
NAcc (Ichikawa et al. 2002). Conversely, muscarinic antagonists enhance the locomotor
stimulating effects of amphetamine and cocaine (Bymaster et al. 1993; Hagan et al. 1987;
Shannon and Peters 1990). Systemic administration of muscarinic agonists and partial agonists
have been reported to decrease cocaine self-administration rates in mice (Rasmussen et al.
2000) whereas co-administration of the muscarinic antagonist scopolamine with cocaine
decreases cocaine self-administration in rhesus monkeys (Ranaldi and Woolverton 2002). In
addition, mice lacking the muscarinic M5 receptor subtype self-administer less cocaine and
show reduced cocaine conditioned place preference (CPP) compared to their wild-type
counterparts (Fink-Jensen et al. 2003), suggesting that M5 receptors potentiate cocaine reward.

Identifying the precise location of cholinergic effects on psychostimulant reward has been
difficult because systemic administration of drugs and genetic deletion models affect receptors
throughout the nervous system. However, recent work has focused attention on the NAcc as a
site of interaction between cholinergic mechanisms and cocaine reinforcement. ACh
interneurons in the NAcc are known to be responsive to cocaine self-administration (Berlanga
et al. 2003; Mark et al. 1999) and ablation of cholinergic interneurons within the NAcc using
immunotoxin-mediated cell targeting results in increased cocaine-induced locomotor activity
and enhanced cocaine reward, as measured by CPP (Hikida et al. 2001). In contrast,
augmentation of ACh levels with acetylcholinesterase inhibitors following cholinergic lesions
has the opposite effect (Hikida et al. 2001; Hikida et al. 2003). These studies suggest that ACh
in the NAcc may have an overall inhibitory effect on cocaine reward.
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In humans, a clinical study of the acetylcholinesterase inhibitor, donepezil (Aricept) did not
find a significant effect on the abuse of cocaine by addicts as measured by quantitative urinary
benzoylecognine (Winhusen et al. 2005). However, this study had a limited number of subjects
per group, perhaps insufficient (given the variability in quantitative cocaine metabolite levels)
to detect a modest decrease in abuse. Still, the use of cholinergic drugs remains an appealing
approach given the number of muscarinic, nicotinic and broad-spectrum cholinergic agents in
clinical development as nootropic/cognitive enhancing agents (Narahashi et al. 2004).
Cognitive deficits are believed to complicate stimulant abusers’ attempts at abstinence and
rehabilitation, perhaps by increasing impulsivity (Goldstein et al. 2005). Medications that
directly modulate reinforcement of self-administration may be appealing under these
conditions. Pre-clinical studies provide strong evidence that cholinergic cells in the NAcc play
an important role in modulating the reinforcing value of psychostimulants but the nature of the
cholinergic receptors that are critical for this effect remains unclear. To address this question,
the aim of the present study was to examine the role of muscarinic receptors on cocaine
reinforcement within the NAcc using the self-administration model combined with
microinjections of the muscarinic agonist oxotremorine in rats.

2. Results
Oxotremorine effects on cocaine self-administration.

The initial analysis examined the effect of OXO, PIRENZ, or OXO + PIRENZ on the number
of cocaine infusions across all 5 time points (Figures 2 & 3). There was a significant interaction
between time and treatment [F(20,116) = 5.06, P < 0.001], indicating that treatment
differentially altered cocaine infusions. Follow up ANOVAs across treatment at each time
point confirmed that treatment significantly affected cocaine infusions only on the test day [F
(5,31) = 11.5, P < 0.001]. Treatment did not significantly alter cocaine infusions on the two
baseline or two post-test time points. Based on the significant interaction and our a priori
hypothesis that use of an antagonist would block the effect of the agonist, separate analyses
were conducted on the OXO dose response data and the PIRENZ co-administration data.

The dose-dependent effect of OXO microinjections on intravenous cocaine infusions is
depicted in Figure 2A. When the analysis was conducted across all 5 time points, there was no
main effect of treatment [F(3,19) = 1.56], but there was a significant effect of time [F(4,76) =
19.65, P < 0.001]. A significant interaction between time and treatment [F(12,76) = 5.44, P <
0.001] confirmed that OXO differentially altered cocaine infusions on the test day versus the
other time points. This conclusion was supported by the significant main effect of treatment
[F(3,19) = 3.95, P < 0.05] and the significant interaction between time and treatment [F(6,38)
= 12.63, P < 0.001] when the analysis was conducted across 3 time points (2 baseline days and
test day). The significant interactions were followed up with one-way ANOVAs across
treatment at each time point. These analyses revealed a significant effect of treatment condition
only on the test day [F(3,19) = 30.225, P < 0.001]. Neither session in the baseline period nor
the 2-day post-test period showed a significant effect of treatment condition on the number of
cocaine infusions. Pairwise comparisons (Tukey HSD) of cocaine infusions on the test day
showed significant differences between aCSF and doses of OXO at 0.3 nmol (P < 0.05) and
1.0 nmol (P <0.001). Cocaine infusions following administration of the highest OXO dose also
were significantly lower than those following the 0.1 and 0.3 nmol doses (P < 0.001).

There was no statistically significant difference in inactive lever responding between treatment
conditions either before (baseline), during OXO treatment (test-day) or in the post-test sessions
(Figure 2B). Thus, microinjection of OXO into the NAcc produced a dose-dependent selective
reduction in the number of cocaine infusions.
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Injection of the M1/4 receptor antagonist, PIRENZ (0.3 nmol/side) attenuated the effect of 0.3
nmol/side OXO, but it did not have an effect on cocaine infusions by itself (Figure 3A). This
conclusion is supported by the lack of main effect of treatment [F(2,18) = 0.50] and lack of
interaction between treatment and time [F(4,36) = 2.49]. In other words, the subtle but
significant change in number of cocaine infusions across time points [F(2,36) = 6.29, P < 0.01]
was not differentially altered by treatment. As with the OXO dose-response portion of the
study, there were no statistically significant differences between the drug conditions (aCSF,
PIRENZ or OXO + PIRENZ) in the number of presses on the inactive lever (Figure 3B).

Oxotremorine effects on food self-administration.
The number of food pellets received and break point on the PR reinforcement schedule
following aCSF, 0.1, 0.3 and 1.0 nmol OXO are depicted in Figure 4A. None of the doses of
OXO or aCSF affected the number of pellets rats self-administered or their BP ratios (all P’s
>0.1). There were no statistically significant effects of treatment condition on activity on the
inactive lever, represented in Fig 4B.

3. Discussion
The major finding of this study was a dose-related reduction in cocaine self-administration in
rats following intra-NAcc injections of the muscarinic receptor agonist oxotremorine. Because
we measured these reductions in cocaine intake on a progressive ratio (PR) reinforcement
schedule, we interpret the reduction in intake (i.e. lowered BP and fewer cocaine infusions per
session) to reflect a reduction in reward value of cocaine in the presence of the muscarinic
agonist. The interpretation is based on the widely documented finding that the self-
administration of cocaine on PR schedules in a variety of species is linearly related to unit-
dose (e.g. see Roberts et al. 1989), so a decrease in drug infusions can be interpreted as a
decrease in drug reinforcement value.

OXO is a relatively non-selective muscarinic receptor agonist (Garvey et al. 1992) but the
methiodide derivative (which was used in this study) has been reported to stimulate
phosphoinositide turnover (Messer et al. 1992), an effect that is consistent with activation of
M1-like receptors. Coupled with the ability of PIRENZ, a potent M1 antagonist (Gil and Wolfe
1985; Noronha-Blob et al. 1988) to block oxotremorine’s reduction in the BP for cocaine, these
findings suggest that the reduction was mediated through activation of the M1 receptor subtype.
However, PIRENZ has a relatively strong affinity for M4 receptors (Moriya et al. 1999) in
addition to M1 so the involvement of a combined M1/4 effect cannot be ruled out.

The ability of cholinergic systems to modulate psychostimulant reward has been the focus of
a number of research efforts (for review, see Smith et al. 2004). Our findings are consistent
with several other reports including the findings of Rasmussen et al. (2000) who reported a
reduction in cocaine self-administration in mice following systemic administration of several
muscarinic agents including OXO (Rasmussen et al. 2000). Beyond this however, the results
of the present study have identified a target for the muscarinic suppression of cocaine reward
in the NAcc and striatum, where muscarinic receptors of the M1-like subtype (M1, M3 and
M5) and M2 subtype (M2 and M4) are located (Liste et al. 2002; Spencer et al. 1986; Tonnaer
et al. 1988). The localization of a muscarinic-mediated inhibition of cocaine reward is also
consistent with results of studies using immunotoxic techniques to destroy cholinergic
interneurons in the NAcc. Hikida et al. demonstrated that ablation of ACh interneurons resulted
in up-regulation of cocaine-induced locomotor activity and cocaine-induced CPP (Hikida et
al. 2001). Conversely, enhancement of ACh activity in the NAcc has been reported to suppress
cocaine reinforcement (Hikida et al. 2003). Their results suggest that ACh interneurons have
an inhibitory effect on drug reward and locomotion. Our findings suggest that M1/4 receptor
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is a key component of this effect and that muscarinic activation selectively reduces cocaine
seeking but not food seeking behavior.

Muscarinic receptors modulate dopamine output and intracranial stimulation reward (Yeomans
et al. 2001). Rats will self-administer carbachol, a non-selective muscarinic agonist directly
into the NAcc (Ikemoto et al. 1998). Muscarinic receptors also play a role in a variety of
psychostimulant effects including the development of behavioral sensitization (Heidbreder and
Shippenberg 1996), conditioned locomotion (Itzhak and Martin 2000) and sensitivity to
locomotor activation (Gralewicz et al. 2003). In addition, there is evidence that muscarinic
receptors mediate components of psychostimulant reward-related behaviors such as CPP
(McIntyre et al. 1998; Schroeder and Packard 2002) and self-administration behavior in mice
(Fink-Jensen et al. 2003; Thomsen et al. 2005) and monkeys (Ranaldi and Woolverton 2002).
Muscarinic receptors have also been implicated in mediating learned components of drug
seeking. Blockade of muscarinic receptors in the basolateral amygdala prevents the acquisition
of drug-stimulus conditioning in a relapse model of cocaine self-administration (See et al.
2003). The results of the present study demonstrate that muscarinic receptors in the medial
NAcc play a key role in determining the rewarding effect of cocaine but the definitive subtype
and location of the receptors remain to be determined. Using perfused striatal slices in mice
Zhang et al. (2002) have shown that multiple muscarinic receptors regulate dopamine output
and that an interaction with GABA neurons is an important component of this regulation
(Zhang et al. 2002). Therefore, it will be important to identify if muscarinic activation occurs
upstream (i.e. pre-synaptically) or downstream (post-synaptically) from dopamine terminals
in rat NAcc.

The studies reported here examined the effect of muscarinic activation in animals that had self-
administered cocaine for a minimum of several weeks before testing. It is possible that repeated
exposure to cocaine modified muscarinic function and/or density but the nature of this
regulation is not entirely clear. It is known that acute exposure to cocaine inhibits muscarinic
receptors (Sharkey et al. 1988) and with repeated exposure, muscarinic receptors have been
reported to be up-regulated in the corpus striatum (Sousa et al. 1999). On the other hand,
Macedo et al. have reported a down-regulation of M1- and M2-like receptors in striatum
following repeated cocaine treatment (Macedo et al. 2004). In our studies, we found that co-
administration of PIRENZ blocked the observed reduction in cocaine infusions following OXO
injection in the NAcc, but it did not have a significant effect on cocaine intake by itself. This
finding demonstrated that while PIRENZ was able to block the effect of an exogenous
muscarinic agonist OXO, the endogenous activation of M1/4 receptors could not have been
substantial enough for PIRENZ to affect on cocaine intake. This finding would also argue
against an up-regulation of M1 receptors as a consequence of repeated cocaine exposure.

There has been considerable interest in medications that functionally antagonize cocaine’s
dopaminergic effects by interacting with midbrain dopamine heteroreceptors (e.g. kappa and
GABAB agonists; (Roberts 2005; Shippenberg et al. 1996). Studies decades ago by Janowsky
and colleagues (Janowsky et al. 1973) found that an indirect cholinergic agonist (the
aceytlcholinesterase inhibitor, physostigmine) blocked the subjective reinforcing effects of the
dopaminergic stimulant methylphenidate. More recently, Price and colleagues found that
administering oral benztropine (Cogentin) to cocaine addicts prior to cocaine use substantially
augmented its euphoric properties (Larry Price, personal communication). Our study and these
clinical data demonstrate the potential of cholinergic agents to functionally antagonize
(muscarinic agonists) or increase (muscarinic antagonists) cocaine reinforcement mechanisms
in the NAcc. Similar mechanisms may also contribute to the abuse potential of muscarinic
antagonists (Buhrich et al. 2000).
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Collectively, these data provide convergent evidence that cholinergic systems are instrumental
in mediating psychostimulant reward. The results of the present study indicate that activation
of muscarinic M1 receptors in the NAcc can suppress cocaine reward and suggest that these
receptors may be a potential therapeutic target for the treatment of cocaine addiction.

4. Experimental Procedure
Animals

Thirty-three male Sprague-Dawley rats weighing 350-400 g were used in these studies and
were maintained according to the guidelines set forth in the “Principles of Laboratory Animal
Care” (National Research Council, 2003) and under the approval of the Oregon Health &
Science University’s Institutional Animal Care and Use Committee. Animals were housed
individually following surgery in a temperature-controlled environment (22° C) with a 12 hr
day/night schedule (lights on 0700-1900). All animals had free access to food and water while
in their home cages throughout the experiment.

Drug Preparation
Cocaine HCl was supplied by the Research Triangle Institute (Research Triangle Park, NC)
under the National Institute on Drug Abuse Drug Supply Program and was dissolved in
physiological saline (0.9%). Oxotremorine methiodide (OXO) and pirenzepine
dihydrochloride (PIRENZ; Sigma, St Louis, MO) were dissolved in an artificial cerebrospinal
fluid (aCSF) containing (in mM): 120 NaCl, 4.8 KCl, 2.5 CaCl2, 1.2 MgCl2, 25 NaHCO3, 1.2
KH2PO4, 10 glucose; pH 7.3. Muscarinic drug solutions were prepared no more than 1 hr
before each experiment.

Operant training
Approximately three hours into their light phase animals were placed into standard operant
conditioning chambers (30 x 24 x 29 cm) housed in sound-attenuating cubicles (Med
Associates Inc.; St. Albans, VT). Each chamber contained a retracted active lever and an
inactive lever. The start of a session was indicated by the illumination of the house light and
extension of the retractable lever into the cage. Animals were trained to lever press for 45 mg
Noyes food pellets (BioServe; Port Washington, NY) on a fixed-ratio-1 (FR-1) schedule of
reinforcement during daily 1 hr sessions. Each bar press on the active lever resulted in the
delivery of a food pellet and a 1 sec time-out signaled by the illumination of the stimulus light.
Bar presses on the inactive lever were counted but had no consequence. Animals were not food
deprived during operant conditioning or testing. Upon the completion of the food training,
eighteen rats were implanted with intravenous (i.v.) catheters and bilateral intracerebral guide
cannulae as described below. The rats in the food-reward group were implanted only with
intracerebral guide cannulae.

Surgery
Animals were anesthetized with pentobarbital (20 mg/kg, IP) supplemented by ketamine (40
mg/kg, IP) and implanted with intrajugular catheters assembled based on the method described
by Caine et al. (Caine et al. 1993). Briefly, the catheters were constructed of micro-renathane
tubing (0.98 mm o.d. x .47 mm i.d.; Braintree Scientific Inc.; Braintree, MA) connected to an
L-shaped external guide cannula (Plastics One Inc.; Roanoke, VA), which was fastened to a 1
cm diameter circular section of polypropylene mesh with cranioplastic cement. The tip of the
catheter was inserted into the right or left jugular vein approximately 27 mm and the distal end
was threaded subcutaneously to an exit point between the scapulae. Catheters were flushed
with 0.2 ml of physiologic saline containing heparin (70 u/cc) and the antibiotic ticarcillin
(Timentin®, 100 mg/cc; GlaxoSmithKline, Research Triangle Park, NC) daily. Catheter
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patency was tested when necessary by infusion of the fast-acting barbiturate Brevital®
(methohexital sodium; 2.7 mg/kg in 0.1 ml; Lilly, Indianapolis, IN). Catheters were tested if
response rates dropped dramatically (>50%) for two consecutive sessions or if responses
declined consistently over four daily sessions. When indicated, Brevital tests were performed
1.5 hr after self-administration sessions and catheters were deemed patent if animals showed
substantial loss of muscle tone within 5 sec of infusion.

To facilitate intracerebral microinjections of drugs, immediately after intrajugular
catheterization animals were stereotaxically implanted with bilateral, 10 cm, 21 ga. stainless
steel guide shafts positioned 4 mm above the shell of the NAcc according to the coordinates
of Paxinos and Watson (Paxinos and Watson 1998): A +1.6, L ±1.0, V -3.5. Small burr holes
were made in the skull and the dura mater was punctured with a needle. Guide shafts were
lowered through the holes and secured to the skull via four, 5 mm long stainless steel screws
(size 0-80) and dental acrylic. A small, U-shaped aluminum shield was placed 6-7 mm anterior
to the guide shafts to provide protection for microinjectors and also an anchor point for a tether
(via an alligator clip) to which PE20 infusion lines were attached. All coordinates are referenced
to bregma, midsagittal suture and surface of the skull. Guide shafts were kept patent with 26
ga. stylets. Intravenous catheters and intracranial guide shafts were implanted during one
surgical session. Animals were allowed a minimum of 7 days recovery after surgery.

Cocaine Self-administration Training and Microinjection Procedure
Following the post-operative recovery period each animal was placed in a test chamber, the
IV catheter was flushed with saline and then attached to an infusion line. The beginning of
each session was signaled by the illumination of the house light and extension of the active
lever into the cage. The inactive lever remained extended at all times. Responses on this lever
were counted but had no scheduled consequences. Active lever presses were accompanied by
a 4 sec infusion of cocaine (0.75 mg/kg/infusion) on a fixed ratio (FR) 1; time out (TO) 20 s
contingency schedule. Rats were trained on this schedule in daily 3 hr sessions until stable
levels of responding were obtained (less than 15% variation in total responding over 3-4 days).
The number of days required to reach the stability criterion ranged from 6-11 days. Average
number of cocaine infusions (± SEM) per session at the end of the acquisition period was 43.3
± 5.35. No priming infusions were given. When response levels stabilized, the reinforcement
contingency was changed to a progressive ratio (PR) schedule similar to that described by
Roberts and colleagues (McGregor and Roberts 1995; Roberts and Richardson 1992). Under
this schedule, response requirements for each successive drug delivery increased progressively
in the following series: 1, 2, 4, 6, 9, 12, 15, 20, 25, 32, 40, 50, 62, 77, 95, 118, 145, 178, 219,
268, 328, 402, 492, 603, 737, 901. When ratios were completed, animals received 4 s infusions
of cocaine with a 20 s TO as in the FR condition. The number of cocaine infusions earned (and
the ratio achieved) before a 1 hr period of non-reinforcement was scored as the BP for that
particular session. Previous work from this lab and others has shown that responding on PR
schedules is linearly related to unit-dose of cocaine (Bechtholt and Mark 2002; Martin-Fardon
and Weiss 2002; Roberts 1989). Once animals were placed on the PR schedule daily sessions
continued until three consecutive days of stable responding (±2 break points) were obtained.

After a stable baseline had been established, rats were given bilateral infusions of aCSF, OXO
or PIRENZ into the medial NAcc 15 min before being placed into test chambers for cocaine
access. For injections, each rat was gently restrained, the NAcc stylets were removed and a
microinjector was inserted into the guide shafts. The microinjector was made of 26 ga. stainless
steel tubing, that extended 2 mm beyond the chronically implanted guide shaft when inserted,
and a silica glass insert (0.15 mm o.d. x 0.037 mm i.d.; Polymicro Tech Inc.) which extended
2 mm beyond the 26 ga. tubing to reach the NAcc (final ventral coordinate = -7.5 mm). Silica
inserts were used to minimize tissue damage in the NAcc. The silica was preloaded with drug
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and attached to PE20 tubing connected to a 10 μl gas-tight glass syringe (Hamilton;Fisher, St.
Louis, MO) loaded onto a syringe pump (Razel; Braintree Inc., Braintree, MA). Injections or
aCSF, OXO (0.1, 0.3 or 1.0 nmol/side) or PIRENZ (0.3 nmol/side) were given in a volume of
100 nl over 10 s and the injectors were left in place for an additional 30 s. In the OXO + PIRENZ
group, the antagonist PIRENZ was given first (0.3 nmole/side; over 10 s followed by a 30 s
diffusion time) followed immediately by OXO (0.3 nmole/side) injection. The stylets were
replaced and each rat was placed in its home cage for 5 min before being transferred to cocaine
self-administration chambers. Rats received either one (N=6), two (N=8) or three (N=4)
injections on separate test days depending on the viability and longevity of the intravenous
catheter. In animals that had more than one injection, drug condition was counter-balanced and
injections days were separated by a minimum of 2 days of normal cocaine self-administration
sessions without intracerebral injections.

Food self-administration and drug microinjections.
Fifteen male Sprague-Dawley rats were used in this experiment. Following the post-operative
recovery period, animals were placed in a test chamber and a head clip was attached to the
shield. The beginning of each session was signaled by the illumination of the house light and
extension of the active lever into the cage. Responses on the inactive lever were counted but
had no scheduled consequences. Responses on the active lever resulted in delivery of a 45 mg
food pellet (BioServe; Port Washington, NY) using the same PR schedule as described above
for rats in the cocaine group. When the ratios were completed animals received a food pellet
followed by a 20s time out. The number of food pellets earned (and the ratio achieved) before
a 1 hr period of non-reinforcement was scored as the break point for that particular session.
Animals placed on the PR schedule continued daily sessions until two consecutive days of
stable responding were obtained. Rats were not food restricted during training or testing.

After a stable baseline had been established, rats were given bilateral infusions of aCSF or
OXO into the medial NAcc before being placed into test chambers for food access. For
injections, each rat was gently restrained, the NAcc stylets were removed and microinjectors
were inserted into the guide shafts. Injections of aCSF or OXO (0.1, 0.3 and 1.0 nmol/side)
were given in a volume of 100 nl over 10 s with the injectors being left in place for an additional
30 s. The stylets were replaced and rats were placed in self-administration chambers. Rats
received OXO (0.1 nmol/side [N=8], 0.3 nmol/side [N=8], 1.0 nmol/side [N=5]) or aCSF
(N=12) on separate test days that were counter-balanced and separated by a minimum of 2
days of normal food administration sessions without injections.

Statistical Analyses
A mixed effects analysis of variance (ANOVA) was used to analyze the number of cocaine
infusions (and inactive lever presses) per test session for the effects of treatment (aCSF, OXO,
PIRENZ, or OXO + PIRENZ), with time as a repeated measures factor. Due to the significant
interactions between treatment and time and our a priori hypothesis that use of an antagonist
would block the effect of the agonist, separate analyses were conducted on the OXO dose
response data (aCSF, N=8; 0.1 nmol OXO, N=5; 0.3 nmol OXO, N=6; 1.0 nmol OXO, N=4)
and the PIRENZ co-administration data (aCSF, N=8; 0.3 nmol OXO + 0.3 nmol PIRENZ,
N=9; 0.3 nmol PIRENZ, N=4). Five levels were analyzed for time (baseline 1, baseline 2, test
day, post-test day 1 and post-test day 2). Data from two pre-injection (baseline) days were
included to ensure stability of baseline responding and two post-test time points were analyzed
in order to determine if intracerebral injections had any long-lasting effects on BP for cocaine
self-administration. Significant interactions were followed up with simple effects analysis (the
equivalent of separate one-way ANOVAs) and Tukey HSD post-hoc tests (Maxwell and
Delaney 2004). The effect of OXO on food reward was tested in a separate group of rats and
the data were analyzed using a two-way ANOVA to examine the effect of treatment (aCSF,
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N=12; 0.1 nmol OXO-M, N=8 and 0.3 nmol OXO-M, N=8; 1.0 nmol OXO-M, N=5), with
time as a repeated measures factor (baseline, test day & post-test day). Alpha level for statistical
significance was set at 0.05 for all tests.

Histology
Following the final test session, animals were perfused transcardially with phosphate buffered
saline (PBS) followed by 10% formalin. The brain was extracted, post-fixed and placed in 30%
sucrose in PBS solution overnight. Forty μm sections were cut on a cryostat, slide mounted
and stained with thionin. Using light microscopy, sections were examined for histological
verification of microinjection placement according to the atlas of Paxinos and Watson (Paxinos
and Watson 1998). Figure 1A shows a diagram of the area encompassing the injections in the
medial NAcc for all animals used in this study. Animals where placement of either injector
was outside of the hatched region were not included in the analyses. Fig 1B depicts a
photomicrograph of a tract for the 2 mm section of the silica injector. The guide cannula is not
visible in this section.
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Figure 1.
A. Schematic drawing of the extent of bilateral injections within the NAcc shell. The diagram
is taken from the atlas of Paxinos and Watson (1998) at the level of bregma +1.7 mm. All
injector tips in rats used for analysis in these studies were located within the shaded area. B.
Photomicrograph showing the track of an injector (arrow) in a representative section. Vertical
bar indicates 1 mm. Abbreviations: AcbC, nucleus accumbens core; ac, anterior commissure;
cc, corpus callosum, CgCtx, cingulate cortex; CPu, caudate-putamen.
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Figure 2.
A. Cocaine infusions per session for the last two days before test injections (Baseline: BL1
and BL2), the test day (Test: aCSF [N=8] or 0.1 [N=5], 0.3 [N=6], 1.0 nmol/side OXO [N=4])
and the two sessions following a test injection (Post 1 and Post 2) for rats responding on a
progressive ratio reinforcement schedule. Values are mean (±SEM). Right Y-axis depicts the
corresponding break point ratio for the number of cocaine infusions received. Asterisks indicate
significant difference from aCSF: *P < 0.05; **P < 0.001. B. Number of bar presses on the
inactive lever for the average of the two days before test injections (Baseline: BL), the test day
(Test: aCSF or 0.1, 0.3, 1.0 nmol/side OXO) and the average of the two days following a test
injection (Post). Values are mean (±SEM).
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Figure 3.
A. Cocaine infusions per session on a progressive ratio schedule across two baseline days and
post-injection days bracketing a test day where rats were given bilateral NAcc injections of
0.3 nmol/side PIRENZ [N=9] or a co-injection of 0.3 nmol/side OXO plus 0.3 nmol/side
PIRENZ [N=4] prior to cocaine access. Results of aCSF [N=8] and 0.3 nmol/side OXO [N=6]
injections are re-plotted from Figure 2A for comparison. Right Y-axis depicts the
corresponding break point ratio for the number of cocaine infusions received. *P < 0.05 versus
all other groups. B. Inactive lever presses per session across the average of two baseline days
(BL) and the average of two post-injection days (Post) bracketing a test day where rats were
given bilateral NAcc injections of 0.3 nmol/side OXO, 0.3 nmol/side PIRENZ or a co-injection
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of 0.3 nmol/side OXO plus 0.3 nmol/side PIRENZ prior to cocaine access. Values are mean
(±SEM).
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Figure 4.
A. Number of pellets received per session for the last two days (Baseline: BL1 and BL2) before
test injections, the test day (Test: aCSF [N-12] or 0.1 [N=8], 0.3 nmol/side OXO [N=8]; 1.0
nmol/side OXO [N=5]) and the two sessions following a test injection (Post: P1 and P2) for
rats responding on a PR reinforcement schedule. Values are mean (±SEM). Right Y-axis
depicts the corresponding break point ratio for the number of food pellets received. B. Number
of bar presses on the inactive lever for the average of the two days before test injections
(Baseline: BL), the test day (Test: aCSF or 0.1, 0.3, 1.0 nmol/side OXO) and the average of
the two days following a test injection (Post). Values are mean (±SEM).
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