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Ketamine and phencyclidine (PCP) are noncompetitive 

antagonists of the N-methyl-D-aspartate (NMDA) type of 

ligand-gated glutamate receptors. Both agents have high 

abuse liability, and may produce dependence. Tolerance to 

the reinforcing effects of drugs of abuse is widely regarded 

as a key component of the dependence process. Therefore, 

the present study was conducted to examine whether tolerance 

develops to the reinforcing effects of ketamine, and whether 

PCP and dizocilpine, a noncompetitive NMDA antagonist with 

negligible abuse liability, produce cross-tolerance to the 

reinforcing effects of ketamine. Further, identification of 

the neural mechanisms that underlie tolerance to the 

reinforcing effects of drugs may yield information regarding 

drug dependence. 

A self-administration paradigm was used, with rats as 

subjects. Experiment 1 established ketamine self-

administration in rats. Experiment 2 demonstrated that 

tolerance to the reinforcing effects of ketamine develops 

during training. Experiment 3 showed that a chronic, 



high-dose regimen of ketamine administered outside of the 

training task produces tolerance to the reinforcing effects 

of the drug, but only after a two week rest period, in which 

animals had no exposure to ketamine. Experiment 4 showed 

that a chronic, high-dose regimen of PCP administered 

outside of the training task confers cross-tolerance to the 

reinforcing effects of ketamine. Experiment 5 demonstrated 

that a chronic, high-dose regimen of dizocilpine does not 

confer cross-tolerance to the reinforcing effects of 

ketamine, indicating that tolerance to the reinforcing 

effects of ketamine is not mediated at the NMDA receptor 

complex. These results serve to further characterize the 

abuse liability of the noncompetitive NMDA antagonists. 
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CHAPTER I 

INTRODUCTION 

Pharmacology 

Ketamine is a noncompetitive antagonist of the 

N-methyl-D-aspartate (NMDA) type of ligand-gated glutamate 

receptors. The receptor exists as a macromolecular 

structure, with relatively slow kinetics compared to the 

other subtypes of glutamate receptors, and a large channel 

which permits the flow of Ca2+ into the neuron (see Fig. 1). 

The gating of these channels is a principle function of the 

NMDA receptor complex, because Ca2+ flow can initiate a 

large number of cellular processes, such as growth and 

differentiation, long-term potentiation, and excitotoxicity 

(Collinridge & Bliss, 1987). The receptor exists in 

greatest density in cerebellum, hippocampus, and temporal 

cortex (Weissman, Casanova, Kleinman, & DeSouza, 1991). 

There are two primary sites on the receptor complex 

that modulate the open or closed state of the channel: the 

NMDA-recognition site and the glycine-binding site. The 

cation channel contains a binding site where ligands are 

able to bind when the channel is in its open state. Ligands 

at the extra-cellular NMDA-recognition site, primarily NMDA 

and glutamate, cause conformational changes to the ion 
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Figure 1. The N-methyl-D-asparatate type glutamate 

receptor. From "A Physiologist's View of the N-Methyl-D-

Aspartate Receptor: An Allosteric Ion Channel With 

Multiple Regulatory Sites" by M. L. Mayer, L. Vyklicky, 

and E. Sernagor, 1989, Drug Development Research, 17, p. 

278. Copyright 1989 by Wiley-Liss. Reprinted with 

permission. 



channel via allosteric modulation, resulting in a widening 

of the channel, and thus, greater ion flow through the 

channel. Antagonists at the extra-cellular NMDA recognition 

site bind in a competitive manner,- that is, antagonists at 

this site may be displaced by excess levels of NMDA or 

glutamate. Glycine binds at the glycine-binding site and is 

a co-agonist of NMDA, in that glutamate is ineffective in 

affecting the channel unless glycine is bound. Antagonists 

of the glycine-site bind noncompetitively relative to NMDA 

or glutamate; that is, antagonists of the glycine site are 

not displaced by excess levels of NMDA or glutamate. 

However, the glycine antagonists competitively displace 

glycine. The third component of the NMDA receptor complex 

is within the receptor-coupled cation channel. While the 

cell is hyperpolarized, Mg2+ occupies the channel, and 

prevents other ions from passing (Mayer & Westbrook, 1987). 

When the cell is depolarized, the Mg2+ is released, thus 

allowing glutamate to activate current flow through the 

channel. Once the channel is open, antagonists may bind at 

the receptor site inside the channel, which has come to be 

known as the phencyclidine (PCP)-site. Binding at the 

PCP-site is use-dependent and noncompetitive, because the 

channel must be open for such binding to occur. Excess 

levels of glutamate or NMDA are not able to displace 

antagonists at the PCP-site, and Ca2+ flux through the 

channel is thus blocked by these antagonists. PCP, an 



arylcyclohexylamine, is the prototypical antagonist of the 

PCP-site (Gorelick & Balster, 1995; Johnson, Snell, Sacaan, 

& Jones, 1989); ketamine, also an arylcyclohexylamine, has 

affinity for the PCP-site as well (Anis, Berry, Burton, 

Lodge, 1983; Johnson, Snell, Sacaan, & Jones, 1989). The 

compound dizocilpine, also known as MK-801, a 

dibenzocycloheptene, has very high affinity for the PCP-site 

in the NMDA receptor complex (Johnson, Snell, Sacaan, & 

Jones, 1989; Wong, Kemp, Priestly, Knight, Woodrugg, & 

Iversen, 1986) . 

Ketamine is a highly lipid soluble dissociative 

anesthetic that is legally marketed as KETALAR®, KETASET®, 

KETAVET® and KETAJECT®. Commercial preparations of ketamine 

contain equal concentrations of its two enantiomers, 

s(+)ketamine and r(-)ketamine. Ketamine has a high 

bioavailability when administered parenterally,- "first pass" 

metabolism occurs with oral administration. The drug is 

biotransformed in the liver via the cytochrome P450 system 

to norketamine, an active metabolite. Norketamine is 

hydroxylated and conjugated to water soluble compounds which 

are excreted in urine. The elimination half-life of 

ketamine in humans is 2.2 hours (Domino, Domino, & Smith, 

1984) and between 3 and 5 hours in dogs (Pedraz, Calvo, 

Gascon, Hernandez, Muriel, Torres, & Dominguez-Guil, 1991) . 

The pharmacodynamic effects of ketamine depend upon the 

activity of the parent compound in the central nervous 



system (CNS). Following intravenous (iv) administration, 

redistribution into the periphery generally causes a 

decrease of the CNS effects of ketamine. The 

pharmacodynamics of ketamine are not affected by hepatic or 

renal impairment. Induction of hepatic enzymes and 

tolerance to the anesthetic properties of ketamine have been 

reported following chronic administration of the drug in 

humans (Reich & Silvay, 1989). 

PCP, like ketamine, is highly lipid-soluble with high 

bioavailability following parenteral administration. The 

drug is metabolized in liver, primarily by conjugation, and 

produces many metabolites (Domino, 1978). Other 

pharmacokinetic parameters have been shown to vary greatly 

both between and within species. The elimination half-life 

of PCP is approximately two hours following either 

intravenous (iv) administration in monkeys and dogs (Domino, 

1978) or after intramuscular (im) administration in pigeons 

(Owens, McMillan, Hardwick, & Wessinger, 1990). In rats, 

the elimination half-life has been reported to be 4.6 hours 

following iv administration (Wessinger & Owens, 1991). 

There have been no systematic studies investigating the 

pharmacokinetics of PCP in humans. 

Dizocilpine is also highly lipophilic, and is rapidly 

redistributed to the periphery (Nasstrom, Boo, Stahlberg, & 

Berge, 1993) following iv administration. The drug is much 

slower to associate and dissociate from the PCP-binding site 



than ketamine or PCP (Danysz, Essman, Bresink, & Wilke, 

1994; Mayer, Vyklicky, Sernagor, 1989). The elimination 

half-life of dizocilpine has been reported to be 1.5 hours 

in rats (Schwartz & Wasterlain, 1991). 

Behavioral Properties of the Noncompetitive NMDA Antagonists 

Subjective Effects--Humans 

The dissociative anesthetics are so named because of 

their ability to produce an anesthesia that is characterized 

by a dream-like state. The drugs also produce locomotor 

effects ranging from hyperactivity at low doses to ataxia 

and convulsions at higher doses (Gorelick & Balster, 1995). 

Although there is little published information on the 

subjective effects of ketamine, Hansen and colleagues (1988) 

conducted a study in which the authors served as subjects. 

These investigators self-administered varying doses of 

ketamine (25 mg - 250 mg) by various routes. An observer 

recorded behavioral and subjective effects while subjects 

were under the influence of the drug. Although there was 

substantial variability in reported and observed 

experiences, all seven of the subjects reported the 

following: 

1. A sensation of light throughout the body; 

2. Novel experiences concerning "body consistency" (e.g., 

being described as made up of dry wood, foam rubber, or 

plastic); 



3. Grotesquely distorted shape or unreal size of body parts 

(e.g. extremely large or small); 

4. A sensation of floating or hovering in a weightless 

condition in space; 

5. Radiantly colorful visions (e.g., images of moving from 

one room to another filled with moving, glowing geometrical 

patterns and figures); 

6. Complete absence of time sense (i.e., an experience of 

virtual timelessness or eternity); 

7. Periodic, sudden insight into the riddles of existence 

or of the self (unfortunately, difficult to retain after the 

session) ,* 

8. Occasionally, an experience of compelling emotional 

consanguinity, at times extending to sensations of melting 

together with someone or something in the environment; and 

9. An experience of leaving the body (i.e., an out-of-body 

experience) (p.421). 

Other descriptions of the subjective effects of 

ketamine are found in the anesthesiology literature, in 

which the authors recount their patients' experiences 

(Moretti, Hassan, Goodman, & Meltzer, 1984; Reich & Silvay, 

1989; White, Way, & Trevor, 1982). Typical of these 

indirect accounts are reports of floating sensations, vivid 

dreams (pleasant or unpleasant), hallucinations, and 

delirium (Reich & Silvay, 1989) that occur most frequently 
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during emergence from ketamine anesthesia, and that are not 

present by the following day (Moretti et al., 1984). 

There is a considerably greater amount of information 

on the subjective effects of PCP. The effects seem to be 

dose-related, in that smaller doses produce stimulant-like 

effects, and larger doses produce depressant-like effects 

(Gorelick & Balster, 1995). This phenomenon is common to 

many drugs of abuse, such as alcohol, benzodiazepines, and 

opiates (Koob & Bloom, 1988). PCP has also been described 

as a psychotomimetic because of its ability to induce 

manic-depressive psychosis and schizophreniform symptoms 

(Isaacs, Martin, & Washington, 1986). PCP intoxication is 

characterized by feelings of dissociation from the 

environment and altered perceptual experiences (Luby, 

Gottlieb, Cohen, Rosenbaum, & Domino, 1962) . Abusers report 

a dream-like state with impaired judgment and heightened 

enjoyment of various activities (Seigel, 1978) , as well as 

panic states and highly disordered thinking (McCarron, 

1982). No systematic studies have been conducted examining 

the subjective effects of dizocilpine in humans. 

Discriminative Stimulus Effects--Animals 

Drug discrimination is a drug detection paradigm in 

which animals are trained to discriminate the effects of a 

given dose of a drug from vehicle, from other doses of the 

same drug, or from other drugs. The most frequently used 

training apparatus used in drug discrimination is a 



two-lever operant chamber. Responding on one lever is 

reinforced with food under one stimulus condition; 

responding on the other lever is reinforced under the other 

stimulus condition. The paradigm is used to investigate 

various pharmacological characteristics of a drug, including 

time of onset, duration of action, mechanism of action, 

similarity of effect to other agents, structure-activity 

relationships, and identification of potential antagonists 

(Glennon, Jarbe, & Frankenheim, 1991). 

In animals, the discriminative stimulus effects of PCP 

are unique, in that they are distinct from the stimulant or 

depressant effects of the drug (Balster, 1987, 1991); in 

fact, in animals trained to discriminate ketamine or PCP, 

drugs from other classes, such as depressants, stimulants, 

and hallucinogens, do not substitute (Balster, 1991). 

Competitive NMDA antagonists do not fully sxibstitute for 

noncompetitive NMDA antagonists (Balster, 1991; France, 

Woods, & Ornstein, 1989). Ketamine, PCP, and dizocilpine, 

all of which act at the PCP-site within the NMDA-type 

glutamate receptor (Mayer, et al., 1989), fully substitute 

for each other. 

In binding studies, dizocilpine has been found to be 32 

to 50 times more potent at binding to the PCP-site within 

the ion channel of the NMDA receptor complex than ketamine 

(Benvenga, Wing, & Del Vecchio, 1991; France, Woods, & 

Orstein, 1989), and 5 to 25 times more potent at binding to 
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the PCP-site than PCP (Javitt & Zukin, 1991; Tricklebank, 

Singh, Oles, Preston, & Iversen, 1989). The relative 

potencies of the non-competitive NMDA antagonists at the 

PCP-site correlate with their rank order potencies to 

produce other behavioral effects, such as discriminative 

stimulus effects (Beardsley, Hayes, & Balster, 1990; Jackson 

& Sanger, 1988; Koek, Woods, & Winger, 1988; Willetts & 

Balster, 1988), locomotor effects (Ginski & Witkin, 1994), 

catalepsy (Koek, Kleer, Mudar, & Woods, 1986), and 

anticonvulsant activity (Price, Ahier, Middlemiss, Singh, 

Tricklebank, & Wong, 1988), which indicates that these 

effects are mediated at the PCP-site within ion channel of 

the NMDA-type receptor. However, not all of the effects of 

the the noncompetitive NMDA antagonists are mediated at the 

PCP-site within the channel. For example, the ability of 

these drugs to produce anesthesia (Kelland, Soltis, Boldry, 

& Walters, 1993) and psychotomimetic effects (French, 1994) 

and to maintain self-administration behavior (Beardlsey, 

Hayes, & Balster, 1990) is not correlated with their potency 

as ion channel blockers. 

Neurotoxicity/Neuroprotection 

The noncompetitive NMDA antagonists are highly 

neurotoxic. In vitro, these agents have been found to cause 

neuronal vacuolization, inhibition of axon outgrowth, and 

microtubule function abnormalities in human neurons and 

astrocytes (Mattson, Rychlik & Cheng, 1992; Olney, Labruyere 
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& Price, 1989). Hypertonicity, coarse tremor, irritability, 

poor visual tracking and impaired attention have been 

recorded in neonates born to PCP-abusing mothers (Glantz & 

Woods, 1993; Rahbar, Fomufud, & White, 1993). In older 

children of PCP-abusing mothers, nystagmus, abnormal EEG 

patterns, and impaired reactions to social and environmental 

stimuli have been reported (Van Dyke & Fox, 1990). In adult 

PCP abusers, reduction of right cerebral blood flow and 

decreased frontal lobe glucose metabolism, similar to that 

which has been reported for schizophrenic individuals, has 

been found using single photon emission computed tomography 

(Hertzman, Reba, & Kotlyarove, 1990). These effects occur 

only after repeated dosing over several days, and at doses 

higher than those required to produce subjective effects 

(Gorelick & Balster, 1995). 

Despite their neurotoxic effects, the noncompetitive 

NMDA antagonists have been proposed for use as 

neuroprotective agents against excessive activation of 

excitatory amino acid receptors, such as occurs in epilepsy, 

CNS trauma, focal and global ischemia, neurodegenerative 

disorders such as Parkinson's disease, amyotrophic lateral 

sclerosis, and neuropathic pain (Meldrum, 1991; Rogawski, 

1993). Theoretically, noncompetitive NMDA antagonists have 

the advantage over competitive NMDA antagonists of not being 

displaced by large, damaging amounts of glutamate that may 

be released during trauma and seizures. However, because of 
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the undesirable behavioral and neurotoxic effects of NMDA 

channel blockers, such as PCP, ketamine, and dizocilpine, 

recent attempts to develop neuroprotective NMDA antagonists 

has focused on agents that act at the glycine-binding site 

of the receptor (Kemp & Leeson, 1993). 

Learning and Memory 

The role of NMDA-type glutamate receptors in long-term 

potentiation (LTP), which may regulate the early stages of 

memory formation at the neural level, is well-characterized 

(Collinridge & Bliss, 1987; Collinridge & Singer, 1990). 

This function of the receptor complex is mediated in the 

hippocampus and is probably regulated by the Mg2+ ion that 

blocks the receptor's ion channel in its hyperpolarized 

state (Maren, Baudry, & Thompson, 1991). Release of the 

Mg2+ ion is strongly voltage-dependent; that is, weak 

excitatory post-synaptic potentials (EPSP) may not be 

sufficient to cause the full release of the ion from the 

channel. Rather, weak EPSPs relieve the Mg2+ block for 

only a few milliseconds (Danysz, Zajaczkowski, & Parsons, 

1995) . After repeated stimulation and full depolarization, 

however, the Mng2+ ion is released, allowing Ca2+ to flow 

into the cell and activate a cascade of events which render 

the cell permanently more sensitive to EPSPs (Danysz, et 

al. , 1995) . Induction of LTP is blocked by NMDA 

antagonists, which is directly correlated with an impairment 

in learning (Keith & Rudy, 1990). 



13 

Ketamine, PCP, and dizocilpine, as well as other NMDA 

antagonists, have been found to disrupt learning and memory 

in a number of animal models (Willetts & Balster, 1990; 

Woods, Koek, France, & Moerschbacher, 1991), which may be 

due to inhibition of long-term potentiation. Thus, NMDA-type 

receptors may also have a role in neuronal plasticity. 

Several theories of drug dependence assert that 

associative learning plays an important role in the 

development of tolerance and/or sensitization (see Seigel, 

1989, for review). According to these theories, behavioral 

tolerance or sensitization to drugs is cue-specific, in that 

they occur through repeated pairings with the drug. 

Literature on this phenomenon is exhaustive, and it is 

generally accepted that tolerance and sensitization to many 

drug effects involves a learning component. In support of 

this assertion, NMDA antagonists have been found to block 

the development of tolerance to the analgesic effects of 

morphine and morphine dependence (Trujillo & Akil, 1991), as 

well as tolerance to benzodiazepines and ethanol (see 

Stephens, 1995, for review). Further, NMDA antagonists have 

also been found to block the development of cocaine-induced 

stereoptypy (Karler & Calder, 1992), sensitization to the 

locomotor activating effects of cocaine (Kalivas & 

Alesdatter, 1993; Shoaib, Shippenberg, Goldberg, & 

Schindler, 1995), and acquisition of cocaine 

self-administration (Schenk, Valadez, Worley, & McNamara, 
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1993). These studies indicate a role of NMDA-type glutamate 

receptors in the neuroadaptations that occur during repeated 

exposure to a number of drugs of abuse. It seems logical, 

therefore, that the role of NMDA-type glutamate receptors 

influences the development of tolerance and sensitization 

through their involvement in learning and memory via LTP and 

neuronal plasticity. However, one study has shown that the 

ability of NMDA antagonists to block the development of 

tolerance to the analgesic effects of morphine occurs at the 

spinal level, and therefore is not due to an impairment of 

associative learning (see Stephens, 1995, for review). 

Statement of the Problem 

N-Methyl -D-Aspartate (NMDA) Antagonist Abuse 

Abuse of noncompetitive NMDA antagonists varies across 

drugs. For example, there are no published reports of 

dizocilpine abuse. Phencyclidine (PCP) is a much more 

widely abused drug than ketamine, but ketamine abuse is 

expanding, especially in some subcultures, such as the New 

York City nightclub scene. 

Ketamine is abused in hydrochloride solution, powder 

and tablet forms. In solution, ketamine is known by abusers 

by the street names K, Kay, Special K, Super K, Jet, Super 

Acid, and its trade names. In powder or tablet form, the 

drug is known on the street as Green, Mauve, Special K, 

Purple, Special LA Coke, Super C, and K (Seigel, 1978) . 
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Street use of the hydrochloride solution form of 

ketamine first appeared in San Francisco and Los Angeles in 

1971 (Seigel, 1978); use of powder and tablet forms of the 

drug were noted as early as 1974 (Ashley, 1978) . Doses 

typically abused range from 60-100 mg by the intranasal 

route to 1.0 - 2.0 mg/kg by intramuscular (im) or 

intravenous (iv) routes. Intranasal users report 

administration of ketamine once in a session, with repeated 

administration approximately once per month. Abusers who 

inject the drug will inject the drug approximately hourly 

until the desired effect is achieved (Seigel, 1978). 

Presumably, ketamine is abused for its dissociative 

properties (see "Subjective Effects" above). Ketamine 

abusers report euphoria, hallucinations, depersonalization, 

feelings of floating, and vivid perceptual distortions 

(Seigel, 1978; Stafford, 1977; Young, Young, Klein, Klein, & 

Beyer, 1977). Although a Medline search revealed no 

systematic study of ketamine abuse among humans, Seigel 

(1978) interviewed 23 ketamine abusers and compiled a 

comprehensive report of patterns of abuse. In rating 

ketamine among other "psychedelic" drugs, the abusers 

consistently ranked ketamine as the most potent hallucinogen 

and as the hallucinogen of choice. When Seigel (1978) 

questioned abusers about their motivation for maintaining 

ketamine abuse, the following reasons were reported: 
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1. Ketamine was perceived by users to be a safe, nontoxic, 

potent hallucinogen with a short duration of action and few 

adverse reactions or bad trips. 

2. Ketamine was perceived by most users as the only 

hallucinogen that did not produce anxiety or fear reactions. 

3. Ketamine was considered to have unique 

euphoric-hallucinogenic properties that enabled a user to 

experience, with varying dosages, effects similar to either 

cocaine, amyl nitrate, phencyclidine, or lysergic acid 

diethylamide (LSD). 

4. Ketamine was considered to be a glamorous avant-garde 

drug and had associations with contemporary folk heroes of 

high status (p. 139). 

The incidence of chronic ketamine abuse is unknown, but 

reports of abuse have been published (Ahmed & Petchkovsky, 

1980; Hurt & Ritchie, 1994). In animals, chronic 

administration of ketamine results in abnormal brain wave 

activity that is not correlated with observable changes in 

behavior (Manohar, Maxwell, & Winters, 1972). The drug 

remains a legally marketed anesthetic.. 

PCP is known on the street as Angel Dust, Hog, Dust, 

Crystal, Crystal Joints, CJ, Peace, KJ, Peaceweed, 

Supergrass, Superweed, Rocket Fuel, Elephant Tranquilizer, 

Surfer, Snorts, Horse Tranks, Sheets, Seams, Scuffle, 

Cyclone, Cadillac, Goon, Soma, Mist, Amoeba, Angel Hair, 

DOA, Killer Weed, Synthetic Marijuana, Lovely, Lovely High, 



17 

and Super Kools (Seigel, 1978; Young, et al., 1977). PCP 

first appeared as a drug of abuse in the Haight-Asbury 

district of San Francisco in 1967 in the form of a pill, 

known as the PeaCe Pill. Use of the drug waned in 1968 and 

1969, presumably due to its adverse effects; use increased 

in the 1970s because the drug could be easily and 

inexpensively synthesized into a smokable form, which 

presumably reduced the adverse side effects (Seigel, 1978) . 

Although it has limited use in veterinary medicine, PCP was 

banned for use in humans as an anesthetic in the United 

States in 1978. Illicit use peaked in 1979, however, with a 

prevalence (percent of survey respondents) of 14% among 

young adults and recent use (past 30 days) prevalence of 

2.4%. In 1992, use had declined to 2.4%. Currently, daily 

use among high school seniors is 0.1 - 0.3%, and is more 

prevalent in some major metropolitan areas (Gorelick & 

Balster, 1995) . The drug is usually abused in combination 

with marijuana or cocaine. 

PCP is most commonly abused in the form of powder, 

tablets, capsules, or botanical mixtures (smoked with 

parsley or oregano). The most frequently employed route of 

administration is smoking, although snorting is not 

uncommon; a few abusers inject the drug intramuscularly 

(Seigel, 1978) . The amount smoked typically ranges from 35 

- 75 mg (Burns & Lerner, 1976). 
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Presumably, the "euphoria, inebriation, and 

hallucinatory effects" (Seigel, 1978, p. 121) of PCP are 

responsible for maintaining its abuse. The effects of 

chronic PCP abuse are largely unknown,- the recovery time 

from acute administration of PCP in humans can last as long 

as 15 days, which could possibly confound the study of 

long-term effects of the drug. However, Ashley (1978) has 

documented some reports from chronic PCP abusers, who 

complain "of being spaced out and worry about turning into 

'vegetables'. They are noticeably depressed when not high, 

so much so that some have committed suicide at this point" 

(p. 64). 

There are no documented reports of dizocipine abuse or 

dependence. However, Beardsley and colleagues (1990) have 

suggested that the drug may have abuse liability. 

Abuse liability of drugs is commonly investigated using 

animal models of drug-liking. While several such models 

exist, drug self-administration is most widely regarded as a 

valid animal model of drug-liking because animals take the 

drugs themselves. In this paradigm, animals are given the 

opportunity to obtain drug, most frequently by intravenous 

(iv) administration, contingent upon completion of a task, 

such as pressing a lever. Laboratory animals will generally 

self-inject the same drugs that humans abuse and will not 

self-administer drugs that humans do not abuse (Griffiths, 

Bigelow, & Henningfield, 1980; Johanson & Balster, 1978). 
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However, animals will not self-administer any hallucinogen 

with the exception of PCP and ketamine (Gorelick & Balster, 

1995; Jaffe, 1990). 

PCP is readily self-administered in all animals 

species in which it has been studied (Gorelick & Balster, 

1995). Ketamine is self-administered in dogs (Risner, 1982) 

and monkeys (McCarthy & Harrigan, 1977; Moreton, Meisch, 

Stark, & Thompson, 1977) although there is no published 

report of reliable ketamine self-adminstration in rodents. 

Only one study has investigated the self-administration of 

dizocilpine (Beardsley, et al., 1990). These investigators 

were unable to establish dizocilpine as a reinforcer in 

rhesus monkeys trained to self-administer cocaine. Three of 

four monkeys with a history of PCP self-administration, 

however, eventually self-administered dizocilpine, albeit at 

low rates and amounts. 

Tolerance and Dependence 

Tolerance is defined as an acquired state that occurs 

as a result of repeated exposure to a drug, such that an 

increased amount of the drug is required to produce its 

initial effect, or less effect is produced by the initial 

amount of drug (Kalant, LeBlanc, & Gibbins, 1971). 

Tolerance to the subjective effects of drugs is considered 

to be a component of dependence (Kalant et al., 1971); 

although tolerance may occur without dependence, it is not 

clear if the reverse is true (Adler & Geller, 1984). The 
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most frequently used explanation for the role of tolerance 

in dependence is that tolerance leads to increased drug 

intake, and increased drug intake produces even greater 

tolerance (Jaffe, 1990). This concept is impossible to test 

in humans, however, given the ethical considerations of 

administering high doses of drug for extended periods of 

time. Therefore, most investigations of tolerance and 

dependence phenomena have employed animal models. The body 

of literature examining tolerance to the subjective effects 

of drugs has generally reported tolerance to the 

discriminative stimulus properties of drugs. Drug 

discrimination studies have shown that tolerance develops to 

the discriminative stimulus effects of amphetamine (Barrett 

& Leith, 1981); fentanyl, morphine (Emmett-Oglesby, 

Shippenberg, & Herz, 1988; Miksic & Lai, 1977; Sannarud & 

Young, 1987), caffeine (Holtzman, 1987), cocaine (Wood & 

Emmett-Oglesby, 1986) and nicotine (Schecter & Rosecrans, 

1972) . These reports have demonstrated that the 

administration of supplemental drug doses, outside of the 

training task, can confer tolerance to the discriminative 

stimulus effects of that drug. 

The use of animal self-administration paradigms to 

study tolerance to the reinforcing effects of drugs has only 

recently been employed, although there are numerous 

subjective reports of this phenomenon in the human 

literature (see Jaffe, 1990, for review). Emmett-Oglesby 
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and Lane (1992) have recently reported tolerance to the 

reinforcing effects of cocaine in rats trained to 

self-administer the drug. These findings were extended by 

Emmett-Oglesby and colleagues (Emmett-Oglesby, Peltier, 

Depoortere, Pickering, Hooper, Gong, & Lane, 1993) , who 

determined the time course of this tolerance, and Li and 

colleagues (Li, Depoortere, & Emmett-Oglesby, 1994), who 

demonstrated tolerance to the reinforcing effects of cocaine 

using a progressive-ratio schedule. Peltier and colleagues 

(1995) have further shown that d-amphetamine and 

methamphetamine confer cross-tolerance to the reinforcing 

effects of cocaine. These studies reported tolerance to the 

reinforcing effects of cocaine after chronic, high dose 

administration of cocaine or amphetamine, respectively, 

during a one week period in which self-administration 

training was suspended. 

Although tolerance to the reinforcing effects of 

ketamine or PCP per se has not been reported, several 

investigators have reported that PCP abusers develop 

tolerance to the behavioral and "psychological" effects of 

the drug (Carroll, 1990) and increase their intake over time 

(Jaffe, 1990; Jain, Budd, & Budd, 1977; Seigel, 1978). 

Increasing dose over time is reported by ketamine abusers as 

well (Hurt & Ritchie, 1994,* Anonymous, personal 

communication, November, 1994). Presumably, abusers 

increase their intake of these drugs to achieve the same 
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reinforcing effect that attracted them to abuse the drug 

initially. 

Tolerance to the behavioral disrupting effects of PCP 

has been reported in a number of animal studies (Balster, 

1987; Smith, 1991; Spain & Klingman, 1985; Wessinger & 

Owens, 1991). Dependence on the drug has also been found to 

occur after administration of very large doses in rhesus 

monkeys (Balster & Woolverton, 1980) and rats (Spain & 

Klingman, 1985; Wessinger & Owens, 1991). In rhesus monkeys 

that had self-administered high-dose PCP for 50 consecutive 

days, a withdrawal syndrome developed upon cessation of the 

drug, which consisted of hyperactivity, bruxism, tremor, 

piloerection, reduced food intake and convulsions (Balster & 

Woolverton, 1980). In rats, the withdrawal syndrome 

following 7 days of extremely high-dose iv infusion of PCP 

consisted of piloerection, increased susceptibility to 

seizure activity, reductions in exploratory activity, and 

weight loss. 

There is one report of ketamine dependence, following 

chronic, high-dose infusion of the drug, in the animal 

literature (Beardsley & Balster, 1987) . In that study, 

cross-dependence between PCP and ketamine were also noted, 

such that a single injection of ketamine was able to reverse 

a PCP withdrawal syndrome in rats. The dependent variable 

in this study was response rate for a food reinforcer,-

disruptions in this behavior were considered evidence of a 
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withdrawal syndrome. No other behavioral effects of 

ketamine withdrawal were described. 

There are no reports of behavioral tolerance or 

dependence on dizocilpine in the animal literature. 

Further, there is virtually no report of tolerance to 

reinforcing effects of any of the noncompetitive NMDA 

antagonists. In the only self-administration study 

investigating tolerance to any of the effects of PCP 

(Balster & Woolverton, 1980) , the researchers used response 

rates for food reinforcement as their dependent variable, 

which can only provide information about behavioral 

tolerance. 

Dependence on the noncompetitive NMDA antagonists has 

been reported in the human literature. Gorelick and 

colleagues (1986) studied 66 PCP abusers, almost all of whom 

reported "psychological dependence" on the drug, which the 

investigators defined as "an inability to give up drug use 

despite serious adverse consequences, coupled with a 

conscious desire to use the drug (craving)" (p. 225). 

Physiological dependence has also been reported, as 

evidenced by the emergence of a withdrawal syndrome within 

one day of drug cessation (Tennant, Rawson, & McCann, 1981). 

This syndrome was observed in PCP abusers who had been 

self-administering the drug daily for at least three months, 

and consisted of depression, anxiety, irritability, 
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restlessness, anergia, sleep disturbance, confused thoughts, 

and craving for PCP. 

A few isolated cases of "psychological" (Siegel, 1978) 

and physical (Hurt & Ritchie, 1994) dependence have also 

been reported for ketamine abusers, although no withdrawal 

syndrome has been described. However, the incidence of 

ketamine flashbacks far exceeds that of other hallucinogens 

(Seigel and Jarvik, 1975). 

Rationale 

Despite the very high abuse liability of PCP and 

ketamine, no study has addressed whether tolerance may 

develop to the reinforcing effects of the noncompetitive 

NMDA antagonists; because tolerance to the reinforcing 

effects is widely regarded as a key component of the 

dependence process, the present studies examined patterns of 

tolerance and cross-tolerance between ketamine, PCP, and 

dizocilpine. The examination of tolerance to the 

reinforcing effects of these agents helps to further 

characterize their abuse and dependence liability. Further, 

identification of the neural mechanisms that underly 

tolerance to the reinforcing effects of drugs may yield 

information regarding drug dependence. 

A self-administration paradigm was used, with rats as 

subjects. The self-administration paradigm is an excellent 

tool to study tolerance to the reinforcing effects of drugs, 

since changes in rate of drug intake are valid indicators of 
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changes in sensitivity to the drug or changes in drug 

efficacy. Thus, using rate of drug intake as a dependent 

variable and dose of drug as an independent variable, a 

leftward shift in the dose-effect curve indicates increased 

sensitivity; a rightward shift indicates decreased 

sensitivity. Therefore, a rightward shift in the 

self-administration dose-effect curve is indicative of 

tolerance. The variable of interest in all of the studies 

described here, therefore, was the rate of drug intake. 

Inter-reinforcer time (ISRT), or time between 

self-administered injections, was the rate measure used in 

the present experiments. 

One study has reported self-administration of ketamine 

in three rats that had been trained to self-administer 

cocaine (Marquis & Moreton, 1987). Pilot data obtained by 

the present author suggested that Fischer 344 rats trained 

to self-administer cocaine will self-administer ketamine 

(1.1 mg/kg/injection). Therefore, the purpose of Experiment 

1 was to examine whether rats with no self-administration 

history could be trained to self-administer ketamine, and to 

establish parameters for a rodent model of ketamine 

self-administration. The specific purpose of this experiment 

was to establish whether ketamine self-administration is 

dose-responsive, and to establish optimal parameters of 

ketamine self-administration, such as time-out between 

injections and number of reinforcers per session. The 
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second experiment examined whether tolerance to the 

reinforcing effects of ketamine develops during training. 

The third, fourth, and fifth experiments examined whether 

tolerance/cross-tolerance to the reinforcing effects of 

ketamine is produced following chronic, high dose, 

noncontingent administration of ketamine, PCP, and 

dizocilpine, respectively. 



CHAPTER II 

METHOD 

General Procedures 

Subjects 

Using pilot data obtained by this author (described 

above), a power analysis was conducted to determine 

appropriate sample size using the Cohen's d statistic based 

on the F value obtained in the pilot data. A large effect 

size (d = 0.76) was found; using this value, it was 

determined that a sample size of 5.5 animals per group would 

yield adequate statistical power of 0.80 (Cohen, 1969). 

Therefore, at least 6 subjects per group were used in each 

experiment. Subjects were housed singly in an AALAC 

accredited animal facility, located at the University of 

North Texas Health Science Center. Animals were kept on a 

12 hour light-dark schedule with lights on at 7:00 a.m. 

Subjects were kept at approximately 85% of their 

free-feeding weight (250 ± 10 g) by restricting their access 

to food. Water was provided ad libitum. 

Apparatus 

Lever-press shaping and self-administration experiments 

took place in custom-designed and locally built operant 

chambers that were enclosed in light- and sound-attenuating 
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enclosures located in the self-administration laboratory at 

the University of North Texas Health Science Center at Fort 

Worth. All experimental contingencies were controlled and 

data collected via MS-DOS compatible microcomputers using 

Operant Package for the Neurosciences (OPN) software 

(Spencer and Emmett-Oglesby, 1985) . The chambers contained 

a single lever, which could be depressed by a force of 0.15 

Newtons, and which were mounted on the back wall 5 cm above 

the floor. Chambers were equipped with two 3 watt stimulus 

lights, one located on the ceiling and the other 9 cm above 

the lever. Syringe pumps (Razel, Model A; driven at 3.33 

RPM) were used to drive 10 ml plastic syringes, containing 

ketamine, located outside of the enclosures. Syringes were 

connected through a series of Tygon tubing (0.06 inch O.D. 

Tygon Microbore Tubing, Norton Performance Plastics, Akron, 

OH) and micro-volume T-connectors (Model N-06365-70, 

Cole-Parmer, Chicago, IL) to a single channel fluid swivel 

(Model 375/22, Instech Laboratories, Inc., Plymouth Meeting, 

PA). A Tygon line, enclosed in a steel spring exited the 

swivel and immediately entered the chamber via a 1.0 cm hole 

in the center of the chamber ceiling. The swivel and the 

line were mounted on a counter-balanced arm. The total dead 

space from the T-connectors to the tip of the catheters was 

approximately 0.12 ml. 
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Procedure 

Rats were first trained to press a lever on a 

fixed-ratio one schedule (FR1) using food (45 mg pellets) as 

a reinforcer. Stimulus lights signalling availability of 

the reinforcer were illuminated during the entire session, 

except during time-out periods, which followed the delivery 

of each reinforcer; stimulus lights blinked during 

reinforcer delivery. After lever-pressing was acquired, the 

schedule of reinforcement was increased to FR2, with the 

delivery of each reinforcer followed by a 30 s time-out 

period in the dark. Pressing the lever during this time-out 

period had no consequences. Subjects were implanted with 

catheters when at least 70% of their lever-presses were 

emitted when the stimulus lights were on. Under ketamine 

(100 mg/kg)/chlordiazepoxide (20 mg/kg) anesthesia, rats 

were implanted with a chronic jugular catheter. The 

catheter consisted of a 9 cm section of Silastic tubing with 

an outer diameter of 0.025 inches (Dow Corning, Midland, 

MI). The catheter was placed into the right external 

jugular and advanced into the right atrium. The catheter 

was anchored onto the surrounding tissue via a lightly tied 

5-0 Prolene suture (Ethicon, Somerville, NJ), and was 

further held in place with Duro Super Glue -5 (Woodhill 

Permatex, Cleveland, OH). The catheter then continued 

subcutaneously where it exited at the base of the skull. 

The catheter was held in place by a modified C313G Cannula 
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Assembly (Plastics One, Roanoke, VA) . The cannula assembly-

was modified by the vendor such that 5.0 mm of the 22 gauge 

stainless steel cannula guide was left above the plastic 

thread. Below the threads, this guide cannula was bent at a 

right angle. The catheter was attached to the bent portion 

of the 22 gauge tube by briefly soaking the end of the 

catheter in xylene and slipping the pliable end over the 

stainless steel tube. The entire unit consisting of 

catheter, guide cannula and plastic mount was then fixed to 

the skull via skull screws and dental acrylic cement. The 

incision by the jugular was sealed with 9 mm stainless steel 

Autoclips (Clay-Adams, Parsippany, NJ); the incision at the 

skull was sutured with 5-0 Prolene suture. Subjects were 

given a mixture of ticarcillin plus clavulanate (Timentin: 

Beecham Laboratories, Bristol, TN) 3.3 mg, for five days 

after surgery to prevent infection. 

Drugs 

Ketamine HC1 Inj (KETASETr) was obtained from the 

pharmacy at the University of North Texas Health Science 

Center. Cocaine HC1 and phencylidine HC1 (PCP) were 

provided by the National Institute on Drug Abuse. 

(+)-5-methyl-10,ll-dihydro-5H-dibenzocyclohepten-5,10-imine 

maleate ( ( + )-MK-801,- dizocilpine) was obtained from Research 

Biochemicals Inc, Natick, MA. All drugs were diluted in 

0.9% saline and prepared freshly before use. 
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Experiment 1 

Experiment 1 established optimal parameters for 

reliable ketamine self-administration in rats. 

Procedure 

Five days after catheter implantation, 12 rats were 

trained to self-administer cocaine (0.90 mg/kg/inj). 

Subjects were first shaped on an FR1 schedule with 24 

cocaine injections available in an unlimited period of time. 

The delivery of each injection was accompanied by a flashing 

of the two stimulus lights followed by a 30 s period during 

which responding on the lever had no consequences 

(time-out). The time-out period was included to prevent 

overdose, so that animals would not self-administer toxic 

amounts of cocaine before the initial effects of the drug 

were experienced. Once stability in the rate of cocaine 

self-administration was acquired (ISRTs not varying by more 

than 20% between two consecutive sessions), rats were 

switched to an FR2 schedule. Each FR2 session consisted of 

a 0.1 ml priming injection of the training dose of cocaine 

(0.90 mg/kg/inj) infused through the catheter followed by 15 

available reinforcers with no time limit. Once stable 

cocaine self-administration was acquired under the FR2 

schedule (ISRTs not varying by more than 20% between two 

consecutive sessions), ketamine was substituted for the 

training dose of cocaine during daily self-administration 

sessions. Various doses of ketamine were used until a dose 
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was identified that was too low to support 

self-administration (0.33 mg/kg/inj), and a dose high enough 

was identified that caused behavioral disruption sufficient 

to interfere with performance of the operant, such that 

animals were too intoxicated to purposefully approach and 

depress the lever (6.6 mg/kg/inj). Doses were increased and 

decreased in quarter-log steps from 1.1 mg/kg/inj, which was 

the dose used in the pilot study, until an optimal training 

dose was identified. An optimal training dose was defined 

as one which would support reliable self-administration, 

such that ISRTs were consistent throughout the session, all 

reinforcers were obtained, and animals were not intoxicated 

such that they could not perform the operant. 

After an optimal ketamine training dose was established 

in animals that had initially been trained to 

self-administer cocaine, a dose-effect curve was obtained 

for these animals. Subsequently, 11 rats trained only to 

self-administer food were catheterized in order to establish 

ketamine self-administration in animals not previously 

trained to self-administer cocaine. Five days after 

surgery, these animals were trained to self-administer 

ketamine (1.1 mg/kg/inj) during one session per day. As in 

cocaine self-administration shaping, subjects were first 

trained on an FR1 schedule, with 24 reinforcers available in 

an unlimited period of time. Each 0.1 ml injection was 

accompanied by flashing of the stimulus lights and was 
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followed by a 30 s time-out period in the dark, which was 

included in order to prevent overdose, as described above. 

Pressing the lever during this time-out period had no 

consequences. Once rats self-administered all 24 injections 

for two consecutive training sessions, they were switched to 

an FR2 schedule. The stability criterion to switch from the 

FR1 schedule to the FR2 schedule used in cocaine 

self-administration shaping (ISRT not varying by more than 

20% across two consecutive sessions) was not applied to 

ketamine self-administration shaping, because responding for 

ketamine was so unstable during the first two weeks of 

training, as discussed below. Ketamine self-administration 

training sessions under the FR2 schedule consisted of a 0.1 

ml priming injection of the training dose (1.1 mg/kg/inj) 

followed by 15 available reinforcers. Another priming 

injection was infused if the animal did not begin responding 

within 10 minutes after the first priming injection. Only 

one extra priming injection was allowed per session. 

Daily self-administration training sessions were 

conducted until stable self-administration of ketamine was 

acquired (ISRT not varying by more than 20% across five 

consecutive sessions). Dose-effect testing was then 

conducted with the 11 ketamine-trained animals and 6 of the 

cocaine-trained animals, in which a range of test doses 

above and below the training dose were substituted for the 

training dose in a regular session. The priming injection 
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at the beginning of each test session consisted of a 0.1 ml 

infusion of the dose being tested that day. Presentation of 

test doses was counterbalanced between and within subjects 

to control for order effects. One dose per day was tested 

for three consecutive days. Before each self-administration 

session, catheter patency was assessed by drawing blood into 

the catheter and then by flushing 0.1 ml of heparinized 

saline (10 U/ml) back into the catheter. At the end of each 

self-administration session, subjects received an additional 

0.1 ml of heparinized saline (30 U/ml) containing 833 U/ml 

of streptokinase (Kalbinase: KabiVitrum, Stockholm, Sweden) 

to prevent blood clotting in the catheter. 

Hypothesis 

It was expected that rats would acquire stable, 

dose-responsive ketamine self-administration, because 

reliable ketamine self-administration has been reported for 

other species (Moreton et al., 1977; Risner, 1982). Also, 

all species tested will reliably self-administer PCP 

(Gorelick & Balster, 1995). Further, if ketamine 

self-administration is dose-responsive, such that rate of 

drug intake is dependent upon the dose of ketamine tested, 

rather than drug self-administration history, then 

dose-effect curves for ketamine self-administration produced 

by cocaine-trained animals should not differ from curves 

produced by ketamine-trained animals. 
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Data Analysis 

Data was scored as ISRT in minutes and was analyzed 

using a 2 (GROUP: cocaine-trained, ketamine-trained) x 3 

(DOSE: 0.6, 1.1, 3.3 mg/kg/inj) repeated measures ANOVA. 

All statistical analyses were performed using SYSTAT 

software (Wilkinson, 1990). 

Experiment 2 

Preliminary results from this laboratory suggest that 

tolerance develops to the discriminative stimulus effects of 

ketamine during discrimination training. These results show 

that the dose-effect curve for ketamine discrimination 

shifts to the left following a two week period in which 

animals have no exposure to ketamine, perhaps indicating a 

loss of tolerance to the discriminative stimulus effects of 

the drug that develops during training. Therefore, 

Experiment 2 tested the hypothesis that tolerance to the 

reinforcing effects of ketamine develops during daily 

self-administration training. 

Procedure 

To examine whether tolerance to the reinforcing effects 

of ketamine develops during daily training, six rats were 

trained to self-administer ketamine as described above. 

Daily ISRT values were recorded during acquisition and 

training. After five days of stable self-administration, as 

defined as daily average ISRTs not varying by more than 20% 

over that period, post-training dose-effect testing was 
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conducted as described above, one dose per day over three 

consecutive days. All training and testing was then 

suspended for two weeks. During this time, animals were 

kept in their home cages and had no exposure to ketamine. 

Catheters were flushed daily with streptokinase diluted in 

30U heparinized saline to maintain patency. At the end of 

this period, post-rest dose-effect testing was conducted. 

Following post-rest dose-effect testing, daily 

self-administration sessions with the training dose were 

conducted for one week. Post-retraining dose-effect testing 

was then conducted. 

Hypothesis 

It was expected that, if tolerance occurs to the 

reinforcing effects of ketamine during self-administration 

training, two weeks without exposure to ketamine should 

render animals more sensitive to the effects of the drug. 

That is, post-rest ISRTs should be longer than post-training 

ISRTs , such that animals self-administer ketamine 

significantly slower after two weeks without exposure to the 

drug. The hypothesis would be further supported if animals 

self-administered ketamine faster after one week of training 

following the rest period, indicating decreased sensitivity 

to the reinforcing effects of the drug. 

Data Analysis 

Data was scored as ISRT in minutes and was analyzed 

using a 3 (CONDITION: post-training, post-rest, 
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post-retraining) x 3 (DOSE: 0.6, 1.1, 3.3 mg/kg/inj) 

repeated measures ANOVA. Significant differences were 

analyzed using Tukey HSD tests, in which overall 

significance levels were controlled at p = 0.05. 

Experiment 3 

Experiment 3 tested the hypothesis that a chronic, 

high-dose regimen of ketamine would produce tolerance to the 

reinforcing effects of ketamine. The experiment was 

conducted in two parts. In the first part of the 

experiment, the chronic ketamine regimen was administered 

immediately following acquisition of stable ketamine 

self-administration. In the second part of the experiment, 

animals were rested for two weeks following acquisition of 

stable ketamine self-administration before receiving the 

chronic regimen of ketamine was administered. This design 

was employed to examine whether a regimen of chronic, 

high-dose ketamine would increase the rate of drug intake by 

animals that had already acquired some degree of tolerance 

to the reinforcing effects of ketamine during training 

(based on results obtained in Experiment 2) relative to 

animals that had not been exposed to the drug for two weeks. 

Procedure 

In the first part of this experiment, six rats were 

trained to self-administer ketamine. A baseline dose-effect 

curve was obtained following the acquisition of stable 

responding as described above. All training and testing was 
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then suspended, and rats received a chronic regimen of 

ketamine, 32 mg/kg, administered intraperitoneally (ip) in a 

volume of 0.3 ml, every eight hours for the next seven days. 

This regimen of ketamine was chosen because preliminary 

results from this laboratory have shown that this dosing 

schedule produces tolerance to the discriminative stimulus 

effects of ketamine in rats. Animals received chronic 

injections in their home cages, where they remained for the 

duration of the chronic regimen. Twenty-four hours after the 

last chronic ketamine injection, a post-chronic dose-effect 

curve was obtained over a period of three consecutive days, 

as described above. The time period between the last 

chronic ketamine injection and the commencement of 

dose-effect testing was chosen because the elimination 

half-life of ketamine is between 2 and 5 hours. Therefore, 

all drug should be eliminated within 24 hours following the 

last chronic injection. 

In the second part of this experiment, fourteen rats 

were trained to self-administer ketamine as described above. 

A post-rest dose-effect curve was obtained after a two week 

rest period in which animals had no exposure to ketamine. 

All training and testing was then suspended, and rats 

received a chronic regimen of either 0.9% saline (n = 6) or 

ketamine (n = 8), 32 mg/kg, administered intraperitoneally 

(ip) in a volume of 0.3 ml, every eight hours for seven 

days. Animals received chronic injections in their home 
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cages, where they remained for the duration of the chronic 

regimen. Twenty-four hours after the last chronic ketamine 

injection, a post-chronic dose-effect curve was obtained 

over a period of three consecutive days, as described above. 

Following post-chronic dose-effect testing, animals were 

rested in their home cages for two weeks without exposure to 

ketamine. During this time, catheters were flushed daily 

with 30U heparinized saline containing 833U streptokinase to 

maintain patency. Recovery dose-effect curves were obtained 

at the end of the two week rest period to assure that 

ketamine self-administration behavior had returned to 

post-rest levels. 

Hypothesis 

It was expected that, if chronic ketamine produces 

tolerance to its reinforcing effects, the rate of drug 

intake following a chronic, high-dose regimen of the drug 

would increase. This would be evidenced by lower ISRT values 

obtained during post-chronic dose-effect testing relative to 

baseline ISRT values in the first part of the experiment, 

and relative to post-rest ISRT values in the second part of 

the experiment. 

Data Analysis 

Data were scored as ISRT in minutes. In the first part 

of the experiment, data were analyzed using a 2 (CONDITION: 

baseline, post-chronic) x 3 (DOSE: 0.6, 1.1, 3.3 mg/kg/inj) 

repeated measures" ANOVA. In the second part of the 
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experiment, data were analyzed using a 2 (GROUP: saline, 

ketamine) x 2 (CONDITION: post-rest, post-chronic) x 3 

(DOSE: 0.6, 1.1, 3.3 mg/kg/inj) repeated measures ANOVA with 

group as a between-subjects factor, and condition and dose 

as within-subjects factors. Significant differences were 

analyzed using Tukey HSD tests, in which overall 

significance levels were controlled at p = 0.05. 

Experiment 4 

Experiment 4 tested the hypothesis that chronic 

administration of high-dose phencyclidine (PCP) confers 

cross-tolerance to the reinforcing effects of ketamine. 

Procedure 

Thirteen rats were trained to self-administer ketamine 

as described above. Based on results obtained in 

Experiments 2 and 3, the baseline dose-effect curve used in 

this experiment was obtained after a two week rest period in 

which animals had no exposure to ketamine. All training and 

testing was then suspended, and rats received a chronic 

regimen of either 0.9% saline (n = 6) or PCP (n = 7), 5.6 

mg/kg, administered ip, in a volume of 0.3 ml, every eight 

hours for seven days. This dose was chosen because PCP has 

been shown to be approximately five to ten times more potent 

than ketamine in binding to the PCP-binding site within the 

ion channel of the NMDA receptor complex (Javitt & Zukin, 

1991), with a similar elimination half-life. Animals 

received all chronic injections in their home cages, where 
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they remained for the duration of the chronic regimen. 

Twenty-four hours after the last chronic injection, a 

post-chronic dose-effect curve was obtained. Following 

post-chronic dose-effect testing, animals were rested in 

their home cages for two weeks without exposure to PCP or 

ketamine. During this time, catheters were flushed daily 

with 30U heparinized saline containing 833U streptokinase to 

maintain patency. Recovery dose-effect curves were obtained 

at the end of the two week rest period to assure that 

ketamine self-administration behavior had returned to 

baseline levels. 

Hypothesis 

It was expected that, if chronic PCP produces tolerance 

to the reinforcing effects of ketamine, the rate of ketamine 

intake following a chronic, high-dose regimen of PCP would 

increase. This would be evidenced by lower ISRT values 

obtained following chronic PCP administration relative to 

baseline ISRT values. 

Data Analysis 

Data were scored as ISRT in minutes and were analyzed 

using a 2 (GROUP: saline, PCP) x 2 (CONDITION: baseline, 

post-chronic) x 3 (DOSE: 0.6, 1.1, 3.3 mg/kg/inj) repeated 

measures ANOVA with group as a between-subjects factor, and 

condition and dose as within-subjects factors. Significant 

differences were analyzed using Tukey HSD tests, in which 

overall significance levels were controlled at p = 0.05. 
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Experiment 5 

Experiment 5 tested the hypothesis that chronic, high-dose 

dizocilpine confers cross-tolerance to the reinforcing 

effects of ketamine. 

Procedure 

Thirteen rats were trained to self-administer ketamine 

as described above. Based on results obtained in 

Experiments 2 and 3, the baseline dose-effect curve used in 

this experiment was obtained after a two week rest period 

during which animals had no exposure to ketamine. All 

training and testing was then suspended, and rats received a 

chronic regimen of either 0.9% saline (n = 6) administered 

ip in a volume of 0.3 ml every 8 hours for 7 days, or 

dizocilpine (n = 7), 0.178 mg/kg, administered ip in a 

volume of 0.3 ml, every 12 hours for six days. This dose 

was chosen because dizocilpine has been shown to be 

approximately 25 times more potent than PCP in binding to 

the PCP-site within the ion channel of the NMDA receptor 

complex (Javitt & Zukin, 1991). The drug was administered 

twice, rather than three times a day, due to its very slow 

kinetics. Animals received all chronic injections in their 

home cages, where they remained for the duration of the 

chronic regimen. Twenty-four hours after the last chronic 

saline injection, or 48 hours after the last dizocilpine 

injection, a post-chronic dose-effect curve was obtained. 

Commencement of dose-effect testing was 48 hours following 
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the last chronic injection, rather than 24 hours following 

the last chronic injection as in Experiments 3 and 4, 

because of the slow kinetics of dizocilpine. 

Hypothesis 

It was expected that, if chronic dizocilpine produces 

tolerance to the reinforcing effects of ketamine, the rate 

of ketamine intake following a chronic, high dose regimen of 

dizocilpine would increase. This would be evidenced by lower 

ISRT values obtained following chronic dizocilpine 

administration relative to baseline ISRT values. 

Data Analysis 

Data were scored as ISRT in minutes and were analyzed 

using a 2 (GROUP: saline, dizocilpine) x 2 (CONDITION: 

baseline, post-chronic) x 3 (DOSE: 0.6, 1.1, 3.3 mg/kg/inj) 

repeated measures ANOVA with group as a between-subjects 

factor, and condition and dose as within-subjects factors. 

Significant differences were analyzed using Tukey HSD tests, 

in which overall significance levels were controlled at p = 

0.05. 



CHAPTER III 

RESULTS 

General 

Seventy-nine animals were implanted with catheters and 

given the opportunity to self-administer ketamine. Of these 

79 animals, 12 were switched to ketamine after acquiring 

stable cocaine self-administration; the remaining 67 were 

trained on ketamine. Of the 12 animals initially trained to 

self-administer cocaine and used to establish parameters for 

ketamine self-administration, only 6 were used for 

dose-effect testing; the remaining 6 died during the long 

course of the Experiment 1. Of the 67 animals that were 

initially trained to self-administer ketamine, 8 animals 

failed to acquire stable responding (ISRT not varying by 

more than 20% across five consecutive sessions), 6 never 

self-administered the drug; 2 did not complete the study due 

to catheter problems, and 3 animals (one from the saline 

control group; one animal in Experiment 2; one from the 

phencyclidine (PCP) group) died of unknown causes. The 

remaining 48 subjects were used in Experiments 2 - 6 . All 

animals used in Experiments 2 - 6 were trained on ketamine, 

without cocaine self-administration training. 

44 
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Experiment 1 

The 12 animals that were initially trained to 

self-administer cocaine and 11 animals initially trained to 

self-administer ketamine were used to establish the 

parameters for ketamine self-administration. Six doses of 

ketamine were used to establish the parameters for ketamine 

self-administration. The lowest dose used, 0.33 mg/kg/inj, 

would not support stable self-administration in animals that 

had been trained to self-administer the eventual training 

dose, 1.1 mg/kg/inj. This lowest dose of ketamine (0.33 

mg/kg/inj) was offered to three cocaine-trained animals that 

had never received ketamine. Table 1 shows that this lowest 

dose of ketamine initially supported self-administration 

behavior, but the behavior extinguished in approximately 

five sessions of daily training with this dose. 

The highest dose of ketamine, 6 mg/kg/inj, did not 

support self-administration, because animals were too 

intoxicated to perform the operant after a 5.6s priming 

injection with this dose. That is, after a priming injection 

with this dose, animals were so motorically impaired that 

they would often roll onto the lever rather than 

purposefully approaching and depressing it. This resulted 

in delivery of a ketamine injection, which further 

intoxicated the animals. The 1.1 mg/kg/inj dose was chosen 

as the training dose, because this dose was consistently 
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Table 1 

Mean ISRT Values in Minutes for Ketamine (0.33 mg/kg/ini) 

Self-Administration in Cocaine-Trained Rats 

subj 1 2 
Session 

3 4 5 

1 6.24 0.73 0.54 0.14 0 

6 9.36 1.96 0.93 0 0 

10 1.42 0.32 0.21 0 0 

self-administered, such that animals usually took all 15 

reinforcers offered during a session, ISRTs were stable 

within and across sessions, and animals were not too 

intoxicated to perform the operant. The time-out period 

used was 30 s, because this period prevented any animal from 

overdose, such that animals could not self-administer toxic 

amounts of ketamine before the initial effects of the drug 

were experienced. 

Responding during the first two weeks of ketamine 

self-administration was always very unstable (Fig 2). 

Responding then became more reliable, such that animals 

would self-administer ketamine (1.1 mg/kg/inj) injections 

approximately every 1 - 4 minutes. There was considerable 

variability in the amount of time required for animals to 

acquire stable responding, however. 
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Figure 2. Acquisition of ketamine self-administration 

under an FR2 schedule. Abscissa: daily training session. 

Ordinate: time between ketamine self-injections, in 

minutes. Symbols are mean ISRTs of four representative 

animals that were initially trained to self-administer 

ketamine under an FRl schedule. Responding during the 

first 10 days of FR2 training was very unstable. Animals 

usually required 10 - 15 days to acquire stable ketamine 

self-administration. 
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For dose-effect testing, 0.6 mg/kg/inj was chosen for 

the lowest dose, and 3.3 mg/kg/inj was chosem as the highest 

dose. The dose-effect curve for the 11 ketamine-trained 

animals and 6 of the cocaine-trained animals is shown in 

Fig. 3. The curve for the ketamine-trained animals was 

obtained after approximately 15 days of ketamine 

self-administration training. The curve for the 

cocaine-trained animals was obtained after extensive 

ketamine dosing manipulations, conducted over a six month 

period. The ketamine-trained animals exhibited 

dose-dependent responding, F(2, 20) = 19.57, p < 0.001, such 

that the average ISRT for the lowest dose was 0.88 (0.3 min, 

and increased with dose; the ISRT for the highest dose was 

3.11 (0.2 min). Cocaine-trained animals also exhibited 

dose-dependent responding, F{2, 10) = 9.04, p = 0.04, such 

that the average ISRT for the lowest dose was 0.66 ( 0.3 

min, and increased with dose; the ISRT for the highest dose 

was 3.34 (0.6 min). There was no difference between the 

dose-effect curves obtained for ketamine- or cocaine-trained 

animals, F(1, 15) = 0.09, p = 0.8. 

Experiment 2 

Experiment 2 tested the hypothesis that tolerance to 

the reinforcing effects of ketamine develops during 

training. Six animals were used to test the effects of 

ketamine training, but one animal died of unknown causes 

druing the course of the experiment and was not included in 
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Figure 3. Ketamine self-administration. Abscissa: dose 

of ketamine tested. Ordinate: time between self-

injections of ketamine, in minutes. Symbols represent 

the mean IS T + SEM of ketamine self-administration in 

rats trained to self-administer ketamine (n = 11) or 

cocaine (n = 6). Dose-effect curves did not differ 

between groups. 
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statistical analyses. Fig. 4 shows the post-training, 

post-rest (obtained after a two week rest period) and 

post-retraining curves (obtained after a retraining period 

of one week). For all curves, increasing doses of ketamine 

resulted in increased ISRTs. However, only the 

post-retraining curve produced a significant dose-effect, 

F(2, 8) = 5.79, p < 0.05. Neither the post-training, F(2, 

8) = 2.3, p = 0.2, nor the post-rest curve, F(2, 8) = 3.25, 

p = 0.09, produced a significant dose-effect. After two 

weeks without exposure to ketamine, animals 

self-administered the drug significantly slower than 

post-training, F(l, 4) = 7.66, p = 0.05. After one week of 

retraining following post-rest dose-effect testing, animals 

self-administered ketamine significantly faster than 

post-rest, F(l, 4) = 7.87, p < 0.05. There was no 

significant difference between the post-training and the 

post-retraining curves, F(l, 4) = 3.32, p = 0.1. Fig. 5 

shows retraining data obtained following post-rest 

dose-effect testing compared to the initial acquisition data 

for the subjects used in Experiment 2. Over the course of 

five days of retraining, there was a significant increase in 

the rate of drug intake, F(4, 16) = 10.66, p < 0.001, 

represented by a decrease in ISRTs. While the shape of the 

retraining curve was similar to the acquisition curve, 

animals self-administered ketamine significantly faster for 
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Figure 4. Tolerance to the reinforcing effects of 

ketamine develops during training. Abscissa: dose of 

ketamine tested. Ordinate: time between self-injections 

of ketamine, in minutes. Symbols represent mean ISRT + 

SEM of rats (n = 5) trained to self-administer ketamine. 

After two weeks of rest without exposure to ketamine, 

animals self-administered ketamine slower than post-

training. After reinstatement of training for one week, 

animals self-administered ketamine significantly faster 

than post-rest. 
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Figure 5. Ketamine (1.1 mg/kg/inj) self-administration 

training after post-rest dose-effect testing compared to 

aquisition. Abscissa: daily training session conducted 

after post-rest dose-effect testing or during FR2 self-

administration testing. Ordinate: time between ketamine 

self-injections, in minutes. Symbols represent mean ISRT 

± SEM of rats (n = 6) trained to self-administer 

ketamine. Following post-rest dose-effect testing, 

inter-reinforcer times decreased over one week of daily 

self-administration retraining. 
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the first five days of retraining compared to acquisition, 

F(l, 4) = 8.47, p < 0.05. 

Experiment 3 

Experiment 3 tested the hypothesis that a high-dose 

regimen of ketamine would produce tolerance to the 

reinforcing effects of the drug. In the first part of the 

experiment, six animals were used to test whether chronic 

ketamine administered immediately following acquisition of 

stable ketamine self-administration would produce tolerance 

to the reinforcing effects of ketamine in animals that had 

already acquired some degree of tolerance during daily 

training. 

The second part of this experiment tested whether a 

chronic regimen of ketamine would produce tolerance to the 

reinforcing effects of the drug in animals that had acquired 

stable ketamine self-administration and then rested for two 

weeks, without exposure to the drug. Fourteen subjects were 

used for this part of the experiment, but one animal in the 

saline control group died of unknown causes during the 

course of the study. Therefore, eight ketamine-treated 

animals and five saline-treated animals were included in 

statistical analyses. 

In both parts of the experiment, animals' weights 

remained stable throughout the seven days of chronic 

ketamine self-administration. Animals always became 

markedly ataxic within the first 5 minutes following each ip 
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injection of ketamine; the ataxia subsided in approximately 

one hour following each injection. 

Mean ISRTs ± SEM for baseline and post-chronic curves 

obtaine in the first part of the experiment are shown in Fig 

6. The baseline curve exhibited a significant dose-effect, 

F(2, 10) = 21.8, p < 0.001; the post-chronic ketamine also 

produced a significant dose-effect, F<2, 10) = 4.25, p < 

0.05. There was no difference between the baseline and 

post-chronic ketamine dose-effect curves, F(l, 5) = 0.27, p 

= 0.6. 

Mean ISRTs ± SEM for post-rest, post-chronic saline and 

post-chronic ketamine curves obtaine in the second part of 

the experiment are shown in Fig. 7. There was no difference 

between post-rest curves for saline-treated or 

ketamine-treated animals, F(l, 11) = 0.35, p = 0.6, so these 

curves were pooled. The post-rest curve exhibited a 

significant dose-effect, F(2, 24) = 3.76, p = 0.04; the 

post-chronic ketamine also produced a significant 

dose-effect, F(2, 14) = 13.84, p < 0.001. The post-chronic 

saline curve did not exhibit a significant dose-effect, F(2, 

8) = 0.73, p = 0.5. The repeated measures ANOVA revealed a 

significant condition x group interaction F(l, 11) = 4.68, p 

= 0.05, which was due to ketamine-treated animals 

self-administering ketamine significantly faster in the 

post-chronic condition when compared to saline-treated 

animals for the low (0.6 mg/kg/inj; F(l, 11) = 9.43, p = 
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Figure 6. The effect of chronic ketamine (32 mg/kg/ 

8 h/7 d) on ketamine self-administration. Abscissa: dose 

of ketamine tested. Ordinate: time between ketamine 

self-injections, in minutes. Symbols are mean ISRT ± SEM 

of ketamine-treated rats {n = 6). Baseline was obtained 

directly after animals had acquired stable ketamine self-

administration. After receiving chronic ketamine, 

animals did not self-administer ketamine significantly 

faster than baseline. 



56 

10 

a 
-h 7 

(D 
£ 

(L) 
O 
U 
0 

•H 
aj 
n 
1 
n 
a; -p 
c Baseline 

Post-chronic ketamine 

Post-chronic saline 

• i i . i 
0.6 1.1 3.3 

Ketamine (mg/kg/inj) 

Figure 7. The effect of chronic saline or ketamine (32 

mg/kg/8 h/7 d) on ketamine self-administration. 

Abscissa: dose of ketamine tested. Ordinate: time 

between ketamine self-injections, in minutes. Symbols 

R « 
are mean IS T ± SEM of saline-treated (n - 5) and 

ketamine-treated rats (n = 8). Baseline was obtained 

after a two week rest period during which animals had no 

exposure to ketamine. After receiving chronic ketamine, 

animals self-administered ketamine significantly faster 

than baseline. There was no difference between baseline 

and post-chronic saline dose-effect curves. 
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0.01) and medium (1.1 mg/kg/inj; F(1, 11) = 15.0, p = 0.003, 

but not the high (3.3 mg/kg/inj; F(1, 11) = 0.23, p = 0.6) 

dose of ketamine. Following post-chronic dose-effect 

testing, all ketamine-treated animals returned to previous 

post-rest ketamine self-administration levels after a two 

week rest period without exposure to ketamine. Mean ISRTs 

± SEM for baseline and recovery curves are shown in Table 2. 

There was no difference between these two curves, F( 1, 6) = 

0.16, p = 0.7. 

Table 2 

Mean ISfTs ± SEM values for post-rest and post-chronic 

recovery ketamine self-administration dose-effect curves of 

ketamine-treated rats (n = 8) 

Dose Baseline Recovery 

0.6 1.81 ± 0.7 1.33 ± 0.4 

1.1 5.45 ± 1.4 4.09 ± 1.7 

3.3 4.13 ± 0.5 5.73 ± 1.1 

Note. Doses are represented in mg/kg/injection. Post-rest 

values for saline-treated animals are not reflected in these 

means. 
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Experiment 4 

Experiment 4 tested the hypothesis that a high-dose 

regimen of PCP would produce cross-tolerance to the 

reinforcing effects of ketamine. Thirteen subjects were 

used for this experiment; one animal in the saline-treated 

group and one animal in the PCP-treated group died of 

unknown causes during post-chronic dose-effect testing and 

were not used in analyses. Thus, analyses included five 

saline-treated animals and six PCP-treated animals. Based 

on results obtained in Experiment 2, the baseline 

dose-effect curve used in Experiment 4 was obtained after 

animals had obtained stable self-administration and then 

rested for two weeks without exposure to ketamine. A 

reduction in animal weights (approximately 10%) was noticed 

during the first two days of chronic PCP administration; 

weights returned to baseline during the next three days. 

Each PCP injection produced marked ataxia and increased 

circling behavior which was present within the first twenty 

minutes following the injection and abated entirely after 

approximately two hours. Mean ISRTs ± SEM for baseline, 

post-chronic saline, and post-chronic PCP curves are shown 

in Fig. 8. There was no difference in baseline curves for 

saline-treated or PCP-treated animals, F(l, 9) = 0.69, p = 

0.4, so these curves were pooled. Neither the baseline curve 

nor the post-chronic PCP curve exhibited a significant 

dose-effect, F(2, 20)= .23, p = 0.8 for baseline, F(2, 10) = 
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Figure 8. The effect of chronic saline or PCP (5.6 

mg/kg/8 h/7 d) on ketamine self-administration. 

Abscissa: dose of ketamine tested. Ordinate: time 

between ketamine self-injections, in minutes. Symbols 

are mean ISRT ± SEM of saline-treated (n = 5) and PCP-

treated rats {n = 6). After receiving chronic PCP, 

animals self-administered ketamine significantly faster 

than baseline. There was no difference between baseline 

and post-chronic saline dose-effect curves. 
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1.1, p = 0.4, for post-chronic PCP. The post-chronic saline 

curve is identical to that used in Experiment 3. The repeated 

measures ANOVA revealed a significant condition x group 

interaction, F(1, 9) = 6.99, p = 0.03, which was due to 

PCP-treated animals self-administering ketamine significantly 

faster in the post-chronic condition when compared to 

saline-treated animals for the low (0.6 mg/kg/inj; F( 1, 9) = 

9.71, p = 0.01) and medium (1.1 mg/kg/inj; F(1, 9) = 9.9, p = 

0.01, but not the high (3.3 mg/kg/inj; F(l, 9) = 3.7, p = 

0.08) dose of ketamine. Following post-chronic dose-effect 

testing, all PCP-treated animals returned to baseline ketamine 

self-administration levels after a two week rest period 

without exposure to ketamine. Mean ISRTs ± SEM for baseline 

and recovery curves are shown in Table 3. There was no 

difference between these two curves, F(l, 4) = 6.75, p = 0.1. 

Table 3 

Mean I^Ts ± SEM values for baseline and post-chronic recovery 

ketamine self-administration dose-effect curves of PCP-treated 

rats (n = 6) 

Dose Baseline Recovery 

0.6 2 .57 ± 1.1 3.10 ± 1.0 
1.1 1.77 ± 0.3 4.23 ± 0.9 
3.3 3.33 ± 0.3 3.56 ± 0.6 

Note. Doses are represented in mg/kg/injection. Baseline 
values for saline-treated animals are not included in these 
means. 
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Experiment 5 

Experiment 5 tested the hypothesis that a high-dose 

regimen of dizocilpine would produce cross-tolerance to the 

reinforcing effects of ketamine. Thirteen subjects were used 

for this experiment; one saline-treated animal died of unknown 

causes during post-chronic dose-effects testing. Thus, 

analyses included seven dizocilpine-treated animals and five 

saline-treated animals. Based on results obtained in 

Experiment 2, the baseline dose-effect curve used in 

Experiment 5 was obtained after animals had obtained stable 

self-administration and then rested for two weeks without 

exposure to ketamine. Each chronic dizocilpine injection 

produced marked ataxia, bruxism, and decreased locomotor 

activity beginning approximately 45 minutes following the 

injection; the ataxia and bruxism abated within 9 hours. 

Chronic treatment with dizocilpine (0.178 mg/kg/12 h) was 

discontinued after the first injection on Day 6, because 4 of 

the 7 dizocilpine-treated animals had stopped grooming 

themselves and appeared lethargic. Therefore, the 7 day 

chronic regimen used in Experiments 3 and 4 could not be used 

in Experiment 5. When post-chronic dose-effect testing was 

conducted, 48 hours following the last chronic injection, all 

animals had begun grooming again, and no longer appeared 

lethargic. Mean ISRTs ± SEM for baseline, post-chronic 

saline, and post-chronic dizocilpine curves are shown in Fig. 

9. There was no difference between the baseline curves for 
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Figure 9. The effect of chronic saline or dizocilpine 

(0.178 mg/kg/12 h/6 d) on ketamine self-administration. 

Abscissa: dose of ketamine tested. Ordinate: time 

between ketamine self-injections, in minutes. Symbols 

are mean IS T ± SEM of saline-treated (n - 6) and 

dizocilpine-treated rats {n = 7). There was no 

difference between baseline, post-chronic dizocilpine, or 

post-chronic saline curves. 
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the saline-treated or dizocilpine-treated animals, F(l, 10) = 

0.91, p = 0.4, so these curves were pooled. Neither the 

baseline curve nor the post-chronic dizocilpine curve 

exhibited a significant dose-effect, F(2, 22)= 0.71, p = 0.5 

for baseline, F(2, 12) = 0.78, p = 0.5 for post-chronic 

dizocilpine. There was no significant difference between 

baseline, post-chronic saline or post-chronic dizocilpine 

curves, F(1, 10) = 0.91, p = 0.4. 



CHAPTER IV 

DISCUSSION 

The present experiments demonstrated that reliable 

ketamine self-administration can be established in rats. 

This is consistent with previous findings that indicate that 

laboratory animals will self-administer drugs that humans 

abuse (Griffiths, Bigelow, & Henningfield, 1980; Johanson & 

Balster, 1978). Results from Experiment 2 supported the 

hypothesis that tolerance to the reinforcing effects of 

ketamine develops during daily self-administration training, 

as indicated by the significantly slower rate of drug intake 

following two weeks when animals had no exposure to the 

drug, indicating increased sensitivity to ketamine. The 

hypothesis that tolerance develops to the reinforcing 

effects of ketamine during training was further supported by 

a significantly increased rate of drug intake following 

reinstatement of daily ketamine self-administration training 

for one week, indicating decreased sensitivity to the drug. 

This finding is consistent with preliminary results from 

this laboratory showing that tolerance develops to the 

discriminative stimulus effects of ketamine during daily 

discrimination training. The increased rate of ketamine 

intake across training sessions, as shown in Fig. 4, 

64 
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indicates that tolerance to the reinforcing effects of 

ketamine occurs progressively over a period of one week. 

Results from the first part of Experiment 3 

demonstrated that maximal tolerance develops during daily 

training, such that faster rates of drug intake were not 

observed after seven days of chronic high-dose ketamine (32 

mg/kg) administered intraperitoneally (ip) every 8 hours for 

7 days when this regimen was administered immediately 

following acquisition of stable ketamine 

self-administration. In contrast, when animals were rested 

for two weeks, the chronic regimen did produce tolerance to 

the reinforcing effects of ketamine. Ketamine-treated 

animals self-administered the drug significantly faster 

after receiving chronic treatment with ketamine than they 

did after two weeks without exposure to the drug. 

Results from the first part of Experiment 3 indicate 

that maximal tolerance to the reinforcing effects of 

ketamine develops during daily sessions during which animals 

self-administer a total of 16 mg/kg of ketamine per session. 

A chronic regimen of 96 mg/kg of ketamine, administered in 

three ip injections per day, was not able to produce further 

tolerance to the reinforcing effects of ketamine. This 

suggests that a chronic regimen employing a much lower dose 

of ketamine than the dose used in the present study, or a 

dosing regimen in which animals receive only one ketamine 

injection per day, may have been sufficient to produce 
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tolerance in animals that had rested for two weeks without 

exposure to ketamine. Although not explored in the present 

study, the possibility that tolerance to the reinforcing 

effects of ketamine may be conferred by lower doses than the 

dose used in the present study warrants further examination. 

Results from Experiment 3 also demonstrate that the 

tolerance observed is not context-specific. That is, in 

contrast to Siegel's (1989) theory that suggests that 

tolerance develops in the environment in which the drug is 

administered, but does not generalize to other environments, 

the second part of Experiment 3 showed that tolerance 

produced during chronic ketamine dosing in the home cage 

extends to the operant chamber. 

Experiment 4 supported the hypothesis that chronic 

treatment with phencyclidine (PCP) (5.6 mg/kg/8 h/7 d) 

produces cross-tolerance to the reinforcing effects of 

ketamine, such that animals self-administer ketamine 

significantly faster than baseline after receiving a chronic 

high-dose regimen of PCP. Saline-treated animals 

self-administered ketamine at baseline rates following 

chronic saline administration. Results from Experiments 2 -

4 suggest that the tolerance/cross-tolerance that develops 

to the reinforcing effects of ketamine is lost over a two 

week period during which animals are not exposed to the 

drug. That is, a two week drug-free period is sufficient to 
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recover responsiveness to the reinforcing effects of 

ketamine. 

Experiment 5 did not support the hypothesis that 

chronic treatment with dizocilpine (0.178 mg/kg/12 h/6 d) 

produces cross-tolerance to the reinforcing effects of 

ketamine. Dizocilpine-treated animals did not 

self-administer ketamine faster than baseline or than 

saline-treated animals following chronic treatment with the 

drug. This result suggests that tolerance/cross-tolerance 

to the reinforcing effects of ketamine is not mediated at 

the PCP-site within the ion channel of the NMDA-type 

receptor complex. 

There were several results obtained in the present 

experiments that warrant further exploration. First, the 

baseline dose-response curves obtained in Experiments 4 and 

5 were flat; that is, ISRTs for the lowest dose of ketamine 

tested were equivalent to ISRTs for the highest dose tested. 

One interpretation of this result is that the range of doses 

tested in these experiments is in the middle of the 

dose-effect curve. However, this is clearly not a valid 

interpretation, because, as explained above, doses 1/4 log 

below the lowest dose tested (0.6 mg/kg/inj) or 1/4 log 

above the highest dose tested (3.3 mg/kg/inj) would not 

support ketamine self-administration. Also, the dose-effect 

curve obtained in Experiment 1, the post-training curve in 

Experiment 2, and the baseline and post-chronic ketamine 
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curves in the first part of Experiment 3, and the 

post-chronic ketamine curve in the second part of Experiment 

3 were positively sloped, indicating that ketamine 

self-administration is dose-dependent, at least under some 

circumstances. 

Another possible explanation for the flat dose-response 

curves obtained in Experiments 4 and 5 is based on the 

methodology used to obtain dose-response curves in these 

experiments. Since dose-effect testing was conducted over 

three consecutive days following a two week rest period 

during which animals had no exposure to ketamine, it is 

possible that tolerance to the reinforcing effects of the 

drug developed during the three-day test period. To explore 

this possibility, the mean ± SEM for ISRTs obtained for 

animals used in Experiments 4 and 5, including the saline 

control animals, were plotted according to the order of 

doses they were presented during baseline dose-effect 

testing (Fig. 10). Animals that received the low dose of 

ketamine (0.6 mg/kg/inj) on the first day of dose-effect 

testing produced a flat dose-effect curve. In contrast, 

animals that received the medium or highest dose (1.1 or 3.3 

mg/kg/inj, respectively) on the first day of dose-effect 

testing produced dose-effect curves with positive slopes. 

All animals were much more sensitive to the reinforcing 

effects of ketamine on the first day of dose-effect testing; 

animals became less sensitive during the course of 
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Figure 10. Baseline ketamine dose-effect curves for 

animals in Experiments 4 and 5 plotted by order in which 

test doses were presented during dose-effect testing. 

Abscissa: dose of ketamine tested. Ordinate: time 

between ketamine self-injections, in minutes. A flat 

dose-effect curve was produced by animals receiving the 

low (0.6 mg/kg/inj) doses of ketamine on the first day of 

dose-effect testing. Animals receiving the medium (1.1 

mg/kg/inj) or high (3.3 mg/kg/inj) doses of ketamine on 

the first day of dose-effect testing produced dose-effect 

curves with positive slopes. 
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dose-effect testing. For example, animals that received the 

low (0.6 mg/kg/inj) dose of ketamine on the first day of 

dose-effect testing self-administered that dose of drug 

twice as slow, on average, than animals that received that 

dose on the third day of dose-effect testing. This finding 

suggests that some degree of tolerance to the reinforcing 

effects of ketamine develops during dose-effect testing, 

which may explain the flat baseline dose-effect curves 

obtained in Experiments 4 and 5. However, maximal tolerance 

to the reinforcing effects of ketamine does not develop 

during dose-effect testing, because chronic treatment with 

either ketamine or PCP was able to produce increased rates 

of drug intake. Also, reinstatement of training following 

post-rest dose-effect testing produced faster rates of drug 

intake (Fig. 4); ISRTs decreased progressively during the 

course of post-rest training (Fig. 5). 

Tolerant animals generally exhibited dose-responsive 

ketamine self-administration. Further, except for 

Experiment 1, in which dose-effect testing was conducted 

following approximately three weeks of training during which 

training doses were manipulated in order to establish 

optimal parameters for ketamine self-administration, all 

animals had identical experience with ketamine. That is, in 

Experiments 2 - 5 , animals underwent approximately three 

weeks of daily ketamine (1.1 mg/kg/inj) self-administration 

and were then rested for two weeks prior to dose-effect 
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testing. Thus, any possible behavioral or neuronal change 

that may have occurred in animals in Experiments 4 and 5 

during training or rest should have occurred in animals in 

the other experiments. Also, all animals were similar in 

age, weight, feeding schedules, and training schedules. 

Therefore, the reason for the flat baseline dose-effect 

curves obtained in Experiments 4 and 5 as compared to the 

linear baseline dose-effect curve obtained in the first part 

of Experiment 3 is unclear. However, after examination of 

dose-response curves plotted according to order of test dose 

presenatation (Fig. 10), it seems reasonable that 

dose-effect testing should probably have been conducted 

using the high dose on day 1, the medium dose on day 2, and 

the low dose on day 3. While this strategy would not 

eliminate the impact of tolerance on the dose-effect curve, 

it would have produced curves with positive slopes for 

comparison of treatment effects. 

The noncompetitive NMDA antagonists, like some other 

drugs of abuse, have stimulant properties at low doses and 

depressant properties at high doses (Gorelick & Balster, 

1995) . Theoretically, it is quite possible that two or more 

receptor systems underlie these different actions. The 

manifestation of these dose-related divergent actions may 

explain the flat dose-effect curves produced by non-tolerant 

animals. Thus, at low doses, one receptor system 

predominates, and at higher doses, the other receptor system 
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predominates. Theoretically, animals could become tolerant 

to actions of one receptor system, but not the other. This 

would explain why tolerant animals produce positively sloped 

dose-effect curves relative to those produced by 

non-tolerant animals. As discussed below, ketamine binds at 

a receptor system known as the sigma site, as well as the 

PCP-site within the ion channel of the NMDA receptor 

complex. It is conceivable that the ketamine affects these 

receptors differentially in a dose-dependent manner, which 

could account for the flat dose-effect curves observed in 

the present experiments. 

Regardless of the flat dose-effect curves obtained in 

Experiments 4 and 5, the post-chronic dose-effect curves 

obtained in Experiments 4 and 5 were significantly different 

than baseline curves, and the post-chronic dizocilpine 

dose-effect curve obtained in Experiment 5 was not 

significantly different from baseline. Therefore, the 

interpretation that tolerance/cross-tolerance to the 

reinforcing effects of ketamine following chronic ketamine 

or PCP administration, but not chronic dizocilpine 

administration, is not affected. 

The tolerance that occurs in drug self-administration 

paradigms may be interpreted as tolerance to the behavior 

disrupting effects of drugs, rather than tolerance to their 

reinforcing effects. Thus, slower self-administration 

following a rest period may be due to behavioral disruption, 
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or loss of behavioral tolerance. In other words, after a 

period without exposure to the drug, animals are more 

sensitive to the behavior disruption produced by the drug, 

such that rate of drug intake is decreased when compared to 

the rate of drug intake of tolerant animals. After a period 

of training, animals are tolerant to the behavior disrupting 

effects of the drug, such that they are able to perform the 

operant faster. This is not an adequate explanation for the 

results obtained in the present study, because after one 

week without exposure to the operant, ketamine- and 

PCP-treated animals exhibited rates of drug intake that were 

significantly faster than baseline, whereas 

dizocilpine-treated animals did not. Therefore, the slower 

rate of drug intake exhibited by dizocilpine-treated animals 

following chronic treatment cannot be attributed to a loss 

of behavioral tolerance occurring during the week in which 

these animals did not have exposure to the operant task. 

The most important question that may be raised 

regarding the results obtained in the present study is why 

no cross-tolerance to the reinforcing effects of ketamine 

occurred following chronic dizocilpine administration. One 

possibility is that the dose of dizocilpine was not large 

enough to confer cross-tolerance to the reinforcing effects 

of ketamine. This is a valid argument and should be 

explored further; however, the dose used in Experiment 5 was 

sufficiently large to warrant discontinuing the chronic 
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regimen. Therefore, if higher doses of chronic dizocilpine 

are to be tested in Fischer 344 rats, the dosing regimen 

would have to be altered. 

Another possible reason that chronic dizocilpine failed 

to confer cross-tolerance to the reinforcing effects of 

ketamine is that animals were experiencing a withdrawal 

syndrome during post-chronic dose-effect testing, such that 

operant responding was disrupted. Disruption of operant 

responding has been found to be a valid indicator of the 

presence of a withdrawal syndrome following cessation of 

chronic PCP or ketamine administration (Beardsley & Balster, 

1987; Wessinger & Owens, 1991). However, this is not a 

likely explanation for the results obtained in the present 

study for a number of reasons. First, contrary to the 

observations made by Wessinger and Owens (1991) and 

Beardsley and Balster (1987), no obvious signs of 

withdrawal, such as piloerection or bruxism, were present in 

the dizocilpine-treated animals in Experiment 5 at any time 

between the last chronic injection and the first day of 

dose-effect testing. In fact, the appearance of the 

dizocilpine-treated animals was much improved 48 hours 

following the last injection; animals had begun grooming and 

displayed increased activity relative to the six days of 

chronic dizocilpine. Also, dizocilpine-treated animals did 

not exhibit disrupted post-chronic responding per se; 

rather, post-chronic responding remained at baseline levels. 
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Another possible explanation for the failure of chronic 

dizocilpine to confer cross-tolerance to the reinforcing 

effects of ketamine is that any tolerance that developed 

during chronic dizocilipine treatment was lost during the 48 

hours between the last injection and the commencement of 

dose-effect testing. As stated above, post-chronic ketamine 

and PCP dose-effect testing commenced 24 hours following the 

last chronic injection; post-chronic dizocilpine testing 

commenced 48 hours after the last chronic injection due to 

the condition of the animals. Therefore, any cross-tolerance 

that may have occurred following chronic dizocilpine 

administration may have abated within the 48 hours between 

the last chronic injection and the commencement of 

dose-effect testing. This would suggest that the time course 

of cross-tolerance to the reinforcing effects of ketamine 

conferred by chronic dizocilpine is very short. To test 

this possibility, dose-effect testing would need to be 

conducted during the first 24 hours following the last 

dizocilpine injection. Although the elimination half-life 

of dizocilpine has been reported to be 1.5 hours (Schwartz & 

Wasterlain, 1991) , the drug has very slow kinetics (Danysz, 

Essman, Bresink, & Wilke, 1994; Mayer, Vyklicky, Sernagor, 

1989) , and thus may not be completely eliminated during the 

first 24 hours following the last chronic injection. That 

is, although the drug may not be found in measurable amounts 

in plasma, it may remain bound to the receptor. Indeed, in 
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the present experiments, the appearance of the animals 

during the first 24 hours following the last chronic 

dizocilpine injection suggested that all effects of the drug 

had not entirely abated; some animals were still ataxic and 

not grooming themselves. 

Another possible reason that tolerance/cross tolerance 

to the reinforcing effects of ketamine was produced by 

ketamine and PCP, but not dizocilpine, is that chronic 

treatment may produce pharmacokinetic changes in the former 

agents, but not the latter. However, many investigators 

have reported that the pharmacokinetic properties of 

ketamine and PCP, including plasma or brain half-life and 

induction of metabolism, are not changed following chronic 

administration of these drugs in rodents (Kitaichi, Yamada, 

Yoneda, Ogita, Hasegawa, Furukawa, & Nabeshima, 1995; 

Nabeshima, Fukaya, Yamaguchi, Ishigawa, Furukawa, & 

Kameyama, 1987; Spain & Klingman, 1985; Wessinger & Owens, 

1991). Further, although some metabolism occurs when drug 

is administered ip relative to iv, tolerance/cross tolerance 

to the reinforcing effects of ketamine occurred by both 

routes of administration in the present study. Therefore, it 

is not likely that dispositional tolerance contributed to 

the results in the present study. 

Another possible mechanism that may account for the 

tolerance/cross-tolerance conferred by ketamine and PCP, 

respectively, but not dizocilpine, is that the former agents 
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may produce differential changes in a second-messenger 

system affected by the NMDA receptor complex. Changes in 

second messenger systems are proposed to mediate at least 

some forms of tolerance (Cox, 1990). The second messenger 

system most clearly linked to NMDA receptor complex 

activation is protein phosphorylation (Cooper, Bloom & Roth, 

1991). The NMDA- or glutamate-induced Ca2+ influx activates 

Ca2+-dependent protein kinases, specifically 

Ca2+-calmodulin-regulated kinase and 

Ca2+-phospholipid-dependent protein kinase. Once 

stimulated, these kinases become activator-independent, and 

maintain responses such as increased presynaptic transmitter 

release and increased post-synaptic receptor sensitivity. 

It is conceivable, therefore, that chronic blockade of the 

ion channel may temporarily decrease the sensitivity of this 

system. However, this explanation for the results observed 

in the present studies is not likely, since dizocilpine is 

the most potent agent of those tested at blocking the flow 

of Ca2+ through the ion channel; thus, if the observed 

tolerance/cross-tolerance is due to a change in second 

messenger systems affected by Ca2+ flow through the ion 

channel, dizocilpine should confer a large degree of 

cross-tolerance, which it does not. This is not to say that 

a second messenger system downstream from NMDA receptor 

activation dose not play a role in the tolerance/ 

cross-tolerance to ketamine and PCP, respectively. As 
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discussed below, PCP and ketamine affect a number of other 

neurotransmitter systems, and may affect the signal 

transduction mechanisms of these systems when administered 

chronically. 

A likely explanation for the failure of chronic 

dizocilpine to confer cross-tolerance to the reinforcing 

effects of ketamine is that such tolerance is not mediated 

at the PCP-binding site within the ion channel of the 

NMDA-type receptor complex, but by some other 

pharmacodynamic mechanism. PCP is known to affect several 

neurotransmitter systems, including dopaminergic (French, 

1994; French & Ceci, 1990; Kalivas, Duffy, & Barrow, 1989), 

serotonergic (Nabeshima, et al., 1987), cholinergic (Snell & 

Johnson, 1985, 1989; Chaturvedi, 1984) and GABAergic 

pathways (Zhang, Chiodo, & Freeman, 1993). Ketamine has 

been shown to interact with dopaminergic (Lannes, 

Micheletti, Warter, & Zwiller, 1992; Micheletti, Lannes, 

Haby, Borrelli, Kempf, Warter, & Zwiller, 1992) and 

serotonergic (Lannes, et al., 1992) transmission. In 

addition, PCP and ketamine both have affinity for a binding 

site, known as the sigma-site, which is distinct from the 

PCP-binding site within the ion channel of the NMDA-type 

receptor complex (Su, 1993; Wong & Neilsen, 1989) . 

Dizocilpine has no affinity for the sigma-site (Wong & 

Neilsen, 1989). 
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The interactions between the noncompetitive NMDA 

antagonists and the dopaminergic system are complex, and 

findings have not been consistent. However, it is known 

that acute treatment with low doses of PCP, ketamine, and 

dizocilpine increase firing of A10 dopaminergic neurons 

(French, 1994; French & Ceci, 1990; French, Mura, & Wang, 

1993). Competitive NMDA antagonists acting at the 

NMDA/glutamate receptor prevent noncompetitive antagonists 

from exerting this action (French, 1994). Since competitive 

antagonists prevent NMDA and glutamate from activating the 

ion channel, the non-competitive antagonists are unable to 

bind in the channel when competitive antagonists are bound. 

This indicates that the increased firing of A10 neurons 

produced by the noncompetitive antagonists is mediated at 

the PCP-binding site within the NMDA-type receptor complex. 

The AlO-type dopamine neurons innervate the ventral 

tegmental area and nucleus accumbens, and have been 

implicated in the regulation of the reinforcing properties 

of many drugs of abuse (Koob & Bloom, 1988, Wise & Bozarth, 

1987). Therefore, the increased firing of the A10 neurons 

following administration of PCP and ketamine may contribute 

to the reinforcing properties of these drugs. PCP and 

ketamine have also been found to increase the release and 

inhibit the uptake of dopamine in nucleus accumbens and 

striatum (Dwoskin, Jewell, Buxton, & Carney, 1992; Irifune, 

Shimizu, & Nomoto, 1991; Smith, Azzaro, Turndorf, & Abbott, 
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1975; Snell, Mueller, Gannon, Silverman, & Johnson, 1984). 

Thus, the findings that PCP and ketamine increase dopamine 

transmission in brain areas presumably responsible for the 

reinforcing properties of drugs provides an explanation for 

the abuse liability of these drugs. A logical extension of 

this explanation is that tolerance to the reinforcing 

effects of ketamine or PCP may be mediated by presynaptic 

changes that occur in the A10 dopaminergic pathway with 

repeated exposure to these drugs. 

However, there are several findings that do not support 

that tolerance to the reinforcing effects of ketamine and 

PCP are mediated by changes in the A10 dopaminergic pathway. 

First, results from the present study show that 

cross-tolerance to the reinforcing effects of ketamine is 

not produced by administration of chronic dizocilpine, 

although dizocilpine is more potent at increasing the firing 

of A10 neurons than PCP (French, 1994). Also, whereas high 

doses of PCP (over 1 mg/kg iv) decrease the firing of A10 

neurons, such firing is increased with high doses of 

dizocilpine (up to 1 mg/kg iv) or ketamine (up to 50 mg/kg 

iv) (French, 1994). These findings, together with the fact 

that dizocilpine does not have abuse liability, suggest that 

the reinforcing effects of ketamine, as well as tolerance to 

those effects, are not mediated by the A10 dopaminergic 

pathway. 
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In striatum, which is innervated by the A9 dopaminergic 

pathway, chronic PCP decreases dopamine release and reduces 

the density of post-synaptic dopamine receptors (Robertson, 

1982) . This finding is an attractive explanation for the 

cross-tolerance that PCP confers to the reinforcing effects 

of ketamine following chronic PCP administration, because 

reduced neurotransmitter function resulting from either pre-

or post-synaptic adaptations, may explain why drugs exert 

less effect following their repeated administration. 

However, studies on the effects of chronic ketamine and 

dizocilpine on striatal dopaminergic transmission render 

this explanation unlikely. Chronic treatment with ketamine 

or dizocilpine has been shown to greatly increase dopamine 

D2 receptor synthesis and density with no effect on dopamine 

release in striatum (Lannes, et al., 1992; Micheletti, et 

al., 1992). Because of the general dopaminergic activation 

caused by the noncompetitive NMDA antagonists, these drugs 

have been proposed as potential therapeutic agents in 

diseases involving dopamine deficits, such as Parkinson's 

disease {Gandolifi & Dall'Olio, 1993; Imperato, Scrocco, 

Bacchi, & Angelucci, 1990; Morelli & Di Chiara, 1990) . 

The interaction between the noncompetitive antagonists and 

dopaminergic systems is quite complex. In light of the 

literature published to date, which underscores the 

divergent actions of each of the noncompetitive NMDA 

antagonists on the dopaminergic systems, it seems unlikely 
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that the reinforcing effects of ketamine, or tolerance and 

cross-tolerance to these effects, are mediated solely via 

dopaminergic mechanisms. 

PCP and dizocilpine have also been shown to reduce 

potassium evoked GABA release in striatum (Hondo, Nakahara, 

Nakamura, Hirano, Uchimura, & Tashiro, 1995), which 

indicates that this action of the noncompetitive NMDA 

antagonists is mediated by the ion channel within the NMDA 

receptor complex. Because GABA is inhibitory to dopamine 

release, the reduction in GABA transmission produced by PCP 

and dizocilpine may result in a disinhibition of dopamine 

release, which may account for some of the dopaminergic 

activation produced by the noncompetitive NMDA antagonists. 

Another potential system which may contribute to the 

development of tolerance to the reinforcing effects of the 

noncompetitive NMDA antagonists is the serotonergic system. 

Nabeshima and colleagues (1987) have reported that a chronic 

regimen of PCP (10 mg/kg/day for 14 days) induced an 

increase in dopamine-mediated behaviors, such as sniffing, 

rearing, and ambulation, and an attenuation in 

serotonin-mediated behaviors, such as back-pedalling, 

head-weaving, and turning. These changes were accompanied 

by an increase in dopamine and serotonin release following a 

challenge injection of PCP, and a decrease in density and 

binding capacity of serotonin receptors in the nucleus 

accumbens. Chronic ketamine or dizocilpine has been 
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reported to have no effect on serotonin release in striatum 

(Lannes, et al.); the possible involvement of other brain 

regions or the possible post-synaptic changes that may occur 

in the serotonergic system following chronic treatment with 

these drugs has not been investigated. Therefore, the 

possibility that tolerance and cross-tolerance to the 

reinforcing properties of ketamine is mediated via 

serotonergic mechanisms cannot be ruled out. 

PCP has been found to decrease acetylcholine (ACh) 

transmission in striatum (Leventer & Johnson, 1984), 

cerebellum (Wood, Steel, McPherson, Cheney, & Lehmann, 

1987), hippocampus (Snell & Johnson, 1987), and nucleus 

accumbens (Jones, Snell, & Johnson, 1987). Ketamine has 

been found to decrease cholinergic transmission in striatum 

(Snell & Johnson, 1985) . Dizocilpine has been found to 

decrease NMDA-induced ACh release in nucleus accumbens and 

striatum (Maurice, Su, Parish, Nabeshima, & Privat, 1994). 

The mechanisms by which the noncompetitive NMDA antagonists 

reduce ACh transmission is complex. Because dopamine 

inhibits ACh release, it has been proposed that the 

noncompetitive NMDA antagonists reduce ACh transmission via 

their actions as facilitators of dopaminergic transmission 

(Chaturvedi, 1984; Jones, et al., 1987). However, because 

the ability of the noncompetitive NMDA antagonists to reduce 

ACh transmission is directly proportional to their affinity 

at the PCP-site within the ion channel of the NMDA-type 
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receptor complex, it has been suggested that this site 

mediates the action of the noncompetitive NMDA antagonists 

on ACh transmission (Jones, et al., 1987; Snell & Johnson, 

1985) . Also, PCP has been found to compete with the calcium 

channel antagonist, nicardipine, for binding at the 

nicotinic-type acetylcholine receptor in vitro, which 

indicates that an additional binding site for PCP may exist 

(Adam & Henderson, 1990). In addition, some nicotinic 

ligands have affinity for the PCP-site within the NMDA-type 

receptor complex (Snell & Johnson, 1989). The role of the 

noncompetitive NMDA antagonists in ACh transmission has 

focused primarily on cell firing (Adam & Henderson, 1990; 

Snell & Johnson, 1989; Wood, et al., 1987) neurotransmitter 

release (Jones, et al., 1987), and locomotor activity (Snell 

& Johnson, 1985). The role of ACh transmission on the 

reinforcing effects of the noncompetitive NMDA antagonists 

or chronic administration of these agents on ACh 

transmission has not been studied. However, given the 

complex interactions between the noncompetitive NMDA 

antagonists and cholinergic transmission, some of which are 

clearly not mediated by the PCP-site within the ion channel 

of the NMDA receptor complex, the possibility that the 

reinforcing effects of PCP and ketamine and tolerance to 

those effects are partly mediated, either directly or 

indirectly, by their actions on cholinergic systems warrants 

further investigation. 
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Because tolerance and cross-tolerance to the 

reinforcing properties of ketamine is conferred by ketamine 

and PCP, respectively, but not dizocilpine, it is clear that 

this tolerance is not mediated at the PCP-site within the 

ion channel of the NMDA-type receptor. Rather, the 

mechanism regulating tolerance to the reinforcing effects of 

ketamine is most parsimoniously explained as one which is 

affected by ketamine and PCP, but not dizocilpine. The only 

mechanism studied that meets this criterion is the 

sigma-site (Onoe, Inoue, Suzuki, Tsukada, Itoh, Mataga, & 

Watanabe, 1994). The sigma-site has been the subject of 

much controversy since the discovery that some benzomorphan 

derivatives, such as (+)-N-allylnormetazocine and 

cyclazocine, which have affinity for the sigma-site, 

substitute for PCP in drug discrimination studies (Holtzman, 

1980) . It is now generally accepted that PCP binds to at 

least two distinct sites, a PCP-site within the ion channel 

of the NMDA-type receptor complex, and a haloperidol-

sensitive sigma-site. The sigma-site is poorly 

characterized, primarily due to the lack of selective sigma 

ligands that have been developed, but it is believed that 

the psychotomimetic effects of the dissociative anesthetics 

and the benzomorphan derivatives are mediated at this site 

(Holtzman, 1988; 1993; Su, 1993). The sigma-site has also 

been proposed as a possible mechanism regulating 

schizophrenic symptoms, because the atypical neuroleptics, 
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such as clozapine and BMY 14802, as well as the conventional 

antipsychotic, haloperidol, possess affinity for this site 

(Taylor, Eison, Moon, Schlemmer, Shukla, VanderMaelen, 

Yocca, Gallant, Behling, Boissard, Braselton, Davis, 

Duquette, Lamy, Libera, Ryan, & Wright, 1993). Also, PCP 

administration has been used as a model to study 

schizophrenia (Javitt & Zukin, 1991). Sigma-sites exist on 

A10 dopamine neurons (Lang, Vasar, Soosaar, & Harro, 1992), 

but their interaction with dopamine transmission is largely 

undetermined. Whether the sigma-site mediates the 

reinforcing properties of ketamine and tolerance/ 

cross-tolerance to those effects is not known. However, 

given the results from the present study, in which ketamine 

and PCP, which have affinity for the sigma-site, but not 

dizocilpine, which does not have affinity for the 

sigma-site, produce tolerance/cross-tolerance to the 

reinforcing effects of ketamine, examination of the role of 

the sigma-site in the behavioral properties of these drugs 

seems warranted. 

The present study demonstrated that (1) rats will 

self-administer ketamine, (2) tolerance to the reinforcing 

effects of ketamine develops during training and dose-effect 

testing, (3) tolerance to the reinforcing effects of 

ketamine occurs following chronic, high-dose administration 

of ketamine, (4) cross-tolerance to the reinforcing effects 

of ketamine occurs following chronic, high-dose 
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administration of PCP, and (5) tolerance to the reinforcing 

effects of ketamine is not mediated at the PCP-site within 

the ion channel of the NMDA-type receptor complex. These 

results suggest that the discriminative stimulus effects of 

ketamine are distinct from the reinforcing effects of the 

drug, because dizocilpine fully substitutes for ketamine in 

drug discrimination studies (Balster, 1991; Benvenga, et 

al., 1991), but is not abused by humans, is not 

self-administered by animals, and does not confer 

cross-tolerance to the reinforcing effects of ketamine. The 

present study also serves to further characterize the abuse 

potential of ketamine and PCP. 
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