SENR

¥
\
A




i




LF " {IBRRARY

L. - o Center
S Loenp Coaie Bivd,

Ft . oriy, Texas 76107-2699






ABSTRACT

It has been hypothesized that there is a common dopaminergic pathway mediating the reward
properties of abused drugs, and that dopamine is involved in tolerance to the reinforcing
effect of cocaine. The progressive-ratio (PR) schedule can be used to test both potentiation
and reduction of the reinforcing effects of cocaine by other factors. Under the PR schedule,
an increasing number of responses is required to obtain each subsequent cocaine injection,
and failure to complete the required number of responses within 1 h of the previous cocaine
injection terminates the session. The number of total reinforcers obtained during a session is
defined as “the breaking point™ and was used as the primary dependent measure. Fisher F344
male rats acquired the self-administration task under the PR schedule within forty sessions
and showed a stable daily acquisition baseline. The breaking point and inter-reinforcer time
(ISRT) were positively correlated within each ratio. A motor-incapacitating side effect of a
pretreatment can be determined by a change in the relationship between the ISRT and the
breaking point. d-Amphetamine pretreatment (0.32-3.2 mg/kg, i.p., 30 min) potentiates the
reinforcing effect of cocaine as demonstrated by a higher breaking point of self-administration
without changing the ISFT. Morphine pretreatment (0.32-3.2 mg/kg, i.p., 30 min) failed to
change the breaking point of cocaine self-administration but it did increase the ISRT. These
results support an additive reinforcing effect for amphetamines and cocaine, but do not
support an additive reinforcing effect of morphine and cocaine. The reinforcing effect of
cocaine was reduced by pretreatment with ketamine (0.032-0.32 mg/kg, i.p., 20 min) as
indicated by a reduction in the breaking point. In a concurrent experiment, animals were
trained to self-administer cocaine under a fixed ratio 2 schedule (FR2). Ketamine
pretreatment did not modify the IS?T in FR2 trained animals except at the highest dose (0.32

mg/kg, i.p., 20 min), where significant motor incoordination was observed. Both chronic



treatment with cocaine (20 mg/kg/ 8hr x 7 days, iv) or amphetamine (3.2 mg/kg /12hr x 7
days, i.p.) resulted in a reduction in breaking point at any given dose, providing direct
evidence of tolerance and cross-tolerance to the reinforcing effects of cocaine. Chronic
treatment with ketamine (0.32 mg/kg/8hr x 7days, i.v.) failed to modify either the breaking
point under a PR schedule of reinforcement or the IS®T under a FR2 schedule of
reinforcement. Co-administration of ketamine (0.32 mg/kg/8h x 7days, i.v.) with chronic
cocaine (20 mg/kg/8hr x 7days, i.v.) failed to prevent tolerance to the reinforcing effect of
cocaine as indicated by either the breaking point under a PR schedule of reinforcement or the
ISRT under an FR2 schedule of reinforcement. These data indicate that the breaking point in
the PR schedule is more sensitive to changes in the dopamine reward system, whereas
changes in rate of response are not consistently related to the changes in the dopamine
reward system. These data support the use of the PR schedule as a better method than FR
schedule for determining reward properties of drugs of abuse with fewer complications due to

the central nervous system inhibitory effects of some drugs of abuse.
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INTRODUCTION

A reinforcer can be defined operationally as any event that increases the probability of a
response. Drugs of abuse are very powerful reinforcers, and even in conditions of limited
access (where the organism is not dependent) these drugs will motivate high rates of operant
responding (Koob 1992 a and b). Three major brain neurotransmitter systems are involved in
drug reward: dopamine (DA), opioids and GABA (Koob 1992b). Data implicating the dopamine
and opioid systems in indirect sympathomimetic and opiate reward include critical elements in
both the nucleus accumbens (NAc) and ventral tegmental areas (VTA). Recently, new
information about the anatomical connections of these systems has stimulated argument as to
whether there is a common mechanism mediating the reinforcing effect of these drugs
(Ettenberg et al., 1982; Koob 1992 a and b; Wise and Rompre 1989). Therefore, we chose to
study the interaction between opioids and cocaine in order to understand the interaction

between the reinforcing effects of these two classes of drugs. The study of tolerance was

applied to characterize the factors that modify the reinforcing effect of cocaine after repeated
exposure to cocaine. Tolerance development was also used as a tool to modify the reinforcing
effect of drugs of abuse, such as opioids, ketamine, and amphetamine. We also sought to
determine if this modification also produces cross-tolerance to cocaine. The goal of this series
of studies was to test the hypothesis that the DA rewarding system is the fundamental basis for
the reinforcing effect of cocaine and the other drugs of abuse being studied. The study of the
impact of a N-methyl-D-aspartate (NMDA) antagonist on both acute and chronic cocaine
administration supplied some evidence that the NMDA neurotransmitter system is involved in
the DA reward pathway modulating the reinforcing effect of drugs. In summary, the following
experiments were performed:
1. To determine and evaluate self-administration of cocaine under the PR schedule. The
relationship between the dose of cocaine administered, the number of reinforcers

obtained and the inter-reinforcer time were evaluated. Then D1 and D2 receptor



antagonists were applied to confirm the model of DA mediated reinforcing effect of
cocaine.

2. To determine the role of opioid receptors in mediating the reinforcing effects of cocaine.
The effect of acute administration of morphine and buprenorphine on cocaine self-
administration was determined and compared with direct stimulation of the dopamine
system with amphetamine (AMPH). The inter-reinforcer time under the PR schedule was
also examined to evaluate a potential role of motor inhibition in the modulation of the
proposed dopaminergic common pathway of reward.

3. To determine the effect of chronic treatment of cocaine and other indirect dopamine
agonists on tolerance to the reinforcing effect of cocaine. In addition, we characterized
an acute antagonist of cocaine’s reinforcing effect (ketamine) and used this antagonist to

attempt to block the development of tolerance to the reinforcing effects of cocaine.

Cocaine, a psychostimulant drug, has a variety of physiological effects. Cocaine is
known to produce behavioral activation (Scheel-Kruger et al., 1977), to serve as a discriminative
stimulus (Wood and Emmett-Oglesby, 1986), and to support self-administration (Woolverton &
Johnson, 1992). Its powerful, seductive reinforcing properties have made it a widely abused drug
and a severe sociological, medical and personal problem (Kuhar et al., 1992). Cocaine has an
affinity for dopamine, serotonin (5-HT), and norepinephrine transporters (Ritz ef al., 1990). The
ability of cocaine to elevate synaptic levels of monoamines by blocking their reuptake apparently
produces the behavioral and subjective effects of the drug in animals and humans (Hubner &
Koob 1990; Kuhar et al., 1992). Neurobiological studies demonstrate that cocaine and the other
major classes of drugs of abuse (alcohol and opiates) increase the functional release of
dopamine, which activates the ventral tegmental-nucleus accumbens (VTA-NAc) pathway, that is
known to be a major anatomical component of the reward system in brain (Figure 1). Activation
of this pathway is essential for the reinforcing actions of psychomotor stimulants (Withers et al.

1995). Although the nucleus accumbens (NAc) appears to be a critical site for some of the



actions of cocaine within the central nervous system, the nucleus does not operate in isolation
within the limbic system. Neuroanatomical studies indicate that first-order efferents of the NAc
project to a region of the substantia innominata/lateral preoptic area (SI/LPO), medial to the
ventral pallidum (Figure 1; Hubner and Koob, 1990). Behavioral evidence also suggests that
these areas are important for the activating properties of the psychostimulant drugs (LeMoal and
Simon, 1991). The VTA-NAc-SI/LPO circuitry appear to be an important part of the neural
network underlying the behavioral activation induced by cocaine or other psychostimulant drugs
(Mogenson et al., 1989).

Among cocaine addicts, poly-drug abuse is a common phenomenon (Sample 1977), and
drugs representing a wide range of pharmacological classes are frequently combined with
cocaine. On the street, in an attempt to reduce ("cut") the amount of "active" agent being sold,
amphetamines are frequently used to substitute for a reduced amount of cocaine. In addition, the
cocaine abuse epidemic of the 1980s was paralleled by an increase in cocaine use by opiate
abusers (Kosten ef al., 1986; Kozel and Adams, 1986). Dual dependence on cocaine and opiates
is now commonly reported by drug abuse treatment programs (Gastfriend ef al., 1993), and
cocaine was involved in approximately 29% of heroin-related hospital emergencies in 1991 (NIDA
1991). Because concurrent cocaine and heroin abuse is a predominant form of poly-drug abuse,
characterization of drug abusers in terms of a single or exclusive drug preference has become
increasingly problematic. Practically, co-abuse of amphetamine and cocaine may be related since
both drugs have reinforcing effects and both drugs elevate synaptic levels of biogenic amines, in
particular dopamine, from their storage sites in the nerve terminals. There is no simple
explanation for poly-drug abuse that involves substances from different pharmacological classes
having different, sometimes antithetical, pharmacological effects. Clinical reports of preferred

poly-drug use patterns are inconsistent, and cocaine and heroin abusers do not report a uniform



Figure 1. AHYPOTHETICAL MODEL OF THE COMMON REWARD PATHWAY |
(The interaction between dopamine and opioid system)
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sequence of drug use (Kosten 1986; Teoh ef al., 1994). Simultaneous injection of cocaine and
heroin, known as a “speedball”, is one frequent type of poly-drug abuse (Mello et al., 1995).
Speedball effects have been variously described as enhancing the positive effects of opiates and
decreasing the aversive agitation produced by cocaine (Kosten ef al., 1986; Tutton and Crayton,
1993). One controlled clinical study of morphine and cocaine combinations suggested that
speedballs produced a unique profile of opiate and stimulant effects rather than an enhancement
of the subjective effects of either drug alone (Foltin and Fischman, 1992). The subjective effects
of the cocaine-morphine combinations appeared to be different from those reported after
administration of only cocaine or heroin (Foltin and Fischman, 1992).

Various studies have indicated that the dopaminergic projection from the ventral
tegmental area (VTA) to NAc is an anatomical substrate of the rewarding effect of opiates
(Figure 1.). The demonstration that opiates at behaviorally relevant doses activate both firing of
VTA dopaminergic neurons and the release of dopamine in NAc supports the dopaminergic
hypothesis of opiate reward (Koob, 1‘992). Experiments demonstrate that both cocaine and
opiates increase extracellular dopamine content in the NAc (Di Chiara and Imperato, 1988).
Therefore, the administration of both cocaine and opiates enhances NAc dopaminergic activity.
The effect of the opioid antagonist naloxone to increase the threshold for rewarding self-
stimulation with cocaine (Bain and Kornetsky, 1987) also supplied evidence that endogenous
opioid systems are involved in cocaine-induced reinforcement. It has been suggested that brain
regions receiving NAc projections may function as a common reward pathway during both opiate
and cocaine reinforcement (Koob et al, 1987). Based upon the above experiments and
hypotheses, a potentiation in the reinforcing effect of cocaine is expected when cocaine is co-
administered with either amphetamines or opiates. The experiments presented in this thesis
were designed to examine the interaction between amphetamines, opiates and cocaine. If there
is a potentiation effect on the reinforcing effect of cocaine among these classes of drugs, an
increase in the breaking points of cocaine self-administration can be expected after co-

administration with either amphetamines or opiates. The breaking point is a dependent measure



of the reinforcing effect of cocaine. If the potentiation is only related with the reinforcing effect of
the test drug (e.g., amphetamine), then there should be a facilitation of the self-administration of
saline.

Dopamine-containing neurons within the VTA are hyperpolarized by dopamine acting at
D. receptors or by GABA acting at GABA, receptors, whereas GABA-containing interneurons are
hyperpolarized by opioids acting at p-receptors. Thus, opioids reduce the frequency of GABA-
mediated inhibitory synaptic potentials recorded from dopaminergic cells. Cells of both types also
receive synaptic inputs from excitatory amino acid receptors, and from GABAg receptors.
Although the physiological factors that affect either the release or the re-uptake of dopamine from
nerve terminals are not clearly defined, there is evidence from a wide variety of experimental
approaches to suggest that the excitatory amino acids (EAA) participate in regulating the release
of dopamine in the striatum (Figure 2; Freed and Cannon-Spoor, 1990; Rao et al., 1991). There is
indeed an interaction between EAA, specifically glutamate via N-methyl-D-aspartate (NMDA)
type ligand gated ion channels and ihe cocaine reward system (Karler and Calder 1992).
Glutamate increases dopamine release in the nNAc and this effect is blocked by MK-801, a
NMDA antagonist. Karler and co-workers indicated that pretreatment with NMDA receptor
antagonists prevents the initiation of behavioral sensitization to cocaine or amphetamine (Karler
et al., 1989). This finding has been generally replicated (Wolf and Khansa, 1991; Kalivas and
Alesdatter, 1993; Stewart and Druhan, 1993) and non-NMDA glutamate antagonists have been
found to prevent the initiation and expression of behavioral sensitization (Karler et al., 1991). In
addition, antagonists of the NMDA type EAA receptors blocked cocaine-induced stereotypy,
locomotor stimulation and convulsions (Karler and Calder, 1992). In De Montis’ experiment (De
Montis et al., 1992), MK-801 (0.25 mg/kg i.p.) successfully prevented the development of both
tolerance and sensitization to the stimulation of locomotor activity induced by cocaine and by the
dopamine D, agonist quinpirole. His interpretation of the results was that both tolerance and

sensitization phenomena are different aspects of a common neuronal response in which NMDA



Figure 2. A HYPOTHETICAL MODEL OF THE COMMON REWARD PATHWAY Il
(The interaction between dopamine and glutamatergic system)
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transmission plays a crucial role. My experiment measured the effects of a chronic NMDA
antagonist, ketamine, on the reinforcing effect of cocaine. The study also focused on blocking
the tolerance produced by chronic cocaine by using the NMDA antagonist to reduce the acute
reinforcing effects of cocaine. Finding a drug treatment which can block the acute reinforcing
effect of cocaine over an extended period would be the first step in developing a clinical strategy
for reducing cocaine intake in a manner similar to methadone substitute treatment in opioid
abuser in clinics.

Drug self-administration by a variety of species is considered to be a useful model of
abuse liability in humans. Most drugs that humans abuse are self-administered by animals in
these studies. Because drug self-administration is widely believed to be the best model for
studying abuse liability of drugs, this method has been utilized to identify the relative efficacy of
abused drugs (lwamoto and Martin 1988). The self-administration environment is thought to be
complex because all of the effects of a drug on the animal are present (Cunningham et al.,
1992). The drug taking experience includes response-contingent presentation stimuli as well as
the cognitive stimulus properties of the drug, and motor behaviors produced by the drugs. The
self-administered drug has positive stimulus properties that facilitate the emission of additional
responses. Other properties of the drug can increase or decrease the rate of drug taking
behavior. They can also modulate the intake of food or water which, in turn, further increases or
decreases drug intake; or they can modulate other unspecified physiological functions in either a
direct or indirect manner that may alter drug intake. In spite of these complexities, experiments
utilizing self-administration methodologies have provided significant information with regard to
the neurobiological basis of drug reinforcement (Cunningham et al, 1992). Therefore, self-
administration is currently the most useful nonhuman laboratory model that can directly address
the reinforcing effects of a drug (Cunningham et al., 1992).

A wide variety of schedules of reinforcement have been used in self-administration
studies using primates as subjects. By contrast, studies using rats have typically been limited to

simple schedules of reinforcement, most commonly a fixed ratio (FR). Under a FR schedule,

10



reinforcement is contingent upon a fixed number of responses. Responding under this schedule
is typically characterized as “break-and-run,” with pauses in behavior observed immediately after
reinforcement followed by an abrupt transition to high rates of responding that continue until
delivery of the next reinforcer. Numerous investigators have shown that injections of
psychoactive drugs can maintain responding under FR schedules and that behavior
characteristic of this schedule of reinforcement is maintained (Johanson and Schuster, 1981;
Young and Herling, 1986). Although FR schedules have the advantage of being easily
implemented and readily learned by rodents, there is one major difficulty associated with their
use: the rate of self-administration is the only dependent variable that can be derived from
simple schedules. Measures of response rate have utility for determining whether drugs can
serve as reinforcers. Katz (1990) has argued that, at best, paradigms which use these schedules
can only predict that a drug will have abuse potential in humans and they cannot predict the
relative degree of abuse liability that a particular compound might possess.

Of the few studies using a more complex reinforcement schedule, a number have
employed a progressive-ratio (PR) schedule. Hodos (1961) originally suggested that a PR
schedule could be employed to assess the relative strength of food reward. This schedule has
been used to assess the reinforcing effects of electrical brain stimulation and drugs, using
primates (Bedford et al., 1978; Griffiths et al., 1980; Winger and Woods 1985), pigs (Dantzer
1976), dogs (Risner and Cone 1986) and rats (Hubner and Moreton 1991; Loh and Roberts,
1990; Roberts 1989; Roberts et al., 1989). Under a PR schedule, each reinforcer is delivered
after completion of a progressively greater number of responses. Eventually the subject fails to
emit the required number of responses in the designated period (this highest ratio completed
within the time limit is usually designated as the breaking point). The breaking point produced by
cocaine self-administration has been shown to increase as a function of cocaine dose (Griffiths
et al., 1978, Risner and Cone, 1986; Roberts et al., 1989), until toxic effects of the drug reduce
responding at high doses (Bedford et al, 1978; Risner and Silcox 1981). Under many

experimental conditions, the PR schedule does not produce data different from low-value FR
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procedures (Winger & Woods, 1985). However, low-value FR schedules (low and constant
response requirements in which the rate of drug intake is used as dependent measure) provide
only nominal data (yes / no) about the abuse liability of a particular compound (lwamoto and
Martin, 1988; Katz 1990). The PR schedule provides ordinal data (a>b) about the abuse liability
between compounds. In addition, the data produced under the PR schedule are less effected by
motor incoordination because they are not response rate dependent. We have applied a
modified PR schedule based on the methodology of Roberts (1989) to test the reinforcing effect
of cocaine in groups of rats.

Another significant approach used in this work is the study of tolerance to the reinforcing
effect of cocaine. Tolerance to the subjective effects of drugs is widely regarded as a key
component of the dependence process and, as such, it has been extensively studied (Khanna et
al., 1982; Jaffe, 1990). Tolerance to the reinforcing effects of drugs is expected because
humans escalate the dose of drugs being consumed as a result of reduced drug efficacy.
Yanagita (1973) used a PR schedule to determine whether the intensity of drug-seeking behavior
of monkeys would increase following development of physical dependence on cocaine. After
daily treatment of primates with a high-dose of cocaine for 1 month, physical dependence failed
to be induced by cocaine and there was no increase of the reinforcing properties of cocaine to
indicate increased craving for cocaine. However, a 50% reduction of total responses emitted in
the primate subjects supplied the first evidence of tolerance to the reinforcing effect of cocaine.
Based on the above experiments, Emmett-Oglesby (1992) first demonstrated that tolerance to
the reinforcing effects of cocaine occurred in a rodent model of i.v. (intravenous) drug self-
administration under a FR 2 schedule. The tolerance was induced by repeatedly infusing rats
with a high dose of cocaine. Since then, the time-course of tolerance development to the
reinforcing effects of cocaine was also established (Emmett-Oglesby ef al., 1993). In this study,
particular attention was given to the role of time because the time elapsed until the last exposure
to cocaine seemed a critical variable in determining the occurrence of tolerance. Another

important contribution in the study of tolerance was the demonstration that high dose treatment
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of CNS stimulants caused cross-tolerance to the reinforcing effect of cocaine under the FR 2
schedule (Peltier & Emmett-Oglesby, 1994). At a practical level, these experiments provided
valuable information about the interaction between drugs of abuse, specifically whether high-
dose treatment with various drugs of abuse can lead to an increase or decrease of cocaine
intake. Since the measurement of the reinforcing effect of cocaine is rate dependent under the
FR2 schedule of reinforcement, a variety of hypotheses have been put forward to explain the
phenomenon of tolerance under this schedule. Wilson (Wilson and Schuster 1973) hypothesized
that animals take as much drug as possible until the disruptive effects of the drug temporarily
preclude further administration. Alternatively, subjects may titrate the blood concentration of
drug that produces an optimal effect (Wise et al., 1977). If the former hypothesis were correct,
changes in the rate of cocaine self-administration in the low-value FR schedule would reflect
tolerance to the disruptive effects of the drug. If the latter hypothesis were cormect, these
changes would reflect the change of blood concentration of cocaine. However, previous
experiments failed to demonstrate thé change in pharmacokinetics of cocaine after chronic
treatment with cocaine (Katz et al., 1993; Misra 1976), which indicated that tolerance is not due
to a decrease in cocaine blood concentration. My experiment used rats trained on a PR schedule
to determine whether a chronic dosing regimen of cocaine or amphetamines that produced
tolerance or cross-tolerance to cocaine self-administration in FR2 schedules would result in a
decrease in the breaking point, which would indicate tolerance to the reinforcing effect of
cocaine. Because PR does not depend on a rate dependent measure, like IS®T, a reduction in
breaking point would be a definitive demonstration of tolerance to the reinforcing effects of
cocaine. In addition, the failure to increase breaking point under experimental conditions that
resulted in a higher IS?T would indicate that the reinforcing effect of cocaine was unchanged and
the higher ISRT was due to motor effects of the drug rather than sensitization to the reinforcing

effects of cocaine.
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Chapter 1

The experiments in this chapter were designed to systematically evaluate cocaine self-
administration under a progressive-ratio schedule. The experiments determined the rate of
acquisition and stability of the breaking point baseline within forty sessions. The experiments
were also designed to establish the relationship between the dose of cocaine self-administered,
the number of injections obtained and inter-reinforcer time (ISRT). To test the sensitivity of the
PR method to measure the changes caused by the other drugs and support the hypothesis that
cocaine produces reinforcing effect through a DA-mediated reward pathway, the effects of D1
and D2 receptor antagonists on cocaine self-administration were also determined.

The original version of this manuscript was published in Pharmacol Biochem Behav
45:539-548, 1993 witten by Depoortere. The whole work was completed by D.H. Li, the current
author of the dissertation. The currént author performed all experiments from training the
animals to the antagonist testing. The current manuscript is modified based on Depoortere’s
writing as follows: the results of the pretreatment of D2 antagonist eticlopride on the breaking
point; the comparison of the effect of SCH 23390 and eticlopride on the breaking point is also
shown in Figure 6. Appropriate changes were made to the methods section and additions were
made to the discussion as necessary to include the conclusions from this additional data.

Changes to the original text are indicated in italics.

14



Parameters of self-administration of cocaine in rats under a progressive-ratio schedule:
acquisition, stability, effect of changing the dose of cocaine, and blocking by SCH 23390 and

eticlopride but not by ondansetron’

R. Y. Depoortere, D.H. Li?, J. D. Lane and M. W. Emmett-Oglesby

Department of Pharmacology
University of North Texas HSC at Fort Worth
3500 Camp Bowie Blvd

Fort Worth TX 76107-2699 USA

15



Running Title: Parameters of PR
1 Supported by NIDA grant RO1 4137 (MWE-O), State of Texas Advanced Technology

Program Grants 3711 and 9768 (JDL), and by GLAXO Group Research, Ltd (MWE-O)

2This project is taken from a dissertation submitted to the University of North Texas Health

Science Center at Fort Worth in partial fulfillment of the requirements for the degree Doctor of

Philosophy

Abbreviations:
Progressive-ratio schedule (PR)
Fixed-ratio schedule (FR)
Injection (inj)

Inter-reinforcer time (IS®T)

16



ABSTRACT

Progressive-ratio (PR) schedules may provide a more direct measure of drug
reinforcing efficacy than the more traditionally used fixed-ratio schedule. Under a PR
schedule, an increasing number of lever presses is required for the delivery of each successive
reinforcer. However, there have been few studies of fundamental parameters of cocaine self-
administration under a PR schedule. This study was undertaken to assess if PR responding
using cocaine reinforcement in rats would: 1) be acquired rapidly, 2) be maintained on a stable
baseline for long periods and 3) provide data on the effect of changing the dose of cocaine that
are amenable to statistical analysis. In addition, the effects of pretreatments with SCH 23390,

a D1 receptor antagonist, or eticlopride, a D2 receptor antagonist, or ondansetron, a 5-HT3

receptor antagonist, were tested against several doses of cocaine. Stable performance of PR
cocaine self-administration (0.25 mg/inj) was acquired within 10 training sessions and was
maintained for over 50 training sessioﬁs. Increasing the dose of cocaine from 0.028 to 0.75
mg/inj resulted in a directly related increase in 1) the number of reinforcers obtained, 2) the
highest ratio completed, and 3) the inter-reinforcer time (ISRT: time between each cocaine
infusion). In terms of statistical analysis, the number of reinforcers obtained was found to be
preferable to the highest ratio completed as a measure of breaking point. Pretreatment with
SCH 23390 significantly reduced the breaking point; this reduction was not due to a motor-
incapacitating effect of SCH 23390, since the ISRT showed a tendency to be shortened by SCH
23390. Pretreatment of eticlopride also reduced the breaking point. Pretreatment with
ondansetron failed to significantly affect either the number of reinforcers obtained or the ISFT.
These results show that rats can readily acquire the task of self-administration of cocaine under
a PR schedule and maintain a stable baseline for an extended period. Furthermore, a PR
schedule appears to be suitable for the study of pharmacological treatments that might affect
cocaine self-administration. Simultaneous monitoring of the breaking point and of the ISRt
determines if a decrease in the breaking point is the result of a motor-incapacitating side-effect

of the pretreatment.
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INTRODUCTION

Drug self-administration studies are valuable in part because a high concordance
exists between drugs that serve as reinforcers in animals and drugs that humans abuse
(Griffiths et al, 1975; Shuster and Thompson, 1969; Young and Herling, 1986). Many studies
of animal drug taking have used procedures in which drug is available under a simple fixed-
ratio (FR) schedule, and often the value of the ratio is relatively low. Such schedules have
utility for determining whether drugs can serve as reinforcers, but they provide only nominal
information concerning the relative reinforcing efficacy of different drugs (lwamoto and Martin,
1988; Katz 1990). For example, Katz (1990) has argued that at best these schedules can only
predict that a drug will have abuse potential in humans but that they cannot predict the relative
degree of abuse liability that a particular compound might possess.

One procedure that has been blaimed to provide an index of reinforcing efficacy is the
progressive-ratio (PR) procedure. Initially introduced by Hodos (1961) to study liquid
reinforcement in rats, this schedule has since been used to assess the reinforcing effects of
electrical brain stimulation or drugs, using primates, pigs, dogs and rats as subjects (Bedfor et
al, 1978; Dantzer 1976;Griffiths et al, 1980;Hubner and Moreton 1991;Loh and Roberts, 1990;
Risner and Cone 1986; Roberts 1989; Roberts et al, 1989; Winger and Woods 1985). Under a
PR schedule, each reinforcer is delivered under a ratio schedule, but the ratio value for each
successive reinforcer is increased progressively until eventually the subject fails to emit the
required number of responses in the designated period (this highest ratio completed within the
time limit is usually deemed the breaking point). The breaking point maintained by cocaine has
been shown generally to increase as a function of cocaine dose (Griffiths et al, 1978, Risner
and Cone, 1986; Roberts et al, 1989), although at high doses of cocaine this relationship may
not hold (Bedford et al, 1978; Risner and Silcox 1981). Most of these studies have used

relatively few subjects and have presented data for individual animals without statistical

analyses.
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More recently, Roberts (Roberts 1989; Roberts et al, 1989) and others (Hubner and
Moreton, 1991; Schenk and Peltier 1991) have used rats as subjects in the PR procedure. The
establishment of the PR procedure in rats has several appealing aspects. For example,
rodents are inexpensive as subjects, and it should be easier to obtain data from enough
subjects to permit statistical evaluation. To date, however, little information is available
concerning the parameters of self-administration by rats under this schedule. If dose-effect
data from different drugs are to be compared, or if several doses of a blocking drug are to be
tested against several doses of cocaine, then it will be critical that baseline stability is
maintained across an extended period of time. At least one laboratory has reported difficulties
in maintaining adequate baseline stability under this procedure (Schenk and Peltier, 1991).
Thus, we have investigated the acquisition and stability of PR responding using cocaine as a
reinforcer to determine the viability of this technique in rats.

When cocaine self-administration is tested under low-value FR schedules, rate of
responding is frequently the dependent variable. If this variable is expressed as the time
between successive reinforcers (inter-reinforcer time, ISRT), then as the dose of cocaine is
increased in those procedures, the IS®T also increases. Indeed, in many cases the IS®T
increases with dose such that essentially constant intake of cocaine occurs per unit time,
independent of the dose tested (Lane et al, 1992; Pickens and Thompson, 1968, Wilson et al
1071). Forthe PR schedule, little information exists concerning changes that occur in the IS?T
as a function of the dose of drug tested. Most studies using PR methodology have simply
reported breaking point (highest ratio completed) data without providing a measure of time
between individual reinforcers. Thus, only in the study by Roberts et al. (1989), in which the
overall rate of cocaine intake was measured during PR responding, has this relationship been
examined. Those authors showed that pretreatment with the dopamine antagonist haloperidol
resulted in a faster intake of cocaine at the same time that the breaking point was reduced.
However, that study used only a single dose of cocaine, and no studies have systematically

varied the dose of cocaine to determine the relationship between breaking point and ISRT. We
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have studied the effects of a wide range of doses of cocaine on both the number of reinforcers
obtained, the highest ratio completed, and the ISRT. We have also determined which of the two
measures, the number of reinforcers obtained or the highest ratio completed, would be the
most appropriate measure of the breaking point for statistical analysis.

Although the primary purpose of this study was to provide a detailed analysis of the
parameters of PR responding, we also assessed the effect of pretreatment with two drugs that
we have recently tested on cocaine self-administration under a low-value FR schedule (Lane et
al 1992). In that study, i.p. pretreatment with the dopamine type-1 receptor (D1) antagonist
SCH 23390 (50 and 100 pg/kg) decreased the ISRT for cocaine self-administration, whereas

i.p. pretreatment with ondansetron, a serotonergic type-3 receptor (5HT3) antagonist, had no

significant effect upon cocaine self-administration. Based upon these results in the low-value
FR procedure, we hypothesized that SCH 23390 would reduce the number of reinforcers
obtained and shorten the ISRT for' cocaine self-administration under the PR schedule.
Consequently, the effect of s.c. injection of SCH 23390 (10 pg/kg) was tested against a 27-fold
range of doses of cocaine (0.028, 0.083, 0.25 and 0.75 mg/inj). In addition, SCH 23390 was
tested at the doses of 5.6, 10, 17.8 and 32 pg/kg, this time against the training dose of cocaine
(0.25 mg/inj). The s.c. route was chosen because SCH 23390 has a relatively short duration of
action, and because a cocaine self-administration session under the type of PR schedule we
used typically runs for about twice as long as an FR session, for the same dose of infused
cocaine. Eticlopride was tested s.c. at the dose of 0.032 and 0.1 mg/kg against 0.028, 0.083
and 0.25 mg/inj of cocaine. Ondansetron was tested i.p. at the dose of 0.1 mg/kg against the
same dose range of cocaine. Ondansetron was also tested i.p., using a 1000-fold range of

doses (0.001 to 1.0 mg/kg), against a single dose of cocaine (0.25 mg/inj).
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METHODS

Animals Adult male rats of Fisher F344 strain (Harlan, Indianapolis, IN) were subjects.
They were maintained at approximately 270 g body weight (range: 264 to 291 g) by restricting
daily access to food; over the course of the experiments their weight corresponded to
approximately 85% of their free-feeding body weight. Rats were weighed every second day.
Body weights were restricted because this procedure produces higher rates of drug intake in
self-administration procedures (Carroll et al, 1979).

Apparatus Lever-press shaping was done with food as a reinforcer in standard two-
lever operant chambers (model E-10-10TC, Coulbourn Instruments, Lehigh Valley, PA), using
45 mg food pellets (BioServ, Frenchtown, NJ). Self-administration experiments were
performed in chambers that were custom-designed and locally made. They contained a single
lever, 5.0 cm above the floor and centered on the back wall, which could be depressed (force
of 0.15 N) to close a micro-switch. These chambers were also equipped with two stimulus
lights (3 W), one located on the ceiling and the other 9 cm above the lever. The ceiling was
constructed of Plexiglas, and was fitted with a 1.0 cm hole in the center through which a
catheter/spring assembly was passed. The arrangement of the counterbalanced swivel was
essentially identical to that reported by Dworkin ef al. (1990). The chambers were placed in
sound- and light-attenuating enclosures. Syringe pumps (Razel, Model A; driven at 3.33 RPM)
were located outside the enclosures and were used to drive 10 ml syringes that contained a
cocaine or a saline-vehicle solution. Lines (0.06 inch O.D. Tygon Microbore Tubing, Norton
Performance Plastics, Akron, OH) from these pumps were connected via a stainless steel Y
connector (part D-TYC-316-20, Small Parts, Miami, FL) placed just before the swivel, and a
single line left the Y connector to enter the swivel (Part 50500, Stoelting, Chicago, IL). The exit
line from the swivel immediately entered the chamber; this line was protected inside a steel
spring that was 24 cm in length and 0.4 cm in diameter. The free end of the spring was ended
by a nut that could be locked onto the threaded part of the rat's head mount (see the Surgical

Procedure section). All experimental contingencies were controlled and data were recorded via
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MS-DOS-compatible microcomputers using software described previously (Emmett-Oglesby et
al, 1982; Spencer and Emmett-Oglesby, 1985).

Lever-press shaping Sixteen rats were first daily trained to press a lever using food (45
mg pellets) as a reinforcer. Under a series of FR schedules, increasing from FR1 to FR10 and
with no time limit, they were shaped until they emitted at least 200 presses during one hour
under a FR10 schedule during two consecutive daily sessions. Rats were then trained under a
PR schedule, in which a progressively greater number of lever presses had to be emitted for
each successive reinforcer (one food pellet). The progression in the number of presses
required (ratio) was a modified version of the exponential equation used by Roberts (personal
communication):

Ratio = A * exp(Reinforcer number*B) - C

where A and C both equal 5, and B equals 0.2. We modified the progression to produce a
more rapid increase in the size of the ratio required by replacing the first six values (1, 2, 4, 6,
9 and 12) with the values 3, 6 and 10, and then continued with the progression given by the
equation (15, 20, 25, 32, 40, 50, 62, 77, 95, 118, 145, 178, 219, 268, 328, 402, 492, 603, 737,
901, 1102, and 1347). The session was ended when a rat failed to complete the ratio for a
particular reinforcer within one hour since the delivery of the previous reinforcer. After seven
daily training sessions on this PR schedule, surgery was performed for catheter implantation.

Surgical procedure As described in detail in Lane et al. (1992), under anesthesia
(ketamine, 100 mg/kg; chlordiazepoxide, 20 mg/kg; and nalbuphine, 10 mg/kg), a Silastic
catheter (0.025 inch O.D.) was inserted into the right external jugular and its tip advanced into
the right atrium. The free end of the catheter was run subcutaneously to an incision in the skin
at the top of the skull. This free end was then connected to a modified C313G cannula
assembly (Plastic One, Roanoke, VA). The cannula assembly was modified by the vendor
such that 5.0 mm of the 22 ga stainless steel cannula guide was left above the plastic threads.
Below the plastic threads, this guide cannula was bent at a right angle; the catheter was

connected to this bent portion of the 22 ga tube, and the entire unit consisting of catheter, guide

22



cannula and lower-half of the plastic threads was then embedded in dental acrylic cement and
fixed to the skull via three stainless steel screws. Immediately following surgery, subjects were
injected i.v. with 0.1 ml of a solution containing 1 U/ml heparin and 1000 U/ml streptokinase
(Kabivitrum Inc., Franklin, OH) and an antibiotic (ticarcillin plus clavulanate: Timentin,
Beecham Laboratories, Bristol, TN), 3.3 mg in 0.1 ml. This treatment was repeated every 12
hours for five days after surgery. This antibiotic regimen was also administered for five days at
the start of each month. Catheter patency was assessed immediately before starting each self-
administration session by first checking that blood could be drawn into the catheter and second
by flushing the catheter with 0.1 ml of heparinized saline (10 U/ml). At the conclusion of the
session, the catheter was flushed with an additional 0.1 ml of heparinized saline (30 U/mi)
containing 1000 U/m! streptokinase.

Cocaine self-administration shaping on a fixed-ratio schedule On the fifth day following
surgery, subjects were shaped to seif—administer cocaine once daily. At the start of each
session, a priming injection of cocaine was administered. Subjects were first shaped on a FR1
schedule with a maximum of 25 self-injections per session and with no time limit. The priming
injection and each infusion of cocaine consisted of 0.25 mg/inj of cocaine in 0.1 ml of saline-
vehicle delivered over 5.6 sec. Priming and each infusion were accompanied by a flashing of
the two stimulus lights followed by a 30-sec time-out in the dark; a press during this time-out
had no consequences. Here and forthe progressive-ratio schedule of cocaine self-
administration (see below), the 30-sec time-out was included to prevent overdose. Once
stability in the rate of self-administration was acquired (i.e., the ISRT did not vary by more than
20 percent between two consecutive sessions) rats were switched to a series of FR2 schedule
sessions. Each FR2 session was limited to 15 self-injections of cocaine (0.25 mg/inj), again
with no time limit. The same stability criterion as the one used for the FR1 schedule was
applied before switching the rats to the PR schedule. Once the rats had been switched to the

progressive-ratio schedule, they were never returned to the fixed-ratio schedule.
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Cocaine self-administration training on a progressive-ratio schedule Rats were trained
or tested (see paragraphs below) once daily. The PR schedule used for cocaine self-
administration was the same as the one used with food pellets as reinforcers except that at the
start of each session, a priming injection of cocaine was administered. The priming injection
and each infusion of cocaine were in all respects similar to the ones used for the FR schedule.
The PR schedule described in "Lever-press shaping" governed the relationship between current
reinforcer number and ratio to be completed, and there was a one-hour time limit to obtain
each reinforcer. Data from each self-administration session were scored as number of
reinforcers obtained, highest ratio completed, and IS?T.

Acquisition and stability of cocaine-self-administration under a PR schedule Rats were
allowed to self-administer the training dose of cocaine (0.25 mg/inj) for 50 sessions to permit
determination of acquisition and stability of the number of reinforcers obtained under the PR
schedule. At the end of this 50 training sessions period, three different doses of cocaine
(0.028, 0.083 or 0.75 mg/inj) or saline-vehicle, tested in a randomized order, were substituted
for the training dose of cocaine. For these tests, the priming injection consisted of a 0.1 ml
volume of the saline-vehicle or of the solution of cocaine (0.028, 0.083 or 0.75 mg/inj) to be
tested. Saline-vehicle or dose of cocaine were tested in a randomized order. Test sessions
were separated by at least one training session, and the number of reinforcers obtained during
these training sessions had to be within two of the baseline value before subjects were used in
the next test session. Failure to meet this criterion resulted in supplemental training sessions
until the criterion was fulfilled. This criterion was also applied during the SCH 23390 and
ondansetron pretreatment experiments.

Relationship between the dose of cocaine infused, number of reinforcers obtained,
highest ratio completed and ISRT recorded These parameters of cocaine self-administration
were determined for saline-vehicle and four doses of cocaine (0.028, 0.083, 0.25 and 0.75
mg/inj) following a saline i.p. pretreatment, which occurred 30 min prior to the start of the

session. Results from this experiment were first analyzed separately to determine the
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appropriate parameter (i.e., either number of reinforcers obtained or highest ratio completed)
for subsequent analysis of the effect of SCH 23390, eticlopride or ondansetron pretreatments.
Mean IS®Ts were calculated by first averaging each subject's individual ISRT, excluding the
first and the last IS®T. These two ISRTs were excluded because they were not representative
of the general pattern of IS®Ts: the first ISRT was variable because some rats took much
longer than others to start self-administering following the infusion of the priming dose; the last
ISRT also showed greater variability because at this final ratio value, some rats occasionally
displayed a pattern of lever pressing in which responding was interrupted by periods of non-
responding.

Effects of pretreatment with SCH 23390, eticlopride or ondansetron Nine rats were
used to study the effect of s.c. pretreatment with saline or SCH 23390 (10 pg/kg) against four
doses of cocaine (0.028, 0.083, and 0.25 mg/inj). The antagonists were not tested against the
highest dose of cocaine used in initiél dose-response testing (0.75 mg/inj) because baseline
test session with this dose typically lasted 4-6 hours, during which time any effect of the
antagonist would have diminished. Saline or SCH 23390 was administered 20 min pre-session.
In addition, the effect of s.c. pretreatment with saline or SCH 23390 (5.6, 10, 17.8 or 32 pg/kg)
against the training dose of cocaine (0.25 mg/inj) was evaluated in ten rats. Saline, SCH
23390, as well as the dose of infused cocaine were tested in a randomized block-design. Ten
rats were used to determine the effect of saline or eticlopride (0.032, or 0.1 mg/kg)
pretreatment (30 min pre-session, s.c. administration) against the training dose of cocaine. Six
rats were used to determine the effect of saline or ondansetron (0.001, 0.01, 0.1 and 1.0
mg/kg) pretreatment (30 min pre-session, i.p. administration) against the training dose of
cocaine (0.25 mg/inj). Eight rats were used to assess the effect of 0.1 mg/kg i.p. ondansetron
against 0.028, 0.083 and 0.25 mg/inj of cocaine. Saline, ondansetron, as well as the dose of
cocaine, were tested in a randomized order.

Drugs Cocaine HCI (Sigma, St. Louis, MO; and NID, Research Triangle Park, NC)

was dissolved in saline-vehicle (1.0 U/ml heparinized 0.9% saline) and filtered through 0.22
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micron filters (Millipore, Bedford, MA) into sterile 10 ml syringes immediately before use.
Ondansetron HCI (gift of Glaxo Group Research, Ware, UNITED KINGDOM), eticlopride Hcl
(research Biochemicals Inc., Natick, MA) and SCH 23390 HCI (Research Biochemicals, Natick,
MA) were all prepared freshly before each test session and diluted in 0.9% saline.

Data analysis All data reported in the text or plotted in the figures are expressed as
mean + S.E.M., except for Fig. 2 where data are plotted as mean + Std. Dev. For the analysis
of the cocaine dose-effect data following saline pretreatment, the number of reinforcers
obtained, highest ratio completed, and ISRT recorded were subjected to a Cochran's test
(Winer 1962) to determine whether data violated assumptions of homogeneity of variance.
Data that did not violate these assumptions were further subjected to a one-way ANOVA for
repeated measures. For the SCH 23390, eticlopride and ondansetron experiments that used
several doses of cocaine, the number of reinforcers obtained was subjected to a two-way
ANOVA for repeated measures, with the dose of cocaine and pretreatment (saline or drug) as
the two within factors. For the experiments where several doses of SCH 23390, eticlopride or
ondansetron were tested against the training dose of cocaine, the number of reinforcers
obtained was subjected to a one-way ANOVA for repeated measures, with the doses of the
tested drug as the within factor.

ISRTs from the SCH 23390 or ondansetron experiment were subjected to a two-way or
one-way ANOVA for repeated measures, respectively. Analysis of ISRTs for ondansetron was
performed on data collected during the experiment where saline or four doses of ondansetron
were assessed against the training doses of cocaine, as opposed to using values from the
single dose of ondansetron against three doses of cocaine, since this yielded more
ondansetron ISFT values.

For all ANOVA's, when F values showed a significant effect (p < 0.05), a planned
comparison analysis was performed, with significance reported whenever the p values were
less than 0.05 (for clarity sake, the F and p values for the post-hoc tests are not reported in the

text). All ANOVA's were performed with Systat software (Winer 1962).
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RESULTS

Acquisition and stability of cocaine self-administration under a PR schedule

Stable self-administration of cocaine (training dose of 0.25 mg/inj) under a PR
schedule was acquired within approximately 10 sessions (Fig. 1). Once PR responding was
acquired, there was a high degree of stability in the number of reinforcers obtained over the
period covering the next 41 sessions; the average number of reinforcers obtained during these
last 41 sessions was 19.0+0.1. In addition, for each individual session over this period, the
S.E.M.'s ranged from 0.8 to 1.8 reinforcers. The low values of these S.E.M.'s reflect the small

inter-subject differences in the number of reinforcers obtained within the same training session.

Relationship between the dose of cocaine infused, the number of reinforcers obtained and the
highest ratio completed

Varying the dose of infused cbcaine over a 27-fold range (from 0.028 to 0.75 mg/inj)
resulted in a 2.7-fold dose-related increase in the number of reinforcers obtained (Fig 2, top
panel; F(3,30)=46.57, p<<0.001). However, this was not a linear effect across the entire range
of doses. Tripling the training dose (from 0.25 to 0.75 mg/inj) did not markedly increase the
number of reinforcers obtained but instead the curve plateaued (which may be caused by
overdose intoxication. All but the 0.25 and 0.75 mg/inj doses differed significantly from one
another. Substituting the saline-vehicle solution for the training dose of cocaine yielded a very
low number of reinforcer obtained (1.1+0.3). Note that the average number of reinforcers
earned under the 0.25 mg/inj dose (19.5+1.2) was very close to the average calculated for the
period covering the last 41 training sessions (19.0+0.1; ref. to Fig. 1).

As the dose of cocaine increased, the hi’ghest ratio completed also increased (Fig 2,
bottom panel). Increasing the dose of cocaine from 0.028 to 0.75 mg/inj resulted in a 16.6-fold
increase in the highest ratio completed. However, as shown by the different magnitudes of
Std. Dev.'s on the figure, these data violate assumptions of homogeneity of variance

(Cochran's test: C=0.70, p<<0.01). Violation of homogeneity of variance can be a serious
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Figure 1. Acquisition and stability of self-administration of cocaine under a PR schedule
Abscissa: training session number; ordinate: number of reinforcers obtained during the

training session. Each circle represents the average number of reinforcers obtained as a

function of the training session shown on the abscissa. The dose of cocaine infused as a

reinforcer was 0.25 mg/inj. Vertical bars represent S.E.M.'s. N=13.
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Figure 2. Relationship between the dose of cocaine infused and the number of reinforcers
obtained (top panel) or the highest ratio completed (bottom panel)

Top panel: abscissa: dose of cocaine available for self-administration; ordinate:
number of reinforcers obtained during the session. Each filled circle represents the average +
Std. Dev. The open circle represents the average number of reinforcers obtained when saline-
vehicle (VEH) in a volume of 0.1 ml per infusion was substituted for cocaine.

Bottom panel: same legend as top panel except for the ordinate, which is the highest
ratio completed during the session. Refer to "Lever-press shaping" for the relationship between
reinforcer number and the associated ratio. For both panels, some Std. Dev. bars do not show

because they are smaller than the symbol size. N=11.
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confound in an ANOVA for repeated measures (Winer, 1962), and for this reason, highest ratio
completed was not considered further for statistical analysis. When a data set violates
assumptions of homogeneity of variance, a means of circumventing this problem is to
transform the data through square root or logarithmic calculation (Winer 1962). Here, the
number of reinforcers obtained is a natural logarithmic function of the highest ratio completed,
and the reinforcer data do not violate assumptions of homogeneity of variance. For these
reasons, subsequent data analyses for the SCH 23390 and ondansetron experiments were

performed on the number of reinforcers obtained instead of highest ratio completed.

Relationship between the dose of cocaine infused, the reinforcer number, and the inter-
reinforcer time

The relationship between the dose of cocaine infused, the number of reinforcers
obtained and the IS®T is presented in the three dimensional graph of Fig. 3. Two relationships
conceming the ISRT can be seen in this graph: first, the ISRT increases as a function of the
dose of cocaine infused; second, for any given dose of cocaine, the ISRT increases during the
session from reinforcer to reinforcer.

The mean ISRT (Table 1) increased 7.7-fold (F(3,30)=157.71, p<<0.001) as the dose of
infused cocaine increased 27-fold, and all four mean ISRT s were significantly different from
one another. Note that ISRTs obtained under saline-vehicle were not analyzed because most

subjects (10 out of 11) took less than three reinforcers.

Effect of pretreatment with saline or SCH 23390 on the number of reinforcers obtained and the

inter-reinforcer time
For all three doses of cocaine, pretreatment with SCH 23390 (10 ug/kg) decreased the
highest ratio completed (data not shown and not amenable to statistical analysis, see above) as

well as decreased the number of reinforcers obtained (Fig. 4, top panel;, F(1,6)=32.66,
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Figure 3. Relationship between the dose of cocaine infused, the reinforcer number, and the
inter-reinforcer time

X axis: reinforcer number; Y axis: dose of cocaine available for self-administration; Z
axis: inter-reinforcer time (IS®T) in min. Each column represents the mean ISTT. ISRTs were
calculated for individual subjects by excluding the first and the last ISRT, resulting data for each
remaining reinforcer were then averaged across subjects. For each dose of cocaine, the
number of ISRTs plotted corresponds to the average number of reinforcers obtained rounded to

the nearest integer (see Fig. 2, top panel). For clarity, S.E.M.'s have been omitted. N=11.
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TABLE 1
RELATIONSHIP BETWEEN THE DOSE OF COCAINE INFUSED AND THE MEAN INTER-

REINFORCER TIME (IS®T)

Values are expressed as mean (min) + SEM. ISRTs were calculated by first averaging each
subject’s individual ISRTs, excluding the first and the last IS®T (see the Method section). n =

1.
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p<<0.001). The ability of SCH 23390 to decrease the number of reinforcers obtained was
significant for the three lowest doses of cocaine. The significant interaction between the dose
of cocaine infused and the pretreatment (F(3,18)=7.14, p<<0.01) suggests that SCH 23390 or
saline pretreatment affected the cocaine dose-effect curve in a different way. This differential
effect of SCH 23390 can be seen in the graph where the SCH 23390 pretreatment curve is not
parallel to the saline pretreatment curve. |

When tested against the training dose of cocaine (0.25 mg/inj), SCH 23390 was found
to decrease the number of reinforcers in a dose-dependent manner (Fig. 4, bottom panel:
F(3,27)=14.18, p<<0.001). A dose of 32 ug/kg of SCH 23390 completely blocked self-
administration of 0.25 mg/inj of cocaine. Differences in the number of reinforcers were
significant for all pairs of doses of SCH 23390 and saline compared, except for two pairs: the
saline versus 3.2 pg/kg, and the 17.8 pg/kg versus 32 pg/kg. For all subjects, SCH 23390,
markedly decreased the number of reir.wyforcers obtained in a dose-dependent manner.

SCH 23390 at the dose of 10 pg/kg showed a tendency to reduce the ISRT (Table 2),
but this tendency was not significant, nor was the interaction between the dose of infused
cocaine and pretreatment. The results at cocaine doses of 0.028 and 0.083 mg/inj were not
included in this table since when these dose of cocaine was combined with SCH 23390, three
(0.028 mg/inj) and four (0.083 mg/inj) out of the seven rats did not self-administer cocaine.
These subjects were omitted from the whole ISRt analysis since missing data points in a

within-subjects ANOVA prevent analysis.

Effect of pretreatment with saline or eticlopride on the number of reinforcers obtained and the

inter-reinforcer time

For all three doses of cocaine, pretreatment with eticlopride (32 ug/kg) decreased the
highest ratio completed (data not shown and not amenable to statistical analysis, see above) as

well as decreased the number of reinforcers obtained (Fig.5, top panel; F(1,32)=39.80,
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Figure 4. Effect of SCH 23390 pretreatment on the number of reinforcers obtained

Top panel: abscissa and ordinate same as in top panel of Fig. 2. Each symbol
represents the average number of reinforcers obtained in a session with pretreatment of saline
(hollow squares), or SCH 23390 (10 pg/kg, s.c.; filled squares). Vertical bars represent
S.E.M.'s. N=7.

Bottom panel: abscissa: dose of SCH 23390; ordinate: number of reinforcers obtained
during the session. Each symbol represents the average number of reinforcers obtained in a
session with pretreatment of saline (hollow square), or SCH 23390 (filled squares). Saline or
SCH 23390 were tested against the training dose of cocaine (0.25 mg/inj). Vertical bars

represent S.E.M.'s. N=10.
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TABLE 2

EFFECT OF SALINE OR SCH23390 (10 pg/kg) PRETREATMENT ON THE MEAN INTER-

REINFORCER TIME (IS7T)

Values are expressed as mean (min) + SEM. ISRTs were calculated by first averaging each
subject’s individual's, excluding the first and the last ISRT (see the Method section). In addition
to excluding these two ISRTs, the ISRT distribution was further truncated for each subject such
that equal numbers of ISRTs were available for comparison for a given dose of cocaine. For
example, if a subject tested under the 0.25-mg/inj dose of cocaine obtained 20 and 15
reinforcers under saline and SCH23390 pretreatment, respectively, then the calculation of the
mean ISRT would use only reinforcer 2 to 14 for both pretreatments. This was done to have
identical numbers of IS?Ts for each subject across both pretreatments for a given dose of
cocaine. If this procedure is not adopted, the additional ISRTs occurring under saline bias the

data by making the saline ISRTs appear to be longer than is actually the case. n=7.
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p<<0.001). The ability of eticlopride to decrease the number of reinforcers obtained was
significant for the three lowest doses of cocaine. The significant interaction between the dose
of cocaine infused and the pretreatment (F(2,32)=5.44, p<0.01) suggests that eticlopride or
saline pretreatment affected the cocaine dose-effect curve in a different way. This differential
effect of eticlopride can be seen in the graph where the eticlopride pretreatment curve is not
parallel to the saline pretreatment curve.

When tested against the training dose of cocaine (0.25 mg/inj), eticlopride was found to
decrease the number of reinforcers in a dose-dependent manner (Fig. 5, bottom panel;
F(3,32)=12.32, p<0.001). A dose of 32 ug/kg of eticlopride completely blocked self-
administration of 0.25 mg/inj of cocaine. For all subjects, eticlopride markedly decreased the

number of reinforcers obtained in a dose-dependent manner.

Comparison the reduction of pretreatment with SCH 23390 or eticlopride on the number of
reinforcers obtained

A group of animals (N=12) were tested for the comparison of the effect of reduction in
the breaking point between a D1 antagonist (SCH 23390) and a D2 antagonist (eticlopride).
SCH 23390 (10 ug/kg) pretreatment reduced the number of cocaine injections taken (Fig 6;
F(1,11)=106.8, P<0.001), and this effect was significant for all doses of cocaine tested. Low-
dose eticlopride (0.032 mg/kg) pretreatment also reduced the number of reinforcers obtained,
but by post-hoc tests this was significant for the medium (0.3 mg/kg/inj; F(1,11)=43.7, P<0.01)
and the high dose of cocaine (0.25 mg/inj; F 1,11=17.8, p<0.01). High-dose eticlopride (0.1
mg/kg) pretreatment reduced cocaine self-administration at all doses of cocaine tested

(F(1,11)=150.5, P<0.01).
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Figure 5. Effect of eticlopride pretreatment on the number of reinforcers obtained

Top panel: abscissa and ordinate same as in top panel of Fig. 2. Each symbol
represents the average number of reinforcers obtained in a session with pretreatment of saline
(hollow squares), or eticlopride (32 pg/kg, s.c.; filled squares). Vertical bars represent S.E.M.'s.
N=12.

Bottom panel: abscissa: dose of eticlopride; ordinate: number of reinforcers obtained
during the session. Each symbol represents the average number of reinforcers obtained in a
session with pretreatment of saline (hollow square), or eticlopride (filled squares). Saline or
eticlopride were tested against the training dose of cocaine (0.25 mg/inj). Vertical bars

represent S.E.M.'s. N=12.
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Effect of pretreatment with saline or ondansetron on the number of reinforcers obtained and the
inter-reinforcer time

For the three doses of cocaine tested (0.028, 0.083 and 0.25 mg/inj), pretreatment with
0.1 mg/kg of ondansetron failed to significantly affect the number of reinforcers obtained (Fig.
7, top panel). Indeed, this dose of ondansetron had virtually no effect on the number of
reinforcers obtained. Interaction between the dose of cocaine infused and the pretreatment was
not significant. Ondansetron was not tested against the dose of 0.75 mg/inj of cocaine since
the cocaine-dose response relationships obtained under saline in the SCH 23390 experiment
showed that 0.25 and 0.75 mg/inj yielded comparable numbers of reinforcers obtained.

When tested against the training dose of cocaine (0.25 mg/inj), pretreatment with
ondansetron, over a 1,000-fold range of doses, neither increased nor decreased significantly
the number of reinforcers obtained (Fig. 7, bottom panel). For all four doses of ondansetron,
the number of reinforcers obtained was changed by a maximum of five percent as compared to
control (saline pretreatment).

Although ondansetron showed a tendency to shorten the mean ISRT (Table 3), this was
not statistically significant. The mean ISRT for the training dose of 0.25 mg/inj (5.44 min) is
higher than the one reported in Table 2 for the SCH 23390 experiments (2.60 min) because the
mean IS®Ts in the SCH 23390 experiments were calculated on the basis of a smaller number

of reinforcers (see Table 2 for more information).

DISCUSSION
Self-administration of cocaine by rats under this PR schedule presented several
interesting features. Its acquisition was rapid and it showed long-term stability. This study
provides data analysis showing that for statistical purpose, the number of reinforcers obtained
instead of the highest ratio completed is the appropriate measure of the breaking point. As the

dose of cocaine is increased, both the breaking point and the inter-reinforcer time (ISRT)
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Figure 6. Comparison of the pretreatment of SCH 23390 and Eticlopride on the number of
reinfocers obtained

Effects of SCH 23390 (0.01 mg/kg), eticlopride (0.032 mg/kg), and eticlopride (0.1
mg/kg) pretreatment on cocaine self-administration. Left ordinate: average number of cocaine
injections self-administered during the session. Right ordinate: Cumulative number of lever
pressed emitted during the session. Abscissa: dose of cocaine tested. Each symbol represents
the average number of reinforcers obtained in a session with saline (filled circle), SCH 23390
(0.01 mg/kg, s.c.; hollow squares), eticlopride (0.032 mg/kg, s.c.; filled squares), eticlopride
(0.1 mg/kg, s.c.; filled triangles) pretreatment. Hollow circle indicated cocaine dose-response

curve baseline (without pretreatment). Vertical bars represent S.E.M.'s. N=12.
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Figure 7. Effect of ondansetron pretreatment on the number of reinforcers obtained

Top panel: Abscissa and ordinate same as in top panel of Fig. 2. Each symbol
represents the average number of reinforcers obtained in a session with saline (hollow squares)
or ondansetron (0.1 mg/kg, i.p.; filled squares) pretreatment. Vertical bars represent S.E.M.'s.
N=6.

Bottom panel: Abscissa: dose of ondansetron. Ordinate: number of reinforcers
obtained during the session. Each symbol represents the average number of reinforcers
obtained in a session with pretreatment of saline (hollow square), or ondansetron (filled
squares). Saline or ondansetron were tested against the training dose of cocaine (0.25 mg/inj).

Vertical bars represent S.E.M.'s. N=8.
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increase in an orderly manner. The breaking point was found to be sensitive to the effects of
SCH 23390, a drug previously shown to increase the rate of cocaine self-administration in other
schedules, and was not affected by ondansetron, a drug that has not previously been shown to
affect cocaine self-administration in rats. Finally, monitoring of the IS®T along with the
breaking point allows for control of motor incapacitating effects of drug pretreatment on
cocaine self-administration, without having to resort to controls using other schedules or others
reinforcers such as food. Our data overall suggest that the rat is an excellent subject for the
production of PR schedule data amenable to statistical analysis.

Stability of cocaine self-administration under this PR paradigm can be maintained
routinely for more than three months, allowing one to conduct a series of parametric
experiments. To our knowledge, long-term stability of PR responding, particularly for large
groups of animals, has not been demonstrated before. This study also shows that changing the
dose of infused cocaine, with or without pretreatment with SCH 23990 or ondansetron, does not
affect baseline stability of PR responding. This is particularly important if one wants to conduct
multiple drug tests against several doses of infused cocaine rather than solely against the
training dose of cocaine. In addition, rapid acquisition of cocaine self-administration under this
type of PR schedule allowed testing to begin within two weeks of initiation of training. We
attribute the longevity and viability of the subjects to semi-sterile surgical procedures and post-
operative care, and to a fastidious regimen of anticoagulants and antibiotics that was designed
to minimize infection and maximize catheter patency (see "Surgical Procedure").

Both the number of reinforcers obtained and the highest ratio completed increased in
an orderly manner as a function of an increase in the dose of infused cocaine. These increases
are thought to reflect an increase in the reinforcing efficacy of the reinforcer (Hodos and
Kalman 1963). Iinverted U-shaped curves have been observed by others at the highest doses
of drug intake (Griffiths et al, 1979; Risner and Goldberg, 1983; Yanagita 1973). Doses of

cocaine above 0.75 mg/inj were not used in this study because of the inherent toxicity of the
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TABLE 3
EFFECTS OF SALINE OR ONDANSETRON PRETREATMENT ON THE MEAN INTER-
REINFORCER TIME (IS"T)

Dose of Ondansetron (mg/kg)

Values are expressed as mean (min) + SEM. Saline or Ondansetron was tested against the
training doses of cocaine (0.25 mg/inj). ISRTs were calculated by excluding the first and the last

ISRT ( see the Methods section). n=6
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drug (e.g., in pilot studies, when doses of 3.7 mg/inj and above were used, seizures and/or
death were occasionally observed).

Independent of the highest dose utilized, the values for the highest ratio completed
were routinely higher in this study than the values reported by others using rats as subjects.
For example, Roberts ef al. (Roberts et al, 1989) reported average highest ratios of 38 and 92
for doses of cocaine of 0.083 and 0.25 mg/inj, respectively. Hubner and Moreton (Hubner and
Moreton, 1991) reported two different averages for a 0.225 mg/kg dose of cocaine: in one, the
highest ratio was 88 and in the other the highest ratio was 168. In contrast, our animals
reached average highest ratio values of 599 and 848 for 0.25 and 0.75 mg/inj, respectively.
We do not know why our animals worked to such high values, but perhaps the difference
between our results and those of Hubner and Moreton (Hubner and Moreton, 1991) may be
found in differences between paradigms (i.e., progression of the ratio, force required to produce
a lever-press, duration of the time-out, étc.) or differences in the strains, ages and body weights
of the rats. However, a difference in the progression of the ratio is unlikely to account for
differences between this study and that of Roberts et al. (1989), who used essentially the same
progression.

As a rate measure, inter-reinforcer time (ISFT, in minutes) was used. The IS®T
increased approximately 8-fold and in a direct relationship to the dose of cocaine tested. For
example, for cocaine doses of 0.25 and 0.75 mg/inj, associated ISRTs were approximately 4.5
and 12 min, respectively. Interestingly, the ISRT value found with the training dose of cocaine
(0.25 mg/inj) is similar to the ISRT found in a FR2 procedure (ISRT: 4.5 min) for this same dose
in our laboratory (Lane et al, 1992). From data in which an FR5 was used with a cocaine dose
of 0.75 mg/inj (Hubner and Moreton, 1991) we calculated that these authors obtained an Is*T
of approximately 3.4 min; and similarly, using an FR1 schedule and a 0.5 mg/inj dose, we
calculated that Peltier and Schenk (Peltier and Schenk, 1991) obtained an ISRT of
approximately 4.8 min. Although additional data are necessary to reach a firm conclusion, the

available data suggest that independent of the schedule that governs cocaine delivery, rats
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respond such that across strains and different laboratories, cocaine self-injections occur at
comparable average intervals that are a function of the dose of cocaine. We would further
note, however, that the average IS®T in this PR procedure could be misleading since ISRTs are
not uniformly distributed across the session.

With this PR schedule, increasing doses of cocaine resulted in a greater number of
responses emitted (highest ratio completed) and reinforcers obtained. Historically, breaking
point under a PR schedule has been arbitrarily defined as the highest ratio completed (Hodos,
1961). However, the use of the highest ratio completed as a measure of the breaking point
presents a problem for statistical analysis. Because the enormous range of ratio values
produces unequal variance across different doses of the reinforcer, the highest ratio completed
is not amenable to ANOVA. This difficulty with analyzing PR data may have been recognized
previously; for example, although Roberts et al. (1989) present data in the form of highest ratio
completed, they note that the data were log-transformed for statistical analysis. In the present
case, the reinforcer number is a natural logarithmic function of the ratio value, and indeed the
reinforcer data in the top panel of Fig. 2 are amenable to ANOVA because they do not violate
assumptions of homogeneity of variance. If the PR schedule is to be used for parametric
statistical comparisons of the effects of pretreatments, then the logarithmic transformation of
the highest ratio completed appears to be the appropriate measure of breaking point. We
suggest that an exponential formula should be used to construct the relationship between ratio
and reinforcer number, because the reinforcer number then provides a ready logarithmic
transformation of the ratio value.

Cocaine is thought to act at dopamine and serotonin transporter sites (Reith et al,
1983; Riiz et al, 1987), which suggests that compounds interacting with the receptors for these
neurotransmitters might be expected to modify the rate of cocaine self-administration. A
substantial body of evidence is accumulating that implicates brain dopamine in the reinforcing
effects of cocaine (for a review, see Kuhar et al, 1991). Consistent with this putative role of

dopamine is the observation that both dopamine D1 (Hubner and Moreton, 1991; Kleven and
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Woolverton, 1990;; Lane et al, 1992; Woolverton 1986) and D2 (Hubner and Moreton, 1991;
Koob et al, 1987; Peltier and Schenk 1991; Woolverton 1986) antagonists are efficacious in
shifting cocaine self-administration to faster intake under low-value FR procedures. Using a
second-order schedule, Bergman et al. (1990) have also shown that SCH 23390 blocks the
reinforcing effects of cocaine. Because faster intake of cocaine is associated with lower doses
of cocaine in FR schedules, these shifts to faster intake of cocaine have been interpreted to
mean that D1 and D2 antagonists block the reinforcing effects of cocaine.

Little work has been published concerning effects of dopamine antagonists under PR
schedules. Using a single dose of cocaine, Roberts et al., (1989) reported that haloperidol
reduced the highest ratio completed and increased the rate of cocaine intake. Hubner and
Moreton (1991) reported that SCH 23390, and the D2 antagonist spiperone, also decreased the
highest ratio completed. In the present study, SCH 23390 decreased the breaking point
(number of reinforcers obtained) over the whole range of doses of cocaine tested. This would
suggest that SCH 23390 blocked the reinforcing effects of cocaine. This is also in agreement
with the well documented action of dopamine in the initiation and/or maintenance of cocaine
self-administration (Johanson and Fischman, 1989; Weiss et al, 1993), and the resuits of these
studies provide evidence that the PR schedule is sensitive to the blocking effects of drugs
interfering with dopamine transmission on cocaine self-administration.

One alternative explanation for the observed decrease in the number of reinforcers
eamed under SCH 23390 could be that SCH 23390 simply blocked the discriminative
properties of cocaine. According to this hypothesis, the priming dose would provide a
discriminative stimulus which would be necessary for the initiation of self-administration. Thus,
under SCH 23390, some rats would have failed to self-administer (no reinforcers earned), while
other rats would have self-administered a number of reinforcers comparable to control (saline
pretreatment) levels. As the dose of SCH 23390 increased, one would have expected to see
an increasing number of rats failing to initiate self-administration. Instead, we found that for

each rat, as the dose of SCH 23390 increased, the number of reinforcers obtained was
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progressively decreased. This pattern of results with SCH 23390 argues in favor of a blocking
effect of cocaine self-administration rather than a blocking effect of a cocaine discriminative
cue.

Like Hubner and Moreton (1991), we also observed in a previous study that SCH
23390 increased the rate of responding in rats self-administering cocaine under a low-value FR
schedule (Lane et al, 1992). On the basis of our previous data and those of Hubner and
Moreton, one hypothesis is that SCH 23390 blocks the effects of cocaine by making a bigger
dose of cocaine have the effects of a smaller dose. Thus, SCH 23390 would be expected to
produce shorter ISRTs (as found in low-value FR procedures), and to reduce the number of
reinforcers obtained (as found in PR procedures). This simple hypothesis, however, is not
supported by the present set of IS?T data. In the absence of SCH 23390, the effect of lowering
the cocaine dose is to produce shorter IS?Ts. Although SCH 23390 decreased the number of
reinforcers, it showed no capacity to sighificantly shorten the IS?T under this PR schedule.

On the other hand, SCH 23390 did not reduce the breaking point simply because of
motor-impairment. Had that been the case, we might have expected to see longer ISRTs,
whereas we observed that the ISRT showed a tendency to be shortened by SCH 23390.
Hubner and Moreton (1991) proposed that in their group of rats trained on a PR schedule, SCH
23390 did not decrease the highest ratio completed through motor impairment. Those authors
drew their conclusion regarding PR responding indirectly from the observation that SCH 23390
increased the rate of responding in a separate group of rats‘trained to self-administer cocaine
on an FR5 schedule. In the present study, simultaneous monitoring of both the number of
reinforcers obtained and the ISRT allowed us to reach this conclusion directly, in the same
animals, and using solely the PR procedure.

The effect of D2 selective antagonists on cocaine reward has supported the proposition
that D2-like receptors are critical in regulating the reinforcing effect of cocaine (de Wit and
Wise, 1977; Roberts and Vickers, 1984; Koob et al, 1987). Using a PR schedule, D2-like

receptors have also been found to play a role in mediating the reinforcing effects of cocaine
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(Roberts et al, 1989). The present study used eticlopride, a high-affinity antagonist at D2 and
D3 receptors. Low-dose (0.032 mg/kg) pretreatinent with eticlopride reduced responding for the
medium and high dose of cocaine. Eticlopride (0.1 mg/kg) reduced responding to a greater
extent than did SCH 23390 for all doses tested. This finding is consistent with results from
previous studies (Roberts et al, 1989) indicating that D2-like DA receptors are involved in
regulating the reinforcing effect of cocaine.

Ondansetron, a selective 5-HT3 antagonist, had no significant effect either on the

number of reinforcers or on the ISRT. An absence of effect of ondansetron on cocaine self-
administration using low-value FR procedures has been reported by Lane et al., (1992) as well
as Peltier and Schenk (1991). Using a PR procedure, Lacosta and Roberts (1991) have

provided preliminary evidence that another selective 5-HT3 antagonist, MDL 72222, was

without effect on the highest ratio completed in their PR procedure. We provide evidence that
ondansetron, across a 1,000-fold range of doses tested against the training dose of cocaine, as
well as at the dose of 0.1 mg/kg tested against three doses of cocaine (0.028, 0.083 or 0.25
mg/inj), has no significant effect on either the number of reinforcers or the ISRT. The range of
doses investigated more than spanned the doses that have been reported to be active via the
i.p. route in other behavioral tests (Costall et al, 1990; Peltier and Schenk, 1991). Thus, if
serotonergic mechanisms are indeed important in cocaine self-administration (Carroll et al,

1990; Loh and Roberts, 1990) it is likely that these mechanisms do not involve the 5-HT3 site.
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Chapter 2

In this manuscript, the hypothesis that a common reward pathway mediates the reinforcing
effect of both cocaine and opioids was tested. The experiments in this chapter were designed to
examine the interactions between d-amphetamine or opiates with cocaine. This hypothesis was based
on the anatomical evidence that the dopaminergic projection from the ventral tegmental area (VTA) to
nucleus accumben (NAc) is an anatomical substrate of the rewarding effect of opiates. Therefore, an
increase in the breaking point or the inter-reinforcer time (ISRT) of cocaine self-administration is
expected when cocaine is co-administered with either d-amphetamine or opiates. Since both cocaine
and amphetamine are dopamine indirect agonists, a synergistic effect on the breaking point of cocaine
self-administration is expected when amphetamine and cocaine are co-administered.

This manuscript has been subrﬁitted to Pharmacol Biochem Behav and is currently undergoing

review.
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ABSTRACT
The hypothesis that the progressive-ratio (PR) schedule could be employed to determine the
potentiating effects of other abused agents on cocaine reinforcing effect was tested in this
experiment. The effects of pretreatment with buprenorphine (BUP; the partial mu-agonist),
morphine (MOR; the full mu-agonist), or d-amphetamine (AMPH; the dopamine releaser) were
investigated in Fisher F-344 rats trained to self-administer cocaine (0.25mg/injection of 100pl)
under the progressive-ratio schedule of reinforcement. When pre-treated with vehicle (s.c.),
increasing doses of cocaine (0.028, 0.083 and 0.25 mg/injection) resulted in higher breaking
points (responding ceased at 12, 17 and 22 reinforcers, respectively). Pretreatment with
AMPH (0.32, 1.0 or 1.8 mg/kg) significantly increased the number of reinforcers obtained for
all three doses of cocaine and for cocaine-vehicle. Pretreatment with morphine (1.0, 3.2 or 5.6
mg/kg, s.c., given 30 min before the session) did not increase the breaking point in any of
these doses of cocaine. Indeed, at the highest dose of morphine tested, several subjects
failed to initiate response for cocaine, énd of the remaining subjects, the breaking points for
all doses of cocaine were unchanged. The effect of the pretreatment with buprenorphine was
tested against the intermediate dose of cocaine (0.083 mg/injection), and it also failed to
enhance the breaking point. The absence of the effect of BUP pretreatment does not appear
to be due to a lack of sensitivity of this PR schedule, since AMPH pretreatment resulted in an
increase in the number of reinforcers obtained. To date, we are unaware of evidence which
successfully demonstrates that breaking points maintained by cocaine can be enhanced by
pretreatment with any drug. Supported by NIDA grant RO1-4137 and Texas Advanced

Technology Award 3711.
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INTRODUCTION

Among drug self-administration methods, the progressive-ratio (PR) schedule is a
method that has been claimed to provide an index of reinforcing effect of a psychoactive drug
(Hodos, 1961). The PR schedule has been demonstrated to supply a sensitive measure in
evaluating the effects of lesions and pharmacological pretreatments on drug reinforcement
(Roberts and Richardson 1992). Several studies have used the PR schedule to determine the
effects of dopamine and serotonin antagonists (Roberts et al., 1989b; Lacosta & Roberts,
1993; Depoortere et al., 1993), and serotonin up-take inhibitors (McGregor et al., 1993) on the
reinforcing effect of cocaine. This work showed that the PR schedule is a sensitive tool to test
the inhibitory effect of various substances on cocaine self-administration. In another study,
intracerebral injections of 5,7-dihydroxy-tryptamine (5,7-DHT) were applied to demonstrate
that the depletion of forebrain serotonin could significantly increase breaking points (Loh &
Roberts, 1990). Although some doses of clozapine also increased the breaking point of
cocaine self-administration in rats (Loh et al., 1992), there was a lack of systematic evaluation
of this action (see details in Discussion).

Among cocaine addicts, polydrug abuse is a common phenomenon (Sample 1977),
and drugs representing a wide range of pharmacological classes are frequently combined with
cocaine. The primary reasons expressed by users for polydrug use ranged from: combating
unpleasant side effects, to alleviating feelings of anxiety when cocaine's initial euphoria
dissipates, to reducing the intensity of the cocaine high, and to enhancing the cocaine high
(Siegel 1984). Amphetamines are weak inhibitors of monoamine oxidase, an action that would
increase catecholaminergic activity. They also appear to exert the stimulus effects in the CNS
by releasing biogenic amines from their storage sites in the nerve terminals. On the street, in
an attempt to reduce ("cut”) the amount of "active” agent being sold, amphetamines are
frequently used to substitute for a reduced amount of cocaine. Animal studies indicated that

there are some greater than additive effects between cocaine and d-amphetamine in some

animal models (Scheckel and Boff, 1964; Foltin et al. 1983).
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On the street, the combination of narcotics with cocaine, "speed balling,” is also quite
common and was reported to be used to produce a more intensely pleasurable “rush"
(Wesson & Smith, 1977). Cocaine was demonstrated to enhance morphine-induced analgesia
and to attenuate morphine-induced side-effects in rats (Kauppila et al. 1992). Among the
opioid family, the effects of buprenorphine on cocaine are also of interest. Mello et al. (1989)
first demonstrated that buprenorphine could be used to suppress cocaine self-administration
by rhesus monkeys. Later, a series of studies concerned with both acute and chronic
suppression effects of buprenorphine treatment on cocaine self-administration were published
(Mello et al., 1990; Mello et al., 1992). These experiments were performed based on the rate
of drug taking in self-administration. However, the rate of drug taking in FR schedule is at best
an ambiguous measure of a drug's reinforcing effect and may not be appropriate for predicting
relative reinforcing effect of different drugs or different doses of the same drug (lwamoto and
Martin, 1988; Katz, 1990). Another report used both a conditioned place preference procedure
and in vivo microdialysis to demonstrate that either buprenorphine or cocaine increased both
conditioned place preference and extracellular dopamine in the nucleus accumbens and
together acted synergistically on both measures (Brown et al, 1991). It has also been
demonstrated that both morphine and buprenorphine could potentiate the discriminative
stimulus effects of cocaine (Spealman & Bergman, 1992).

On the basis of the above work, our experiments used the PR schedule as a
behavioral tool to test the effect of d-amphetamine, morphine or buprenorphine on the
breaking points of cocaine self-administration in rats. Our main purpose was to determine if
PR could be used to determine a potentiation effect of these drugs on cocaine self-

administration as determined by an increase in the breaking point.
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METHODS

Subjects and Apparatus. Adult male Fisher F344 rats (Harlan, Indianapolis IN) were
housed individually and maintained at approximately 270g body weight (range: 260-290g) by
daily feeding of measured quantities of food. Lever-press shaping was done with food as a
reinforcer in single lever operant chambers (Model E-10-10TC, Coulbourn Instruments, Lehigh
Valley, PA) using 45-mg food pellets (BioServ, Frenchtwon, NJ). Initially, rats were trained to
press a lever under a FR1 schedule using food pellets as a reinforcer. After the responding
was stable, each subject was implanted with a permanently indwelling jugular catheter (for
details, see Depoortere et al.,, 1993). After surgery the catheter was flushed with a combination
of heparin, streptokinase, and Timentin (ticarcillin plus clavulinic acid) every 12 h for 5 days.
On the 6th day, Timentin was removed from the regimen.

Preliminary Training Phase. Self-administration experiments were performed in
chambers that contained a single lever, 5.0 cm above the floor and centered on the back wall,
that could be pressed (force of 0.15 N) to close a microswitch. The chambers were also
equipped with two stimulus lights (3W), one located on the ceiling (house light) and the other
9 cm above the lever (lever light). (for details see Depoortere et al., 1993). Five days
following surgery, animals began training under a fixed-ratio one schedule (FR 1) of
reinforcement, with cocaine, 0.25 mg/0.1ml/injection serving as the reinforcer. Sessions lasted
either until 25 injections were self-administered or until approximately 12-hr elapsed. Each
session started with a priming injection of cocaine (0.5 mg) delivered by the experimenter.
Priming and subsequent injections were accompanied by a flashing of two stimulus lights in
the chamber; each injection was followed by a 30-s time-out in the dark, during which
responding had no programmed consequences.

If a rat self-administered cocaine at a constant rate (+ 20%) over the course of 3-5
days, then the éubjects were selected for training under the progressive ratio (PR) schedule.
Daily PR sessions began with a 0.25 mg priming infusion. Each subsequent cocaine injection,

0.25 mg/0.1ml, occurred upon completion of each of the ratios in the following sequence: 3, 6,

64



10, 15, 20, 25, 32, 40, 50, 62, 77, 95, 118, 145, 178, 219, 268, 328, 402, 492, 603, 737, 901,
1102, and 1347. There was a 1-hr time limit to obtain each reinforcer, and failure to obtain
the reinforcer terminated the session. The last reinforcer the subject obtained during the
session was termed as breaking point, which indicated the total number of injections of
cocaine the animal obtained during that session. Typically, when rats failed to complete a
ratio, they always ceased responding within 30 min after the previous reinforcer was obtained,
and they subsequently emitted few if any additional responses. Stability under the PR
schedule for this 0.25mg/inj dose was defined as at least 7 sessions in which the breaking
point did not differ by more than 3 injections.

Drug interaction data. After this stability criterion was obtained, rats were tested
based on the following design:

1) pretreatment with d-amphetanﬁine (s.c., 0.32, 1.0 or 1.8 mg/kg) or saline against
self-administration of cocaine on 3 separate doses (0.028, 0.083 and 0.25 mg/inj) or its
vehicle (saline; 4x4 design). The doses were chosen based on the results of the disruptive
effect on food intake by psychomotorstimulants (Foltin et al., 1983).

2) pretreatment with buprenorphine (s.c., 0.033, 0.1 or 0.33 mg/kg) or water as its
vehicle against self-administration of cocaine at 0.083 mg/inj or its vehicle (4x2 design). The
reason this dose was chosen was that dose-response curve showed a very sharp decline in
the breaking point at this dose which indicated that this dose is very sensitive to the change of
reinforcing effect of cocaine (see figures and detail in Depoortere et al., 1993).

3) pretreatment with Morphine (s.c., 1.0, 3.2 or 5.6 mg/kg) or its vehicle saline against
self-administration of cocaine on 3 separate doses or saline (4x4 design). The choice of doses
of buprenorphine and morphine was based on Spealman's discriminative stimulus study and
Brown's buprenorphine study. The doses in this study covered the most effective dose range

of BUP and MOR on the effect of cocaine from previous studies (Brown et al., 1991;

Spealman & Bergman, 1992).
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Each dose of cocaine or saline combined with each pre-treatment drug or its vehicle
was tested on a different day. Each pretreatment was performed 30 minutes before the PR
session started. After the test of the combination of each interaction dose, the rats were
retrained using the baseline dose of cocaine (0.25 mg/0.1ml) without pretreatment until the
pre-treatment baseline was obtained for at least two days. Only the animals who retumed to
their normal baselines (baseline + 3 reinf.) were subjected to further experiments. Since some
subjects occasionally failed to start responding at the lowest dose of cocaine tested (0.028
mg/injection), a slightly larger priming injection (0.05 mg) was introduced. The treatment was
performed during the session of baseline testing and interaction testing.

Data Analysis: The number of reinforcers obtained was used as the dependent
measure, which is termed the breaking point. This measure of the breaking point was used
rather than the final ratio completed or the total number of responses emitted because those
variables are not amenable to parametric analysis (for a discussion of this problem in analysis
of response and reinforcer data from PR'procedures, see Depoortere et al., 1993; and Roberts
and Richardson, 1992. For ready comparison, the right-hand ordinate of figures shows
cumulative number of responses associated with the number of reinforcers on the left-hand
ordinate). The influence of pretreatment drugs on cocaine dose-response data were
subjected to two-way ANOVA for repeated measures, with the vehicle pre-treatment (control)
and drug pre-treatment as the two within factors.

Effect of drug pretreatments on the mean Inter-Reinforcer Time (ISRT) between each
reinforcer was used as another dependent measure, and was used to determine the response
rate related to response pattern. The first step to calculate this variable was to exclude each
subjects' first and last ISRT. These two IS®Ts were excluded because they were not
representative of the general pattern of IS®Ts: the first ISRT was variable because some rats
took much longer than others to start self-administering following the infusion of the priming
dose; the last ISRT also showed greater variability because at this final ratio value, some rats

occasionally displayed a pattern of lever pressing in which responding was interrupted by
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periods of non-responding. The second step to analyze the ISRT s was to perform a logit
transform the data according to the formula 2 + log (IS®T). The purpose of this treatment is to
minimize the variation introduced by the dramatically increase in number of responses as the
number of reinforcers increased. This variation lead the failure of parametric analysis of the
IS®T under the PR schedule (Beitinger 1993).

Since the breaking points of some animals at the low dose of cocaine (0.028 mg/inj)
were very low (< 4), the sample size of the experiment will be significantly reduced. To avoid
the data analysis being biased by the low dose cocaine self-administration, the treatment of
ISRT was concered only on 0.0833 and 0.25 mg/inj cocaine self-administration dosage.
Based on the transformed data, ISRT of different pretreatments on either 0.083 or 0.25 mg/inj
cocaine were further subjected to fully factorial ANOVA (MANOVA) for repeated measures
with the value of IS?T as dependent variables and pretreatments as factors.

All MANOVA were performed with SYSTAT software (Wilkinson, 1990), and all
ANOVAs were performed with Statistic Analysis Systems (SAS, 1987) software.

Drugs. Cocaine HCl was obtained from the National Institute on Drug Abuse
(Research Triangle Park, NC). Amphetamine sulfate was obtained from Sigma, St. Louis,
MO. Buprenorphine HCI was obtained from Reckitt & Colman Pharmaceuticals. Morphine
Sulfate injection (15 mg/ml, 1ml/vial) was obtained from Elkin Sinn Inc.

All doses refer to the weight of the salt for the convenience.

RESULTS
The number of subjects involved in the experiments varied from group to group.
Individual animals demonstrated stable daily breaking points during the period of each
interaction testing under the PR schedule. There was also a quite low level degree of

variability in baseline breaking points between animals (ranged among d-AMPH 17-24; BUP
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15-21; MOR 21-26). Therefore, the animals supplied a set of very stable and repeatable data
under the different combination treatments.

Effect of d-amphetamine (d-AMPH) pre-treatment on the number of reinforcers
obtained and the inter-reinforcer time (IS?T ) of cocaine.

For all three doses of cocaine, pretreatment with d-AMPH (0.32, 1.0, or 1.8 mg/kg)
significantly (F 126=52.28, p<0.0001) shifted the cocaine dose-response curve to the left (Fig
1). Under baseline conditions, increasing the dose of cocaine also resulted in an orderly
increase in the time between injections (F;,,=62.68, p<0.0001). The significant interaction
between the dose of cocaine infused and all of the three pretreatments (Fg 126=6.58, p<0.0001)
suggests that d-AMPH and saline pretreatment affected the cocaine dose-response curve in a
different way. This differential effect of d-AMPH can be seen in the graph, where the &-AMPH
pretreatment curve is not parallel to the saline pretreatment curve. However, before the
cocaine was available, the animals that were pretreated with d-AMPH showed an effect
similar to cocaine intoxication. The fad that d-AMPH also increased the breaking point
obtained from saline self-administration (F;2,=54.77, p=0.0001) indicated that it cannot be
concluded that an up-shift of the cocaine dose-response curve is due simply to an effect of d-
AMPH directly on the reinforcing effect of cocaine.

Although the pretreatment with d-AMPH failed to shifted the ISRT to longer duration
on 0.25 mg/inj (F3423=1.85, p>0.1) cocaine self-administration (Table 1), the pre-treatment
showed a significant shift to the left of IS?T on cocaine 0.083 mg/inj (F3315=4.659, p<0.01)
(Fig 2). This significance was contributed by the effect of both 1.0 and 1.8 mg/kg of

amphetamine.

Effect of morphine (MOR) pre-treatment on the number of reinforcers obtained and

the inter-reinforcer time (IST) of cocaine.
In MOR pre-treatment experiments, when the dose of MOR was lower than 5.6

mg/kg, MOR failed to significantly influence the breaking points of cocaine self-administration
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FIG. 1. Effect of d-amphetamine pretreatment on the number of reinforcers obtained.
Abscissa: dose of cocaine available for self-administration. Ordinate: the number of
reinforcers obtained. Each symbol represents the average number of reinforcers obtained in a
session, and vertical bars represent SEM. Symbols on the left indicate self-administration of

saline.n=9.
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Table 1. The average of individual mean ISRT of cocaine self-administration after the

pretreatment of AMP, BUP and MOR or their vehicle.
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FIG. 2. Effect of d-amphetamine pretreatment on the inter-reinforcer time of cocaine 0.25
mg/finj (top panel) and cocaine 0.083 mg/inj (bottom panel). Abscissa: the number of
reinforcers obtained. Ordinate: inter-reinforcer time (IS®T). Each symbol represents the mean
IS®T. For each dose of cocaine, the number of IS?T plotted corresponds to the average
number of reinforcers obtained rounded to the nearest integer. To clarity the view of the

graph, SEMs have been omitted. n = 9,
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(F2.60=0.49, p>0.5). At a dose of 5.6 mg/kg, MOR showed a significant effect of suppressing
breaking points. Some of the animals failed to start cocaine self-administration after the
treatment. Most of the animals reduced their breaking points significantly (Fig 3).
Pretreatment of MOR 5.6 mg/kg, s.c., also successively ceased drug lever pressing behavior
of saline self-administration. However, there were still two out of six subjects that failed to
show a significant difference on cocaine self-administration after 5.6 mg/kg of MOR or saline
pretreatment. One of the animals did not show a significant change on any dose of MOR
pretreatment. Although the difference on breaking points of group subjects was significant (F3,
80=8.43, p<0.01), the effects were varied among individual subjects (Fig 4, notice the larger
S.E.M.).

Pretreatment with MOR significantly shifted the IS*Ts to longer duration on both
0.083 mg/inj (F310=13.92, p<0.0001) and 0.25 mg/inj cocaine self-administration
(F3,13s=27.79, p<0.0001; Fig 5, top and middle panel). Even the rat who failed to show
differences on the breaking point by the pretreatment of MOR appeared to have a steady

(although slight) increase of its mean ISRT as the dose of MOR increased.

Effect of buprenorphine (BUP) pre-treatment on the number of reinforcers obtained
and the inter-reinforcer time (ISR'D of cocaine.

Although pretreatment with BUP failed to modify the breaking point of cocaine
0.083mg/inj self-administration (F;,3=0.19, p>0.5; Fig 4), pretreatment with BUP, highly
significantly increased IsfT (F3.159=14.07, p<0.0001; Fig 5, bottom panel) of cocaine self-

administration.

DISCUSSION
These data clearly show that the combination of cocaine and d-amphetamine produce an

effect which is greater than cocaine given alone under a progressive-ratio schedule. Doses of
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FIG. 5. Top panel: Effects of morphine pretreatment on the inter-reinforcer time of cocaine
0.25 mg/inj self-administration. Middle panel: Effects of MOR pretreatment on the inter-
reinforcer time of cocaine (0.083 mg/inj) self-administration. Bottom panel: Effect of
buprenorphine pretreatment on the inter-reinforcer time of cocaine 0.083 mg/inj self-
administration. Abscissa and ordinate are same as in FIG. 2. Each symbol represents the
mean ISRT. For each dose of cocaine, the number of IS?T plotted corresponds to the
average number of reinforcers obtained rounded to the nearest integer. To clarity the view of

the graph, SEMs have been omitted. n = 6 for each graph.
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AMPH higher than 1.0 mg/kg significantly shifted the cocaine dose-response curve to the left,
which suggested that there may be some potentiation of the effect of cocaine. The result from
analysis of IS?T data indicate that this effect is only related with lower doses of cocaine self-
administration. The deviation of results between breaking point and ISRT may explain the
reason for the lack of combination effect of both drugs under a multiple fixed-ratio 30, fixed-
interval 600 (mult FR F1) schedule in the pigeon (Evans & Wenger, 1990) and a differential
reinforcement of low rates (DRL) schedule in rats (Wenger & Wright, 1990). If we take a
closer look at Fig 1, we will find that the dose-response curves between the pretreatment of
saline or AMPH 0.32 mg/kg and the pretreatment of AMPH 1.0 or 1.8 mg/kg display different
trends. Although this difference is evidence that there may be an interaction between cocaine
and AMPH, the significant potentiation of AMPH 1.0 and 1.8 mg/kg pretreatment on saline
self-administration indicates that the potentiation may be contributed at least in part by the
effect of AMPH alone. This observation indicates that we have to consider additional factors
that mediate the reinforcing effect of cocaine when we test them on PR schedule.

The results from earlier work on the study of the interaction between cocaine and

amphetamines are quite contradictory. Some studies showed that AMPH enhanced cocaine's |

effect by increasing avoidance responding under a continuous avoidance procedure
(Scheckel & Boff, 1964) Other experiments showed that the combination generally had
greater than additive effects on milk drinking in the rat (Foltin et al. 1983). Wenger's
experiments (Evans & Wenger, 1990; Wenger & Wright, 1990) demonstrated that under a
multiple FR 30 FI 600 schedule and DRL schedule, the consequences of combining cocaine
with AMPH at doses that did not affect behavior did not reveal significant changes in the
behavioral effect compared to cocaine alone. Similarly, the combination of cocaine with
active doses of commonly abused drugs resulted in effects similar to the effects of the
interacting drugs alone. Our current results indicate that under the PR schedule, the effect of
AMPH on cocaine, if any, is at most an additive effect, even though the mechanisms of the

two drugs are expected to produce synergistic effects. Many people who abuse cocaine may
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often combine cocaine with another stimulant. As opposed to the result of Wenger's (Wenger
& Wright, 1990), our experiments used the PR schedule as an indicator of reinforcing effect
and demonstrated that this combination is at least an additive effect. It may be quite
reasonable for the abuser that amphetamines are frequently used to substitute for a reduced
amount of cocaine to reduce ("cut") the amount of "active" agent on street.

A series of experiments performed by Mello et al. indicated that buprenorphine
may successively reduce cocaine self-administration (Mello et al., 1989, 1990, 1992).
However, Brown demonstrated that BUP may enhance rather than attenuate the rewarding
properties of cocaine under a conditioned place preference procedure and in vivo
microdialysis (Brown et al., 1991), and Spealman showed that BUP potentiated the
discriminative stimulus effects of cocaine (Spealman & Bergman, 1992). The effect of BUP
on cocaine 0.083 mg/inj self-administration under the PR schedule tested by our experiments
show that BUP has no effect on the breaking points of cocaine self-administration. At this
dose of cocaine, pretreatment with BUP caused some animals to fail to start the cocaine self-
administration. If this effect is caused by either analgesia or a blockage effect of BUP on the
reinforcing effect of cocaine, since these two effects will not modify the reinforcing effect of
cocaine, subjects who successfully started the cocaine self-administration would reach.
breaking points do not differ from control. Therefore, the effect of BUP on cocaine in our case
may due to analgesia rather than blockade of the reinforcing effect of cocaine.

Morphine combined with cocaine produced increases in cardiovascular and
subjective effects in humans that were less than predicted by an addition model of drug
interaction (Foltin & Fischman, 1992). Under a differential reinforcement of low rates (DRL)
schedule, the combi’nation of an ineffective dose of cocaine, 1 mg/kg, plus 3 mg/kg morphine
produced a shift in the inter-response time (IRT) distribution to the left (an increase in the
percentage of short IRT's) (Wenger & Wright, 1990). Under a multiple FR 30 FI 600
schedule, the combination with an active dose of morphine (3 mg/kg) produced less than or

approximately equal to an additive effect (Evans & Wenger, 1990). In the current study, under
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a PR schedule, pretreatment with morphine (1.0, 3.2 or 5.6 mg/kg, s.c.) did not enhance the
breaking point produced by any of these doses of cocaine tested. Indeed, at the highest dose
of morphine tested, several subjects failed to initiate responding for cocaine which caused the
average breaking point to be decreased. However, among the remaining subjects, the
average breaking points for all doses of cocaine were unchanged.

Under the PR schedule, the combination of MOR or BUP with cocaine failed to modify
the breaking points of cocaine self-administration. However, this combination caused inter-
reinforcer time (ISRT) of cocaine self-administration to be significantly increased. BUP 0.1
mg/kg caused the greatest increase in the mean ISRT among the three doses tested. The
potentiation of MOR on the mean ISRT was dose related. Although AMPH caused an increase
in both the breaking point and low dose ISRT of cocaine self-administration, MOR and BUP
caused significantly longer ISRT than AMPH. According to an earlier PR study, the higher the
dose of cocaine tested, the higher the breaking point the animal will emit (Depoortere et al.,
1993). Furthermore, the increased breaking point always related with a longer ISRT. After
pretreatment with some agents, if the breaking point remained the same but at the same time
the ISRT increased, it is possible that the reinforcing effect of cocaine is in fact potentiated. In
the human population, there is also evidence that morphine co-administration with cocaine
can increase toxicity. In cocaine-related fatalities, blood cocaine concentrations have been
found to be significantly lower in those cases where morphine was also detected (Finkle &
McCloskey, 1977). This finding suggests that the presence of morphine was an important
factor in toxicity. This view is supported by animal studies where morphine augmented the
lethality of cocaine in both rats and mice (Blumberg & lkeda, 1978). In those cases, the
presence of MOR may prolong the effect of cocaine by changing either pharmacokinetic
properties or pharmacodynamic effects of cocaine. These possibilities needs to be further
investigated.

Although some work using brain lesions indicated that PR could also be applied to

the study of potentiation of cocaine self-administration (Loh & Roberts, 1990), little work on
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the effect of pharmacological pretreatment has been successfully done. Indeed, Loh in 1992
(Loh et al., 1992) demonstrated that pretreatment with clozapine (10 mg/kg) could increase
the breaking points of cocaine self-administration. However, the high variance of the data, the
lack of saline control in the experiment, and the steep decline of the breaking point after
doubling the dose weaken the conclusion that clozapine potentiate the reinforcing effect of
cocaine. Rowlett recently used rhesus monkeys with a progressive fixed ratio schedule
observed a left-shifting of the dose-response curve of breaking points after combining cocaine
with heroin (Rowlett and Woolverton, 1996). However, heroin alone shifted the dose-response
curve to the left. Even though this effect may due to some action of heroin alone, it indicates
that interaction of cocaine and heroin may at least have some effect on breaking points.
When this combination was used under another progressive ratio schedule similar to our
method in rats (Francher et al, 1995), there was no dose dependent relationship found with
either heroin alone or in combination studies. In the previous method, the author used
Griffiths' method (Griffiths et al, 1975) in which the fixed ratio of lever pressing requirement
for the reinforcer increased according to subject's performance of the previous day. In the
current method (based on Roberts et al, 1989), a progressively greater number of responses
is required for the delivery of each successive reinforcer within a single session. The animal
will start to respond based on the priming dose at the beginning of the session. Whether the
difference of the two PR methods accounts for the difference in the response patterns needs
to be further investigated.

To date, we are unaware of evidence which demonstrates that the progressive-ratio
schedule could be used as a tool to test potentiation of the reinforcing effect of cocaine. We

need to expand our investigation into wider classes of drugs to evaluate this view of the PR

methodology.
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