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to my hide-way, my secret place 
How I arrived I can't explain 

You're welcome to, if you want to stay 
But everyone just runs away" 

Dave Mustaine 

But 

"For those about to rock, fire 
We salute you" 

Brian Johnson 
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Behavioral sensitization refers to an augmentation of a behavioral 

response induced by a psychostimulant drug after repeated administration. 

Sensitization may be related to drug addiction, since both properties of these 

drugs are associated with long-lasting changes in the mesolimbic and 

nigrostriatal dopamine systems. In addition, drug-associated cues or the 

environmental context associated with drug administration have been shown to 

play an important role in sensitization and drug craving. Therefore, a greater 

understanding of the role of environmental context in sensitization should provide 

insights into the mechanisms of drug addiction. I have studied the importance of 

environmental context associated with amphetamine or apomorphine 

pretreatment on sensitization of the stereotyped behavior induced by the 

subsequent administration of these drugs. Results from these studies show that 

pre-exposure to one high dose of amphetamine or apomorphine produces a 

long-lasting sensitization of stereotyped behavior. This sensitization is context

dependent, as it was only elicited when the drug pretreatment and test 

environment were similar. However, pre-exposure to a daily high dose of 

amphetamine or apomorphine for three days produced long-lasting sensitization 
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stereotyped behavior that was context-independent. This suggests that 

repeated administration of amphetamine or apomorphine can overcome the 

context-dependent component of sensitization. Neither context-dependent nor 

context-independent sensitization could be explained by changes in the 

pharmacokinetics of apomorphine. While NMDA receptor antagonists, but not 

inhibitors of nitric oxide formation, prevented the development of context

dependent sensitization, they both failed to affect the development of context

indept!ndent sensitization induced by amphetamine or apomorphine. However, 

both NMDA receptor antagonists and inhibitors of nitric oxide formation blocked 

the expression of context-dependent and context-independent sensitization 

induced by amphetamine and apomorphine. Since sensitization is related to 

drug craving, which contributes to drug addiction, these latter observations 

suggest that NMDA receptor antagonists and inhibitors of nitric oxide formation 

may be useful for treating the intense drug craving seen in addicts. Since the 

characteristics of sensitization induced by amphetamine, which increases 

synaptic dopamine, and by apomorphine, which directly activates postsynaptic 

dopamine receptors, were indistinguishable, it appears that postsynaptic rather 

than presynaptic mechanisms may be more important in mediating both context

dependent and context-independent sensitization. 
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1 

INTRODUCTION 

1.1 BACKGROUND AND SIGNIFICANCE 

Introduction of the problem 

Drug addiction can be defined as continued compulsive drug taking and 

drug seeking, despite adverse consequences. Thus, fundamental to drug 

addiction is the process by which controlled drug taking behavior evolves into 

compulsive drug taking behavior. This process of obsessively wanting drugs is 

called drug craving. Drug craving can be expressed or precipitated by exposure 

to environmental cues previously associated with drug use. Even after years of 

abstinence, this can result in the resumption of drug taking or relapse. The 

setting or environment in which drugs of abuse are administered can also 

influence the acute effects produced by drugs, especially psychostimulant drugs 

such as cocaine and amphetamine. In addition, since environmental cues 

previously associated with drug use during the development of drug craving are 

essential for the expression of environment-induced drug craving, it is likely that 
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development of the drug craving process is influenced by environmental 

context as well. Thus, in order to understand drug craving and addiction, we 

must understand how drug-associated cues or the environmental context in 

which drugs of abuse, especially psychostimulant drugs, are administered 

influence the development and expression of drug craving (Childress et al., 1992; 

DeVries et al., 1998). 

Definition of behavioral sensitization 

Administration of a single high dose or administration of repeated low 

doses of a psychostimulant drug, such as cocaine and amphetamine, can result 

in long-lasting neurobiological changes in the brain. Some changes can result in 

a decrease or tolerance of some behaviors induced by these drugs. Other 

changes can result in an increase or sensitization of other behaviors induced by 

psychostimulant drugs. Sensitization or reverse tolerance is defined as an 

enhanced response to a psychostimulant drug. Behavioral sensitization is 

defined as an enhanced behavioral response to a psychostimulant drug. 

Behavioral sensitization is most notably characterized as long-lasting 

sensitization of psychostimulant-induced psychomotor activation (This is 

expressed in rodents as locomotor activity and stereotyped behavior, which will 

be defined in a separate section of the introduction, Bedingfield et al., 1996; 

Kalivas and Stewart, 1991; Pierce and Kalivas, 1997; Robinson and Becker, 

1986; Robinson and Berridge, 1993; Segal and Mandell, 1974; Wolf, 1998). 
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is a two-stage process. The development of sensitization 

refers to the initial cellular and molecular events that occur in response to 

psychostimulant administration which result in enduring changes in neural 

function responsible for the enhanced behavioral response to psychostimulant 

drug challenge. These events are transient and are associated with 

psychostimulant drug pre-exposure or the psychostimulant drug pretreatment 

phase. The expression of sensitization refers to the long-term neural changes, 

which result from the development stage of sensitization, that directly mediate 

the augmented or enhanced behavioral response to a challenge or test dose of 

psychostimulant drug. For sensitization of stereotyped behavior and locomotor 

activity, sensitization is associated with changes that occur within the nigrostriatal 

(cell bodies located in the substantia nigra that send dopaminergic projections to 

the striatum) and mesoaccumbens (cell bodies located in the ventral tegmentum 

that send dopaminergic projections to the nucleus accumbens) dopamine 

systems, respectively. Specifically, the development of sensitization of 

stereotyped behavior and locomotor activity is associated with changes that 

occur within the substantia nigra (pars compacta) and ventral tegmentum, 

respectively, while the expression of sensitization of stereotyped behavior and 

locomotor activity is associated with changes that occur within the striatum and 

nucleus accumbens, respectively (Kalivas and Stewart, 1991; Pierce and 

Kalivas, 1997; Robinson and Becker, 1986; Robinson and Berridge, 1993; Segal 

and Mandell, 1974; Wolf, 1998). 
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is typically studied experimentally using the following 

procedure. Rodents are pre-exposed to a single or several high doses of a 

psychostimulant drug or pre-exposed to repeated intermittent low doses of a 

psychostimulant drug (pretreatment phase). These pretreatment injections 

induce neural changes associated with the development of sensitization. After a 

several day withdrawal period, the rodents are challenged with a test dose of 

psychostimulant drug (test phase). Sensitization is observed or expressed when 

the animals demonstrate an enhanced response to the challenge or test dose of 

psychostimulant drug. The biochemical changes that occur in response to 

psychostimulant drug challenge mediate the expression of sensitization. 

Rationale for studying sensitization and the role of environmental context in 

sensitization 

Sensitization induced by psychostimulant drugs has been proposed to be 

a model for studying drug craving induced by psychostimulant drugs. The 

following reasons support why sensitization may be a valid model for studying 

drug craving: (1) sensitization can occur of both the psychomotor activating 

effects (locomotor activity and stereotyped behavior) and the rewarding effects 

(drug self-administration and conditioned place preference) induced by 

psychostimulant drugs; (2) sensitization of both behaviors may result from similar 

hypersensitive biochemical changes (such as increased dopamine release) in the 

mesolimbic and nigrostriatal dopamine systems, regions of the brain involved in 
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activity and reward; (3) behavioral sensitization and these 

hypersensitive neural changes persist or are long-lasting, similar to drug craving; 

(4) behavioral sensitization and these hypersensitive neural changes can be 

induced by a variety of psychostimulant drugs and other drugs of abuse that 

increase dopamine transmission, such as opiates, nicotine, and ethanol, similar 

to drug craving (Kalivas and Stewart, 1991; Robinson and Becker, 1986; 

Robinson and Berridge, 1993; Segal and Mandell, 1977); (5) the environmental 

context associated with psychostimulant drug administration has been shown to 

play an important role in the acute effects induced by psychostimulant drugs 

(Badiani et al., 1995a; 1995b; 1995c; 1997; 1998; Browman et al., 1998b; 

Crombag et al., 1996; Ellinwood and Kilbey, 1975; Jodogne et al., 1994; 

Robinson et al., 1998; Sharp et al., 1987) and a critical role in the development 

and expression of sensitization induced by psychostimulant drugs (Robinson and 

Berridge, 1993; Robinson et al., 1998) and in psychostimulant drug craving 

(Childress et al., 1992; De Vries et al., 1998). Thus, understanding the role of 

environmental context in the development and expression of sensitization may 

be valuable for understanding the role that drug-associated cues play in drug 

craving and in precipitating relapse. Drug craving contributes to drug addiction; 

therefore, a greater understanding of the role of environmental context in 

sensitization and drug craving should provide insights into mechanisms involved 

in drug addiction. 
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for studying sensitization induced by both amphetamine and 

apomorphine 

Amphetamine is an indirect acting dopamine agonist that increases 

dopamine transmission through a presynaptic mechanism resulting from a 

reversal of the dopamine transporter and increased dopamine release, while 

apomorphine is direct acting 01 and 0 2 dopamine receptor agonist. Thus, 

sensitization induced by both of these drugs was compared throughout our 

studies to determine whether presynaptic or postsynaptic mechanisms may be 

more important in mediating sensitization. Sensitization induced by cocaine was 

not studied. Cocaine has much higher selectivity for the serotonin transporter as 

compared to other psychostimulant drugs. Moreover, sensitization induced by 

cocaine may involve different neurobiological mechanisms than sensitization 

induced by other psychostimulant drugs (for detailed discussion, see Chapter 7; 

Pierce and Kalivas, 1997). 

Definitions of stereotyped behavior and locomotor activity and the rationale for 

studying sensitization of stereotyped behavior 

The administration of psychostimulant drugs to rodents produces two 

qualitatively different effects on psychomotor behavior. In response to a high 

dose of psychostimulant drug, such as those utilized in our studies, increased 

locomotor activity occurs first as the blood and brain levels of the drug begin to 

rise. This horizontal hyperactivity behavior includes running movements 

6 
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by rapid repetitive changes in position. This response also occurs 

during the peak response to low doses of psychostimulant drugs. Higher brain 

levels of drug produce slow patterned activity characterized as repetitive 

exploration of the cage at normal levels of activity. This progresses to fast 

patterned activity characterized as repetitive exploration of the cage with 

hyperactivity. As the brain level of drug after administration of a high dose of 

psychostimulant drug reaches a peak, stereotyped behavior predominates. 

Stereotyped behavior is defined as non-locomotor repetitive purposeless 

behavior. Stereotyped behavior is expressed in rodents as focused and 

continuous rapid repetitive head and/or forelimb movements while remaining in 

the same place in the cage. Stereotyped behavior may include licking, chewing, 

gnawing, sniffing, and rearing. Since stereotyped behavior consists of vertical 

rather than horizontal movement, it can interfere with locomotor activity (Segal 

and Mandell, 1974; Sharp et al., 1987). Both psychostimulant-induced locomotor 

stimulation and stereotyped behavior are mediated by an increase in dopamine 

neurotransmission, but these effects are due to an action of psychostimulant 

drugs at different brain sites. The locomotor stimulatory effects are mediated 

primarily by psychostimulant drug action in the nucleus accumbens, while the 

stereotyped behavioral response appears to be related to an action of 

psychostimulant drugs in the striatum (Creese and Iversen, 1974; Fibiger et al., 
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Kelly et al., 1975; 1977; Kelly and Iversen, 1976; Kelly and Roberts, 1983; 

Sharp et al., HJ87; Ungerstedt, 1979). 

Studies have shown that the development and expression of sensitization 

of the locomotor stimulant effects of amphetamine and apomorphine are strongly 

influenced by the environmental context in which amphetamine and 

apomorphine are administered (Anagnostaras and Robinson, 1996; Badiani et 

al., 1997; Crombag et al., 1996; Jodogne et al., 1994; Mattingly and Gotsick, 

1989; Robinson et al., 1998). In contrast to studies on locomotor activity, there is 

relatively little information on the importance of environmental context in 

sensitization of the stereotyped behavioral effects induced by amphetamine and 

apomorphine. Therefore, it is unclear whether sensitization of stereotyped 

behavior induced by amphetamine and apomorphine, like the locomotor 

stimulant effects, is subject to environmental control. Also, since we planned on 

using NMOA (N-methyl-0-aspartate) glutamate receptor antagonists in our 

studies and since NMOA receptor antagonists themselves can stimulate 

locomotor activity that may interfere with the evaluation of sensitization of 

locomotor activity, we studied sensitization of stereotyped behavior. In addition, 

evaluation of sensitization of stereotyped behavior in mice was used because 

several studies failed to demonstrate a sensitization of apomorphine-induced 

stereotyped behavior in rats (Castro et al., 1985; Kinon et al., 1984; Mattingly et 

al., 1989; but see, Moller et al., 1987). Recently, using a quantal endpoint to 
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stereotyped behavior in mice, a robust sensitization of the stereotyped 

behavioral response induced by amphetamine or apomorphine was 

demonstrated after their pretreatment with a single high dose of amphetamine or 

apomorphine (Bedingfield et al., 1996). Thus, the we used this procedure to 

evaluate the importance of environmental context in sensitization of 

amphetamine- and apomorphine-induced stereotyped behavior. 
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SPECIFIC AIMS 

(1) To determine whether pre-exposure to a single high dose of amphetamine or 

apomorphine induces sensitization of amphetamine- or apomorphine-induced 

stereotyped behavior that is context-dependent (Chapters 2, 3, and 4). 

Context-dependent sensitization refers to a type of sensitization in which 

drug-associated cues or the environmental context in which psychostimulant 

drugs are administered are critical for the development and expression of 

sensitization. In context-dependent sensitization, in order for sensitization to be 

observed, the test environment must be the same or very similar to the 

pretreatment environment (Ahmed et al., 1993; Anagnostaras and Robinson, 

1996; Badiani et al., 1995a; 1995b; 1997; Cervo and Samanin, 1996; Drew and 

Glick, 1988; Elmer et al., 1996; Jackson and Nutt, 1993; Jodogne et al., 1994; 

Mattingly and Gotsick, 1989; Mazurski and Beninger, 1987; Pert et al., 1990; 

Post et al., 1981; 1987; Reimer and Martin-Iverson, 1994; Stewart and Vezina, 

1991 Weiss et al., 1989). This type of sensitization is also believed to involve 

environmental conditioning because it can be extinguished by repeatedly pairing 

the test cage with saline injections instead of drug injection (Hinson and Poulos, 

1981; Stewart and Vezina, 1988; 1991; Tilson and Rech, 1973). 

Several studies have demonstrated a context-dependent sensitization of 

locomotor activity after pre-exposure to a single high dose of cocaine (Jackson 
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Nutt, 1993; Post et al., 1981; 1987; Weiss et al., 1989). In other studies that 

demonstrate context-dependent sensitization of psychostimulant-induced 

stereotyped behavior or locomotor activity, the drug was administered once, -

using high doses of drug, or only a few times, -using relatively low doses of drug 

(Ahmed et al., 1993; Cerva and Samanin, 1996; Drew and Glick, 1988; Mazurski 

and Beninger, 1987; Stewart and Vezina, 1991). Thus, we hypothesized that 

pre-exposure to single high dose of amphetamine or apomorphine would 

produce a sensitization that is context-dependent. 

We tested whether sensitization was context-dependent by unpairing the 

pretreatment environment (the cage the animal was placed in immediately after 

amphetamine or apomorphine pretreatment) with the test environment (the cage 

the animal was placed in immediately after amphetamine or apomorphine 

challenge). In addition, we determined whether sensitization induced by pre

exposure of a single high dose of amphetamine or apomorphine was 

environmentally conditioned by determining whether sensitization could be 

extinguished by repeatedly pairing the test cage with saline injections instead of 

drug injection. We determined whether sensitization was long lasting by varying 

the withdrawal time between the amphetamine and apomorphine pretreatment 

and challenge. Finally, we determined whether this type of sensitization could be 

attributed to pharmacokinetic factors, rather than pharmacodynamic factors, by 

assaying brain apomorphine concentrations. 

11 
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To determine whether pre-exposure to repeated high doses of amphetamine 

or apomorphine induces sensitization of amphetamine- or apomorphine

induced stereotyped behavior that is context-independent (Chapter 4). 

Context-independent sensitization refers to a type of sensitization in which 

drug-associated cues or the environmental context in which psychostimulant 

drugs are administered are not critical for the development and expression of 

behavioral sensitization. In context-independent sensitization, a sensitized 

response can be observed when the pretreatment and test environments are 

different (Browman et al., 1998a; 1998b; Haracz et al., 1995; Pert et al., 1990; 

Robinson et al., 1998; Stewart and Druhan, 1993). Context-independent 

sensitization of locomotor activity induced by cocaine was demonstrated after 

pre-exposure to three high doses of cocaine (Post et al., 1987). Indeed, 

sensitization that is independent of environmental context, in contrast to context

dependent sensitization, seems to require larger amounts of drug administered 

repeatedly (Browman et al., 1998a; 1998b; Haracz et al., 1995; Pert et al., 1990; 

Robinson et al., 1998; Stewart and Druhan, 1993). Since the size of the dose of 

psychostimulant drug administered may determine the relative importance of 

environmental context in sensitization, we hypothesized that pre-exposure to 

several high doses of amphetamine or apomorphine would produce a 

sensitization that is context-independent. 
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tested whether sensitization was context-independent by unpairing the 

pretreatment environment (the cage the animal was placed in immediately after 

amphetamine or apomorphine pretreatment) with the test environment (the cage 

the animal was placed in immediately after amphetamine or apomorphine 

challenge). We also determined whether sensitization induced by pre-exposure 

to three high doses (24 hours apart) of amphetamine or apomorphine was 

context-independent by determining whether sensitization could be extinguished 

by repeatedly pairing the test cage with saline injections instead of drug injection. 

We determined whether sensitization was long lasting by varying the withdrawal 

time between the last amphetamine and apomorphine administration during the 

pretreatment phase and the amphetamine and apomorphine challenge during the 

test phase. Finally, we determined whether this type of sensitization could be 

attributed to pharmacokinetic factors, rather than pharmacodynamic factors, by 

assaying brain apomorphine concentrations. 

13 
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To determine whether NMDA glutamate receptor activation and nitric oxide 

formation play an essential roie in the development of context-dependent and 

context-independent sensitization of amphetamine- or apomorphine-induced 

stereotyped behavior (Chapter 5). 

Glutamate, through NMDA (N-methyl-o-aspartate) glutamate receptor 

activation, is widely believed to be important in modulating the development of 

sensitization (Wolf, 1988). The following series of biochemical events involving 

glutamate are believed to occur in the substantia nigra and ventral tegmentum 

and mediate the development of sensitization of stereotyped behavior and 

locomotor activity induced by amphetamine and cocaine, respectively: (1) 

somatodendritic dopamine release is augmented by psychostimulant drug 

administration; (2) dopamine stimulates 01 receptors on glutamatergic neurons 

projecting from the cortex which (3) stimulates glutamate release (Kalivas and 

Duffy, 1995) (4) which, in turn, stimulates NMDA receptors on dopaminergic cell 

bodies and/or dendrites. This sequence of events is augmented by the fact that 

sensitizing-doses of psychostimulant drugs desensitize 02 somatodendritic 

dopamine autoreceptors in the substantia nigra and ventral tegmentum 

(Ackerman and White, 1990; Antelman and Chiodo, 1981; Henry et al., 1989; 

Kamata and Rebec, 1983; 1984). This effect would diminish the 

hyperpolarization of dopaminergic cells which normally accompanies increased 

somatodendritic dopamine release (Grace, 1987; Lacey et al., 1987) and thereby 
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a further augmentation of dopamine release and presumably glutamate 

release. The increase in ca2
• conductance accompanying the subsequent 

NMDA receptor stimulation is voltage dependent (Monaghan et al., 1989) and 

decreased D2 autoreceptor mediated membrane hyperpolarization would 

facilitate opening of the NMDA receptor channel. 

The mechanism outlined above results in enhanced NMDA receptor 

activation, increased firing of dopamine neurons, and presumably increased 

intracellular concentrations of ca2
• in dopaminergic cells. Beyond this point, the 

sequence of events is unclear as to how changes in dopaminergic cell function 

initiate behavioral sensitization and establish its enduring expression. The net 

biochemical effect appears to be an increase in dopaminergic cell firing rate in 

the substantia nigra for sensitization of stereotyped behavior and an increase in 

dopaminergic cell firing rate in the ventral tegmentum for sensitization of 

locomotor activity and increased dopamine transmission in the striatum and 

nucleus accumbens, respectively (Kalivas and Stewart, 1991; Kalivas, 1993; 

Pierce and Kalivas, 1997; Wolf, 1998). 

Consistent with a role for glutamate in this scheme, NMDA receptor 

antagonists prevent the development of sensitization when co-administered with 

psychostimulant drugs (Wolf, 1998). They also prevent many of the biochemical 

changes that occur during the development of sensitization, such as dopamine 
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subsensitivity (Berhow et al., 1996; 1996; Gnegy et al., 1996; Jake

Mathews et al., 1997; Masserano et al., 1996; Wolf et al., 1994; Zhang and 

Angulu 1996). NMDA receptor antagonists may also prevent the development 

of sensitization by interfering with the effects of the enhanced glutamate efflux 

that occurs as a result of D1 receptor stimulation by dopamine in the 

development of sensitization (Kalivas and Duffy, 1995). 

We hypothesized that glutamate may mediate the development of context

dependent, but not context-independent, sensitization. This is based on the 

hypothesis that context-dependent sensitization may be more dependent on 

increased excitatory drive to dopaminergic cell bodies from brain regions 

involved in associative learning than context-independent sensitization. The 

neural substrates involved in the development of sensitization of stereotyped 

behavior (substantia nigra) and sensitization of locomotor activity (ventral 

tegmentum) are innervated by glutamatergic projections from the prefrontal 

cortex, amygdala, and hippocampus (Kalivas, 1993; Meredith et al., 1992; Oades 

and Halliday, 1987;), areas that participate in associative learning (Everitt et al., 

1991; Granon et al., 1994; Reinado et al., 1994). Indeed, lesions of the 

prefrontal cortex (Wolf et al., 1995), amygdala (Post et al., 1988; 1992), and 

fimbria-fornix (Yoshikawa et al., 1991; 1993; but see Browman et al., 1996) have 

also suggested an essential role for glutamatergic projections from these brain 

regions in the development of sensitization. Increased excitatory drive from brain 
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involved in associative learning may lead to increased NMDA receptor 

activation and subsequent development of context-dependent sensitization. 

Consistent with this hypothesis, the amygdala has been shown to play a 

preferential role in the development of context-dependent, but not context

independent sensitization (Post et al., 1988; 1992). Thus, NMDA receptor 

antagonists may exert differential effects on the development of context

dependent versus context-independent sensitization of stereotyped behavior by 

blocking glutamatergic transmission from neurons projecting from the amygdala 

to dopaminergic cell bodies in the substantia nigra. 

The finding that NMDA receptor activation increases calcium influx which 

results in the activation of the neuronal isoform of nitric oxide synthase 

(Garthwaite, 1991; Snyder, 1992) suggests that calcium influx and nitric oxide 

may mediate the effects of NMDA receptor activation in the development of 

sensitization. Consistent with this, calcium channel blockers were shown to block 

the development of sensitization of stereotyped behavior (Karter et al., 1991a). 

However, the role of nitric oxide in the development of sensitization is unclear. In 

studies where nitric oxide synthase inhibitors prevented the development of 

sensitization, the acute effects of the psychostimulant were also blocked and the 

animals were not able to initially express the behavior that was assessed (Haracz 

et al., 1997; ltzhak, 1997; Kim and Park, 1995; Ohno and Watanabe, 1995; 

Pudiak and Bozarth, 1993). Since the initial expression of a drug-induced 
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may be necessary for the development of sensitization of that response 

(Einat et al., 1996; Kuribara 1996a; 1996b; 1997a; 1997b; 1998; Mattingly et al., 

1997; Willner et al., 1992), it is unciear whether the inhibition of sensitization 

development was due to the inhibition or nitric oxide production or the inhibition 

of the expression of the behavior to be sensitized. Moreover, other studies have 

shown that nitric oxide synthase inhibitors, at doses which do not affect the acute 

response to the psychostimulant, fail to prevent sensitization of locomotor activity 

(Abekawa et al., 1995; Inoue et al., 1996; Stewart et al., 1994). 

NMDA receptor antagonists and calcium channel blockers have been 

demonstrated to inhibit the development of context-dependent sensitization of 

locomotor activity and conditioned locomotor activity (Cerva and Samanin, 1996; 

Daminanopoulos and Carey, 1995; Dilullo and Martin-Iverson, 1992; Haracz et 

al., 1995; Reimer and Martin-Iverson, 1994; Stewart and Druhan, 1993; Wolf and 

Khansa, 1991 ). However, the role of NMDA receptor activation in the 

development of context-dependent as compared to context-independent 

sensitization of stereotyped behavior, has not been previously studied. 

Additionally, no studies have addressed whether nitric oxide production plays a 

preferential role in context-dependent as compared to context-independent 

sensitization. 
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examined the role of NMDA receptor activation and nitric oxide 

formation on the development of sensitization by determining whether a 

competitive NMDA receptor antagonist (CPP, (±)-3-(2-carboxypiperazin-4-

yl)propyl-1-phosphonic acid), a noncompetitive NMDA receptor antagonist (MK-

801, dizocilpine maleate, (+)-5-methyl-10, 11-dihydro-SH

dibenzo[a,d]cyclohepten-5, 10-imine hydrogen maleate), and a relatively selective 

(Reinar and Zagvazdin, 1998) neuronal nitric oxide synthase inhibitor (7-

nitroindazole) could block the development of context-dependent and context

independent sensitization of amphetamine- and apomorphine-induced 

stereotyped behavior. Since the development of sensitization refers to the initial 

changes that occur in response to psychostimulant drugs, this was performed by 

administering the antagonist or inhibitor 30 min prior to each pretreatment 

administration with amphetamine or apomorphine. Also, since sensitization may 

be response-dependent, we used doses of antagonist or inhibitor that did not 

significantly affect the acute stereotyped behavioral response induced by 

amphetamine or apomorphine. 
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To determine whether NMDA glutamate receptor activation and nitric oxide 

formation play an essential role in the expression of context-dependent and 

context-independent sensitization of amphetamine- or apomorphine-induced 

stereotyped behavior (Chapter 6). 

Glutamate, possibly through NMDA receptor activation, is believed to be 

important in modulating the expression of sensitization. Glutamatergic projections 

from brain regions brain known to participate in different aspects of learning and 

memory, such as the prefrontal cortex, hippocampus, and amygdala (Everitt et 

al., 1991; Granon et al., 1994; Reinado et al., 1994) innervate the striatum and 

nucleus accumbens (Kalivas, 1993; Meredith et al., 1992; Oades and Halliday, 

1987). Reduced dopamine transmission or reduced dopaminergic inhibitory tone 

in the prefrontal cortex has been demonstrated in sensitization induced by 

cocaine (for review, see Pierce and Kalivas, 1997) and possibly amphetamine 

(Banks and Gratton, 1995; but see, Pierce and Kalivas, 1997). Also, disinhibition 

of cholinergic neurons projecting from the basal forebrain to the cortex may occur 

in sensitization (Sarter and Bruno, 1999). Such changes would be expected to 

increase the activity of glutamatergic projections to the striatum and substantia 

nigra and the nucleus accumbens and ventral tegmentum, thereby increasing 

excitatory drive to these sites. The resultant increase in glutamate transmission 

may promote the expression of sensitization by altering the firing rate of D1-

GABAergic cells in the striatum and nucleus accumbens or by stimulating the 
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rate of dopaminergic cells in the substantia nigra and ventral tegmentum. 

In addition, electrophysiological and microdialysis studies suggest that the 

resultant increase in glutamate in the striatum and nucleus accumbens may also 

promote the expression of sensitization by increasing dopamine release in the 

striatum and nucleus accumbens. The expression of behavioral sensitization to 

psychostimulant drugs is generally reported to be associated with enhanced 

dopamine transmission (increased dopamine release and D1 receptor 

supersensitivity) in the striatum and nucleus accumbens in response to 

psychostimulant drug challenge (Kalivas and Duffy, 1988; Kalivas and Stewart, 

1991; Kolta et al., 1985; Robinson and Becker, 1986; Paulson and Robinson, 

1995; Robinson et al., 1988). 

The increased releasability of dopamine in the striatum is calcium

dependent and relies upon activation of calcium-dependent proteins, such as 

calmodulin and calcium-calmodulin kinase II (Pierce and Kalivas, 1997). A role 

for calcium conductance in the expression of sensitization has also been 

indicated by the fact that calcium channel blockers prevented the expression of 

sensitization induced by amphetamine and cocaine (Karler et al., 1991 a; Reimer 

and Martin-Iverson, 1994). Thus, it is possible that NMDA receptor antagonists 

might prevent the expression of sensitization by inhibiting the calcium influx 

needed for increased releasability of dopamine. 
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electrophysiological and microdialysis studies have 

suggested that indirectly and directly mediated dopamine receptor activation may 

actually enhance glutamate release in the striatum and nucleus accumbens 

(Pierce and Kalivas, 1997; Wolf, 1998). Consistent with a role for glutamatergic 

transmission in the expression of sensitization, sensitization induced by cocaine 

is generally associated with an increase in extracellular glutamate (Pierce and 

Kalivas, 1997). Thus, it is possible that this increase in extracellular glutamate 

contributes to the increase in extracellular dopamine associated with the 

expression of sensitization. In addition to glutamate, nitric oxide has been 

demonstrated to enhance presynaptic striatal dopamine release (Hanbauer et al., 

1992; Inoue et al., 1996; Lenart et al., 1993; Montague et al., 1994; Zhu and Luo, 

1992). With all of this in view, we hypothesized a role for glutamate and nitric 

oxide in the expression of context-dependent, but not context-independent, 

sensitization possibly through a mechanism involving increased excitatory drive 

from brain regions involved in learning and memory. 

While many studies have demonstrated a block in the expression of 

sensitization induced by amphetamine with antagonists of the AMPA (cx.-amino-3-

hydroxy-5-methyl-4-isoxazole propionate) glutamate receptor subtype (Pierce 

and Kalivas, 1997; Wolf, 1998), the role of the NMDA glutamate receptor subtype 

in the expression of sensitization is less clear. In some studies, NMDA receptor 

antagonists blocked the expression of sensitization of locomotor activity 
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and Zvartau, 1996; Ono et al., 1994; Pani et al., 1990; Pierce et al., 

1998b; Spanagel et al., 1998), while in other studies they did not (Jeziorski et al., 

1994; Wolf, 1995). One factor contributing to this confound may be that NMDA 

receptor antagonists by themselves stimulate locomotor activity (Wolf, 1998). 

Thus, the observed behaviors in the studies of NMDA receptor antagonists on 

sensitization induced by amphetamine may involve a complex interaction 

between locomotor activity stimulated by these antagonists and by amphetamine. 

Another confound relates to the effects of NMDA receptor antagonists on the 

acute behavioral response to psychostimulant drugs. In studies where NMDA 

receptor antagonists blocked the expression of sensitization of stereotyped 

behavior induced by psychostimulant drugs, the same doses of NMDA receptor 

antagonists also blocked the acute stereotyped behavioral response induced 

these drugs (Bedingfield et al., 1996; Karler et al., 1990; 1991a; Karler and 

Calder, 1992; Karler et al., 1994a). 

Inhibition of nitric oxide synthase has been shown to prevent the 

expression of sensitization of locomotor activity (Inoue et al., 1996). However, 

the importance of nitric oxide on the expression of sensitization of stereotyped 

behavior has not been previously studied. Moreover, the role of NMDA receptor 

activation and nitric oxide formation in the expression of context-dependent, as 

compared to context-independent sensitization, has also not been previously 

studied. 
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examined the role of NMDA receptor activation and nitric oxide 

formation on the expression of sensitization by determining whether a 

competitive NMDA receptor antagonist (CPP), a noncompetitive NMDA receptor 

antagonist (MK-801 ), and a relatively selective neuronal nitric oxide synthase 

inhibitor (7-nitroindazole) would block the expression of context-dependent and 

context-independent sensitization of amphetamine- and apomorphine-induced 

stereotyped behavior. Since the expression of sensitization refers to the long

term changes that are observed in response psychostimulant drug challenge 

after sensitization has developed, this was performed by administering the 

antagonist or inhibitor 30 min prior to amphetamine or apomorphine challenge. 

In order to determine whether glutamate and nitric oxide play a role in the 

expression of sensitization of stereotyped behavior, rather than the acute 

stereotyped behavioral response induced by amphetamine or apomorphine, we 

used doses of antagonist or inhibitor that did not significantly affect the acute 

stereotyped behavioral response induced by amphetamine or apomorphine. 
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HYPOTHESIS 

The environmental context in which amphetamine and apomorphine are 

administered plays an essential role in development and expression of 

sensitization of amphetamine- and apomorphine-induced stereotyped behavior. 

This may occur through an NMDA glutamate receptor- and nitric oxide

dependent process. 
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2 

PRE-EXPOSURE TO A SINGLE HIGH DOSE OF AMPHETAMINE 

INDUCES SENSITIZATION OF STEREOTYPED BEHAVIOR THAT IS 

CONTEXT- AND RESPONSE-DEPENDENT 

2.1 INTRODUCTION 

The administration of amphetamine to rodents produces two qualitatively 

different effects on psychomotor behavior. Amphetamine administered in low 

doses produces primarily locomotor stimulation, while higher doses produce a 

repetitive stereotyped behavioral response which interferes with locomotion 

(Segal and Mandell, 1974; Sharp et al., 1987). This stereotyped behavioral 

response is expressed in rodents as focused and continuous repetitive head and 

forelimb movements. Both amphetamine-induced locomotor stimulation and 

stereotyped behavior are mediated by an increase in dopamine 

neurotransmission, but these effects are due to an action of amphetamine at 

different brain sites. The locomotor stimulatory effects of amphetamine are 
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primarily by its action in the nucleus accumbens, while the stereotyped 

behavioral response appears to be related to an action of amphetamine in the 

striatum (Creese and Iversen, 1974; Kelly et al., 1975; Ungerstedt 1979). 

The repeated administration of amphetamine can produce a persistent 

sensitization of both locomotor activity and stereoty'ped behavior (Kalivas and 

Stewart, 1991; Robinson and Becker, 1986; Segal and Mandell, 1974). Recent 

studies have shown that the development of sensitization of the locomotor 

stimulant effects of amphetamine is strongly influenced by the environmental 

context in which amphetamine is administered (Anagnostaras and Robinson, 

1996; Badiani et al., 1997; Crombag et al., 1996; Jodogne et al., 1994). 

Sensitization of locomotor activity will not develop or will be reduced when the 

environment used for the testing of sensitization is different from that in which 

rats are pretreated. In contrast to studies on locomotor activity, there is relatively 

little information on the importance of the environment in sensitization of the 

stereotyped behavioral effects of amphetamine. Therefore, it is unclear whether 

the sensitization of stereotyped behavior induced by amphetamine, like the 

locomotor stimulant effects, is subject to environmental control. Since context

dependent sensitization has been postulated to play an important role in 

psychostimulant craving and relapse, a greater understanding of context and 

conditioning effects may provide insight into factors and neurobiological 

mechanisms important in drug abuse (Robinson and Berridge, 1993). 
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purpose of this study was to determine whether the environmental 

context in which amphetamine is administered plays a role in sensitization of the 

stereotyped behavioral effects of amphetamine in mice. To accomplish this goal, 

mice were pretreated with amphetamine and then placed in an environment, 

which was the same as, or different from that used for evaluating the stereotyped 

behavioral response induced by amphetamine in testing for sensitization. The 

results show that the environment is important in the development and/or 

expression of sensitization of stereotyped behavior induced by amphetamine. In 

addition, our results provide evidence that the acute expression of stereotyped 

behavior after amphetamine pretreatment is also important for sensitization of the 

stereotyped behavioral effects of amphetamine. 
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METHODS 

Animals and drugs 

Male CF-1 mice (Charles River Laboratories), weighing 28-32 g at the 

time of experimentation, were housed 5 per cage (except the home:test group, 

which were housed 1 per cage) in a temperature (24 ± 1 °C) and humidity (55-

65%) controlled vivarium with a 12-hr light/dark cycle. Food and water were 

provided ad libitum. All animal use procedures were performed in strict 

accordance with the NIH Guide for the Care and Use of Laboratory Animals and 

were approved by the Institutional Laboratory Animal Care and Use Committee. 

O-amphetamine sulfate was obtained from Sigma Chemicals Co. (St. Louis, MO) 

and was prepared in normal saline solution immediately prior to administration. 

Dosages were calculated as mg of amphetamine sulfate/kg body weight and 

were given intraperitoneally in a volume of 0.1 ml/20 g of body weight. 

Evaluation of stereotyped behavior 

All animals were evaluated for stereotyped behavior after amphetamine or 

vehicle pretreatment and after amphetamine challenge. Stereotyped behavior of 

CF-1 mice was measured according to the procedure described by Karler et al. 

(1990) by an observer who was unaware of the treatment design. These mice 

respond to low doses of amphetamine by producing an increase in locomotor 

behavior that is occasionally interrupted by grooming. However, at doses of 12 
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or greater, the mice remain stationary and display rapid and repetitive 

head and/or fore-limb movements, including licking, chewing, and gnawing 

stereotypies. Such behaviors are easily identified and correspond to a score of 8 

on a graded score of 9 in the behaviors described earlier by Ellinwood and 

Balster (1974). This behavior was used as a quantal end-point for the 

measurement of stereotypy. Animals were rated for this behavior over 1 minute 

at 10-minute intervals for 120 minutes after drug injection. The percent of 

animals exhibiting the stereotyped behavior in each group was determined, and 

the highest value of this percent among the 30, 40, 50, and 60 min observation 

points was taken as the response induced by amphetamine. All studies were 

conducted between 10.00 and 16.00 hours in a temperature (24 ± 1°C} and 

humidity (55-65%) controlled room. 

Design and procedures 

All experiments consisted of a pretreatment phase in which the 

environment associated with the administration of amphetamine was varied, 

followed 48 hours later by a test phase in which the environment was held 

constant. In the pretreatment phase, animals were transported from the vivarium 

to the laboratory (except for the home:test group, in which animals were 

pretreated in the vivarium), administered amphetamine or vehicle (normal saline), 

and placed individually into one of four different cages. Animals were monitored 

for two hours and then returned to the vivarium. On the test day, all animals 
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transported from the vivarium to the laboratory, administered amphetamine, 

and placed individually into identical test cages whose dimensions were 28 x 17 

x 11 cm and which contained 1/4" tan corncob bedding (Harlan Teklad, Madison, 

WI). The differences between pretreatment and test environments are shown in 

Table 1. Thus, for the test:test group, there were no differences between the 

pretreatment and the test environment. For the large:test group, the only 

difference between the pretreatment and the test environment was the size of the 

cages. For the diff:test group, the pretreatment and test environments differed 

both in size of the cage and in the color and texture of the bedding (black Cellu

Dri-Shepherd Specialty Papers, Kalamazoo, Ml) in the pretreatment environment 

versus tan corncob bedding in the test environment). For the home:test group, 

the pretreatment and test phases were performed in different rooms: animals 

were pretreated in their home cages in the vivarium during the pretreatment 

phase and were treated in the laboratory and placed in the test cages for the first 

time during the test phase. In one series of experiments, an additional difference 

between pretreatment and test environments was introduced by placing two 

animals simultaneously in the pretreatment environment. 
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Differences between groups in the percent of animals exhibiting the 

stereotyped behavioral were compared by Chi-square analysis. The Fisher 

Exact test was used whenever 20% of the expected values in a contingency 

table were less than 5. Relative potencies from dose-response curves were 

compared by using the method of Litchfield and Wilcoxon (1949). For all tests, P 

< .05 was considered significant. 
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RESULTS 

The first set of experiments established conditions for sensitization in the 

control (test:test) group. Sensitization was induced by pretreatment with a single 

high dose of amphetamine, as described previously (Bedingfield et al., 1996). A 

preliminary dose-response study showed that with our laboratory conditions, a 

single dose of 14 mg/kg, i.p .. elicited the desired stereotyped behavioral endpoint 

in at least 80% of mice without lethality. Higher doses were not used because of 

lethality: 16 mg/kg amphetamine produced lethality in 10% of the mice. The test 

for sensitization was performed 48 hours after pretreatment. In order to select a 

dose of amphetamine to study the expression of sensitization, a dose-response 

relationship for the effect of amphetamine on stereotyped behavior was 

determined in mice pretreated with vehicle or 14 mg/kg amphetamine (Figure 1). 

For vehicle pretreated animals, the EDso for stereotyped behavior induced by 

amphetamine was 9.8 mg/kg (95% C.I. = 8.1 - 12). Pretreatment with 

amphetamine resulted in a 1.9 fold shift to the left of the dose response curve 

with an EDso of 5.1 mg/kg (95%C.I. = 4.0 - 6.4), indicating that sensitization had 

developed. For subsequent studies, the dose of 7 mg/kg amphetamine was 

utilized for the measurement of sensitization in the test phase as this dose 

produced stereotyped behavior in 20% of mice pretreated with vehicle and in at 

least 80% of mice pretreated with 14 mg/kg amphetamine (Figure 1). The 

percent of mice showing stereotyped behavior at various times after the 
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of 7 mg/kg amphetamine to animals pretreated with 14 mg/kg 

amphetamine or vehicle is shown in Figure 2. The peak effect occurred between 

30 and 60 minutes after injection. Therefore, in subsequent experiments, the 

highest value of this percent among the 30, 40, 50, and 60-minute observation 

points was taken as the response induced by amphetamine. 

In order to determine whether sensitization induced by amphetamine is 

long lasting, the effect of varying the time between amphetamine pretreatment 

and challenge on sensitization was determined. Sensitization of amphetamine

induced stereotyped behavior was present at 3, 14, and 28 days after 

amphetamine pretreatment (Figure 3). 

To determine the importance of environmental context in sensitization of 

the stereotyped behavioral effects of amphetamine, amphetamine and vehicle 

pretreatments were associated with environments that were identical to, similar 

to, or markedly different from the test environment (Table 1). When the only 

difference between pretreatment and test conditions was cage size (large:test 

group: surface area of pretreatment cage 3.7 times larger than that of test cage), 

mice demonstrated sensitization equivalent to that of the control (test:test) group 

(Figure 4). In contrast, when the pretreatment and test environments differed in 

terms of physical characteristics, such as the color and texture of animal bedding 

(diff:test group) or the location and novelty of the cages (home:test group), mice 
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not become sensitized to amphetamine. It was also c,bserved in this 

experiment that varying the pretreatment environment affected the initial or acute 

stereotyped behavioral response induced by 14 mg/kg amphetamine. In the 

control (test:test) group, the large:test group, and the diff:test group, an average 

of 87% of animals expressed the acute stereotyped behavioral response. In 

contrast, only 47% of the animals in the home:test group expressed stereotyped 

behavior acutely (Table 2). 

The environmental context of the initial amphetamine pretreatment was 

also changed by the addition of a second mouse to the pretreatment 

environment. The results (Figure 5) show that sensitization did not occur when 

there were two animals present in the pretreatment phase and one animal 

present in the test phase. The results of this experiment also showed that the 

addition of a second mouse to the pretreatment cage inhibited the acute 

expression of stereotypy, since only 40% of mice placed two-to-a-cage after the 

high pretreatment dose (14 mg/kg) of amphetamine showed the acute 

stereotyped behavioral response (Table 3). 

In experiments done to this point, sensitization induced by amphetamine 

was never expressed when the pretreatment condition diminished the acute 

stereotyped behavioral response induced by amphetamine. This suggested the 

possibility that the initial expression of stereotyped behavior in response induced 

35 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 



amphetamine pretreatment could be important for the subsequent 

development and expression of sensitization. This hypothesis was evaluated in 

two ways. The first evaluation used a retrospective analysis of the data shown in 

Figures 3 and 4 and Tables 2 and 3. In these experiments, only 9% of mice (3 

out of 33) became sensitized to amphetamine without first expressing 

stereotyped behavior after amphetamine pretreatment. In contrast, 88% of mice 

(59 out of 67) that initially expressed a stereotyped behavioral response induced 

by amphetamine became sensitized (data not shown). 

In the second evaluation of the hypothesis, we determined experimentally 

the frequency of the stereotyped behavioral response induced by 7 mg/kg 

amphetamine in mice that expressed and did not express stereotyped behavior 

during the pretreatment phase (Figure 6). In this experiment, the pretreatment 

environment was identical to the test environment. The experimental design used 

the approximate EDso dose (10 mg/kg; see Figure 1) of amphetamine as the 

pretreatment dose, resulting in 60% of the animals (24 out of 40) expressing 

stereotyped behavior acutely. The standard test dose of amphetamine (7 mg/kg) 

was given to all animals 48 hours later. The results show that 96% of those 

animals that exhibited an acute stereotyped behavioral response after 10 mg/kg 

amphetamine pretreatment manifested this same response after the lower dose 

of 7 mg/kg amphetamine was given in the test phase. In contrast, only 38% of 

mice that did not exhibit the stereotyped behavioral response in the pretreatment 
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showed the stereotyped behavioral response in the test phase. This latter 

value was not significantly different from the 25% of animals that expressed the 

stereotyped behavioral response induced by amphetamine, 7 mg/kg, in the 

vehicle-pretreated group (Figure 6). These results are consistent with the 

hypothesis that the initial expression of stereotyped behavior in response to 

amphetamine pretreatment is important for the subsequent development and 

expression of sensitization. However, the possibility can not be excluded that 

those animals, which did not initially express stereotypy, may be simply less 

sensitive to all effects of amphetamine. 
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Figure 1. Dose-response curves for amphetamine (amph)-induced stereotyped 
behavior in mice pretreated with amphetamine or vehicle. Each point represents 
a group of 10 mice. The challenge dose of amphetamine was administered 48 
hours after drug pretreatment. The EDso values and their 95% confidence 
intervals are 5.1 mg/kg (4.0-6.4) for amphetamine-pretreated mice and 9.8 mg/kg 
(8.1-12) for vehicle-pretreated mice. A relative potency test shows that these two 
curves are significantly different (P <.05; Litchfield and Wilcoxon 1949). The 
treatment paradigm used was test:test. 
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Figure 2. Time course for the stereotyped behavioral effect of 7 mg/kg amphetamine (amph) challenge when administered 48 hours after pretreatment with 14 mg/kg amphetamine or vehicle. Each bar represents a group of 15 mice. * Significantly different from vehicle control, as determined by Chi-square 
analysis (P <.05). The treatment paradigm used was test:test. 
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Figure 3. The effect of varying the withdrawal time between amphetamine 
(amph) pretreatment and challenge on sensitization. Mice were pretreated with 
14 mg/kg amph or vehicle on day O and challenged with 7 mg/kg amph on days 
3, 14, and 28 to test for persistence of sensitization. Each bar represents a 
group of 40 mice. * Significantly different from vehicle control, as determined by 
Chi-square analysis (P < .05). The treatment paradigm used was test:test. 
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Figure 4. The effect of varying the pretreatment environment on sensitization of 
amphetamine-(amph) induced stereotyped behavior. Mice were pretreated with 
14 mg/kg amphetamine or vehicle in 1 of 4 different pretreatment environments 
(see Table 1) and challenged 48 hours later with amphetamine 7 mg/kg in the 
test cage to test for sensitization. Each bar represents a group of 15 mice. * 
Significantly different from vehicle control, as determined by Chi-square analysis 
(P<.05). 
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Figure 5. The effect of varying the pretreatment environment and the number of 
mice per cage during pretreatment on sensitization of amphetamine-(amph) 
induced stereotyped behavior. Mice were pretreated with 14 mg/kg 
amphetamine or vehicle in 1 of 4 different pretreatment environments (see Table 
1) and challenged 48 hours later with amphetamine 7 mg/kg in the test cage (one 
animal I cage) to test for sensitization. Each bar represents a group of 10 mice. 
* Significantly different from vehicle control, as determined by Chi-square 
analysis (P <.05). 
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Figure 6. The effect of acute expression of stereotyped behavior after 
amphetamine (amph) or vehicle pretreatment on sensitization. Mice were 
pretreated with amphetamine (1 O mg/kg) or vehicle 48 hours prior to challenge 
with 7 mg/kg amphetamine. Sample size for each group is displayed in 
parentheses above the corresponding bar. * Significantly different from vehicle 
control, as determined by Chi-square analysis (P <.05). The treatment paradigm 
used was test:test. 
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Name Pretreatment Cage Test Cage 
Nove • Size Sha Size Sha 

test:test y 28x 17x11 D 28x 17 x 11 D 

large:test y 42x41 x20 D 28 X 17 X 11 D 

diff:test y 50x25x30- 28 X 17 X 11 D 

hom•:test N 29x21 x14 D 28 X 17 X 11 D 

Table 1. Experimental groups for studies on sensitization induced by 
amphetamine. 

* A "Y'' indicates that the pretreatment cage was different from the home cage, 
while a 11N11 indicates that after pretreatment the animal was placed in the home 
cage. 
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Environment 

Test 

Large 

Diff 

Home 

% of Mice Exhibiting 
Stereotyped Behavior 

87 (13/15)* 

93 (14/15)* 

80 (12/15)* 

47 (7/15)* * 

Table 2. The effect of pretreatment environment on the acute stereotyped 
behavioral response induced by 14 mg/kg amphetamine. Mice were pretreated 
with amphetamine or vehicle in 1 of 4 different pretreatment environments (see 

Table 1) and were evaluated for the presence of stereotyped behavior. Vehicle 

control data are not shown since none of the mice expressed stereotyped 
behavior. 

* Significantly different from vehicle control, as determined by Chi-square 
analysis (P <.05). 

* Significantly different from the average percentage value of the other three 
groups (87%), as determined by Chi-square analysis (P <.05). 
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Environment 

1 / cage 

2 / cage 

% of Mice Exhibiting 
Stereotyped Behavior 

79 (55/70)* 

40 (12/30)* * 

Table 3. The effect of number of mice per cage during pretreatment on the acute 
stereotyped behavioral response induced by 14 mg/kg amphetamine. Data were 
pooled from experiments in which mice were pretreated with amphetamine or 
vehicle and placed 1 or 2 per cage and evaluated for stereotyped behavior. 
Vehicle control data are not shown since none of the mice expressed 
stereotyped behavior. 

* Significantly different from vehicle control, as determined by Chi-square 
analysis (P <.05). 

* Significantly different from 1 / cage, as determined by Chi-square analysis (P 
<.05). 
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DISCUSSION 

These results show that the administration of a single high dose of 

amphetamine can increase the percent of mice exhibiting a stereotyped 

behavioral response induced by a smaller challenge dose of amphetamine, 

confirming the previous observation of Bedingfield et al. (1996). In the present 

study, the dose-response curve to amphetamine was shifted 1.9 fold to the left 

48 hours after pretreatment with 14 mg/kg amphetamine, indicating that 

amphetamine-induced sensitization had developed. Furthermore, the present 

results indicate that certain requirements must be met for sensitization to occur. 

The environment in which the animals are placed during the amphetamine test 

phase must be the same as or very similar to the environment used during the 

pretreatment phase, suggesting that the sensitization developed and expressed 

under these conditions is context-dependent. In addition, it is important that mice 

express stereotyped behavior after the amphetamine pretreatment in order for 

sensitization of the stereotyped behavior to develop and be expressed. 

The present study indicates that the sensitized stereotyped behavioral 

response induced by a challenge dose of amphetamine is dependent upon 

environmental cues. Amphetamine did not produce a significant increase in the 

frequency of the behavioral response in mice which were pretreated in an 

environment that represented a change in familiarity (home versus a novel cage), 
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makeup (color and texture of bedding), or social environment (2 versus 

1 mouse per cage), as compared to the test environment. An increase in the 

percent of mice that responded to the challenge dose of amphetamine could only 

be demonstrated when the pretreatment and test environments were the same or 

differed only in cage size. These results suggest that the sensitized stereotyped 

behavioral response induced by amphetamine in mice pretreated with a single 

high dose of amphetamine involve a process in which the mice become 

conditioned to the environment associated with the amphetamine pretreatment. 

This conditioning appears to involve an interaction between the effects of 

amphetamine and environmental cues since mice that were placed in testing 

cages after amphetamine pretreatment did not express a conditioned 

stereotyped behavior in the testing cages when challenged with vehicle instead 

of amphetamine (n = 20, data not shown). 

The requirement for similar pretreatment and test environments for 

sensitization of the stereotyped behavioral response induced by amphetamine is 

also observed for sensitization of the locomotor activity elicited by this drug. 

Thus, the sensitization of the locomotor stimulant effects of psychostimulant 

drugs such as amphetamine (Anagnostaras and Robinson, 1996; Badiani et al., 

1997; Crombag et al., 1996; Jodogne et al., 1994) and cocaine (Elmer et al., 

1996; Jackson and Nutt, 1993; Reimer and Martin-Iverson, 1994; Weiss et al., 

1989) is context-dependent, occurring when the pretreatment environment is the 
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as or similar to that used for testing for sensitization. It is interesting that 

the processes of development and expression of sensitization of locomotor 

activity and stereotyped behavior share this requirement as these two types of 

behavior appear to be qualitatively different and have been attributed to the 

ability of amphetamine to increase dopamine neurotransmission at different brain 

sites. 

One interesting observation of the present study is that the expression of 

the acute stereotyped behavioral response induced by 14 mg/kg amphetamine 

was influenced by the environment. It would appear that novelty augments the 

ability of amphetamine to elicit this behavior since animals which first received 

the drug in their home cage in the vivarium showed less stereotyped behavior 

compared to animals which first received the drug in a new or novel cage in the 

laboratory. This is consistent with several studies which showed that the acute 

locomotor response induced by amphetamine was higher in animals treated in a 

novel environment versus their home environment (Badiani et al., 1995a; 1995b; 

1995c; 1997; Crombag et al., 1996; Jodogne et al., 1994). 

In the present study, it was documented that mice pretreated with 

amphetamine did not become sensitized if they did not express stereotyped 

behavior after the acute 14 mg/kg dose of amphetamine. This observation 

suggests that the expression of stereotyped behavior in response to the 
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dose of amphetamine may be important for sensitization. This 

hypothesis is consistent with the results of recent studies using locomotor activity 

as a measure of behavioral sensitization. In these studies, it was found that rats, 

repeatedly administered direct-acting dopamine agonists but prevented from 

expressing the locomotor response induced by these drugs, did not become 

sensitized (Einatet al., 1996; Mattingly et al., 1997; Willner et al., 1992). 

Similarly, it has been reported that mice, which were repeatedly administered 

either morphine, methamphetamine, or cocaine but placed in small cages that 

physically restricted their movements, did not become sensitized to the locomotor 

stimulant effects of these drugs (Kuribara 1996a; 1996b; 1997a; 1997b; 1998). 

In addition, mice, that received repeated injections of methamphetamine or 

cocaine and then placed in their home cage with ten other mice, showed only a 

partial sensitization (Kuribara 1996a; 1997a). Since under these latter conditions 

the mice exhibited fighting and vocalization, which interfered with locomotor 

activity, it was suggested that this interference with the ambulatory effects of 

these drugs was responsible for the inhibition of sensitization. Based on these 

and the observations of the present study, it appears that the initial expression of 

a drug-induced response may be necessary for the development and expression 

of sensitization of that response. 
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hypothesis that the initial expression of behavior is important for the 

development and expression of sensitization is not consistent with observations 

on the effect of 0 2 receptor antagonists on the development of sensitization in 

rats. It has been shown that 0 2 receptor antagonists, which block the acute 

expression of locomotor activity induced by amphetamine, apomorphine, or 

cocaine, do not prevent sensitization induced by these compounds after their 

repeated administration (Drew and Glick, 1990; Mattingly et al., 1994; Vezina and 

Stewart, 1989). Therefore, it appears that under some conditions, the expression 

of the behavior to be sensitized may not be necessary for the subsequent 

development and expression of sensitization. However, the effects of 02 

receptor antagonists appear to be different in rat and mouse models. Thus, in 

mice like in rats, 0 2 receptor antagonists inhibit the acute expression of 

locomotor activity and stereotyped behavior induced by psychostimulant drugs. 

However, 0 2 receptor antagonists administered concurrently with 

psychostimulant drugs to mice are able to inhibit sensitization of both the 

locomotor stimulant and the stereotyped behavioral effects of psychostimulant 

drugs (Bedingfield et al., 1996; Kuribara and Uchihashi, 1994). Thus, at least in 

mice, the effects of 02 antagonists on sensitization are consistent with the 

hypothesis that the initial expression of a drug-induced response is necessary for 

the development and expression of sensitization of that response. 
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hypothesis may have implications for studying mechanisms of 

development of sensitization. For example, information on the neural 

mechanisms involved in the development of sensitization is frequently derived 

from the actions of drugs that inhibit both the acute response induced by 

psychostimulant drugs and the development of behavioral sensitization. In such 

experiments, the drug-induced attenuation of sensitization may be due to the 

inhibition of the acute behavioral response induced by psychostimulant drugs 

rather than of neural mechanisms involved in the development of sensitization. 
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3 

PRE-EXPOSURE TO A SINGLE HIGH DOSE OF APOMORPHINE INDUCES 

SENSITIZATION OF STEREOTYPED BEHAVIOR THAT IS 

CONTEXT-DEPENDENT 

3.1 INTRODUCTION 

Both indirect acting dopaminergic agonists, such as amphetamine and 

cocaine, and direct acting dopaminergic agonists, such as apomorphine, 

administered in low doses produce locomotor stimulation. At higher doses, these 

drugs produce effects referred to as stereotyped behavior, consisting of repetitive 

movements of the head, mouth, and forelimbs (Creese and Iversen, 1974; 1975; 

Joyce and Iversen , 1984; Randrup and Munkvad, 1967). The locomotor stimulant 

and stereotyped behavioral effects of these drugs appear to result from their 

action at different locations within the brain (Fibiger et al., 1973; Kelly et al., 

1975; 1977; Kelly and Iversen, 1976; Kelly and Roberts, 1983; Sharp et al., 1987; 

Ungerstedt, 1979). Locomotor stimulation is mediated primarily by drug action in 
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nucleus accumbens while stereotyped behavior is mediated primarily by drug 

action in the striatum. Both effects elicited by these drugs are influenced by the 

environment (Ellinwood and Kilbey, 1975; Sharp et al., 1987). For example, the 

intensity of the locomotor and stereotyped behavioral response is influenced by 

the novelty and the physical characteristics of the cage in which the response is 

measured. In addition, the intensity of locomotor and stereotyped behavioral 

responses to these drugs can be augmented following their repeated 

administration, a phenomenon termed sensitization (Kalivas and Stewart, 1991; 

Robinson and Becker, 1986). Since sensitization has been postulated to be a 

model for psychostimulant craving and relapse (Robinson and Becker, 1986; 

Robinson and Berridge, 1993; Segal and Mandell, 1974), a greater 

understanding of the role of context and conditioning effects on sensitization may 

provide insight into neurobiological mechanisms important in drug abuse. 

Sensitization of the locomotor stimulant effects of amphetamine and 

apomorphine is strongly influenced by the environmental context in which these 

drugs are administered (Badiani et al., 1995a; 1995b; 1995c; 1997; Mattingly and 

Gotsick, 1989; Stewart and Vezina, 1988). Similarly, sensitization of 

amphetamine-induced stereotyped behavior is also influenced by the 

environment (Battisti et al., in press). However, the role of the environment in 

sensitization of apomorphine-induced stereotyped behavior is unclear. In 

contrast to apomorphine-induced locomotor stimulation, several studies in which 
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was repeatedly administered have failed to demonstrate a 

sensitized stereotyped behavioral response (Castro et al., 1985; Kinan et al., 

1984; Mattingly et al., 1989). In addition, while sensitization of apomorphine

induced stereotypy developed in rats treated with 0.5 mg/kg apomorphine, it was 

not observed when the dose of apomorphine was raised to 2 mg/kg (Moller et al., 

1987). Recently, using a quantal endpoint to evaluate stereotyped behavior, a 

robust sensitization of the stereotyped behavioral response induced by 

apomorphine in mice was demonstrated after their pretreatment with a single 

high dose of apomorphine (Bedingfield et al., 1996). The present study uses this 

procedure to evaluate the importance of environmental context in sensitization of 

apomorphine-induced stereotyped behavior. In addition, studies have been done 

to determine whether context-dependent sensitization is persistent and whether it 

is related to pharmacokinetic factors. 
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METHODS 

Animals and drugs 

Male CF-1 mice (Charles River Laboratories), weighing 28-32 g at the 

time of experimentation, were housed 5 per cage in a temperature (24 ± 1°C) and 

humidity (55-65%) controlled vivarium with a 12-hr light/dark cycle. Food and 

water were provided ad libitum. All animal use procedures were performed in 

strict accordance with the NIH Guide for the Care and Use of Laboratory Animals 

and were approved by the Institutional Laboratory Animal Care and Use 

Committee. R(-)-apomorphine HCI was obtained from Sigma Chemicals Co. (St. 

Louis, MO) and was prepared in distilled water with 0.1 % ascorbic acid 

immediately prior to administration. Dosages were calculated as mg of 

apomorphine HCl/kg body weight and were given subcutaneously (s.c.) in a 

volume of 0.1 ml/20 g of body weight. 

Evaluation of stereotyped behavior 

All animals were evaluated for stereotyped behavior after apomorphine or 

vehicle pretreatment and after apomorphine challenge during the test phase. In 

one experiment, animals pretreated with apomorphine were evaluated for 

stereotyped behavior after the injection of vehicle during the test phase. The 

individual who evaluated the behavior of the mice was unaware of which animals 

received apomorphine or vehicle. As described previously (Karler et al. 1990; 

56 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 



et al., 1996), the stereotyped behavioral response of the CF-1 mouse 

is well-defined with the mouse remaining stationary and exhibiting rapid, 

repetitive head and/or fore-limb movements. This behavior corresponds to a 

score of 8 on a graded score of 9 in the behaviors described by Ellinwood and 

Balster (1974). After drug injection, animals were placed three per cage and 

were rated for their behavior for 1 minute at 10-minute intervals and were scored 

positive for stereotyped behavior when this behavior was exhibited for greater 

than 30 sec during a 1 min observation period. Group data are reported as the 

percentage of mice rated as positive for stereotyped behavior. The percentage 

of mice exhibiting stereotyped behavior after apomorphine reached a peak 

between 20 and 40 minutes after injection. Therefore, except for the time course 

study, the highest percentage of mice exhibiting stereotyped behavior at either 

20, 30, or 40 minutes after drug administration was used as the measure of the 

stereotyped behavioral response induced by apomorphine. All studies were 

conducted between 10.00 and 16.00 hours in a temperature (24 ± 1°C) humidity 

(55-65%) controlled room. Animals were used in only one experiment. 

Design and Procedures 

Dose-response relationship for apomorphine-induced stereotyped 

behavior in mice pretreated with apomorphine or vehicle (distilled water with 

0.1 % ascorbic acid). One hundred and twenty mice were transported to the 

treatment room, injected with either apomorphine (40 mg/kg) or vehicle, and 
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in test cages for 90 min while their behavior was monitored. At the end of 

this period they were returned to their home cages in the vivarium. Forty-eight 

hours later, these mice were transported to the treatment room and were divided 

into three groups of 20 animals each and administered 1.5 mg/kg, 3.0 mg/kg, or 

6 mg/kg apomorphine. The animals were placed into test cages and observed at 

one-min intervals every ten-min for one hour. 

Time course of the stereotyped behavioral effect of 3 mg/kg of 

apomorphine in mice pretreated with apomorphine or vehicle. Forty mice were 

transported to the treatment room and injected with either apomorphine ( 40 

mg/kg) or vehicle, placed in test cages for 90 min, and then returned to their 

home cages in the vivarium. Forty-eight hours later all animals were transported 

to the treatment room, injected with apomorphine, 3 mg/kg, and observed in the 

test cages for stereotyped behavior at one min intervals every 10 min for 60 min. 

Effect of varying the time between apomorphine pretreatment and 

challenge on sensitization. Forty animals were transported to the treatment 

room, pretreated with either apomorphine (40 mg/kg) or vehicle, placed in test 

cages for 90 min, and then returned to their home cages. These mice were 

challenged with apomorphine (3 mg/kg) at 3, 14, and 28 days after pretreatment. 

For the challenge injection, the mice were transported to the treatment room, 

administered apomorphine, placed in the test cages, and evaluated for 
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behavior at one minute intervals at 20, 30, and 40 minutes after the 

apomorphine injection. 

Effect of changing the environment on sensitization of apomorphine

induced stereotyped behavior. One hundred and twenty mice were divided into 

three groups of 40 mice each, called home:test, test:test, and diff:test (Table 4). 

Mice in the home:test group were administered apomorphine and returned 

immediately to their home cages in the vivarium. In contrast, mice in the test:test 

and diff:test groups were transported from the vivarium to the laboratory, 

administered apomorphine (40 mg/kg) or vehicle, and placed into either test 

cages (test:test group) or cages that were different from the test cages (diff:test 

group). The test cages were 28 x 17 x 11 cm and contained tan corncob bedding 

(Harlan Teklad, Madison, WI), while the (diff) cages were larger in size than the 

test cages (50 x 25 x 30 cm) and contained black colored bedding (black Cellu

Dri bedding-Shepherd Specialty Papers, Kalamazoo, Ml) with a different texture 

than the tan corncob bedding of the test cages. After apomorphine 

administration, mice in all three groups were monitored for stereotyped behavior 

at one min intervals every ten min for 90 minutes. At the end of this session the 

mice in the test:test group and the diff:test group were returned to their home 

cages in the vivarium. The test phase of the experiment was performed 48 hours 

after pretreatment. All mice were transported from the vivarium to the laboratory, 

administered apomorphine, 3 mg/kg, and placed into the test cages containing 
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tan corncob bedding. Mice were evaluated for stereotyped behavior at one

min intervals at 20, 30, and 40 min after apomorphine injection. 

Brain concentrations of apomorphine 

In the first study, sixteen mice were injected with apomorphine (40 mg/kg) 

or vehicle, and the brain concentrations of apomorphine were determined 1, 2, 

10, or 20 hours later. In the second study, sixty-four mice were pretreated with 

either apomorphine (40 mg/kg) or vehicle and placed in the test cages for 90 min 

before being returned to their home cages. Forty-eight hours later, all mice were 

injected with apomorphine, 3 mg/kg, and placed in test cages. The brain 

apomorphine concentrations were determined at 10, 20, 30, and 50 min after 

apomorphine administration. Apomorphine whole mouse brain concentrations 

were determined according to the method of Von Voigtlander (1975) with minor 

modifications. At various times after administration of apomorphine 

pretreatment or apomorphine challenge, mice were euthanized, and their brains 

rapidly removed and homogenized in 2.0 ml 0.4N perchloric acid. After 

centrifugation (1600 x g for 15 min) and decantation of the supernatant, 2.0 ml of 

reagent grade ethyl acetate were added to each tube. Each sample was mixed 

for 30 sec in a vortex mixer and centrifuged (1600 x g for 15 min). The organic 

phase was placed in a spectrofluorometer (Aminco-Bowman) with an excitation 

wavelength of 282 nm and an emission wavelength of 379 nm. When 
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was added to a brain homogenate from control mice, approximately 

100 % of the apomorphine was extracted into the ethyl acetate fraction. 

Statistics 

The percentage of mice in different experimental groups that exhibited 

stereotyped behavior was compared by Chi-square analysis. The Fisher Exact 

test was used whenever 20% of the expected values in a contingency table were 

less than 5. Relative potencies from dose-response curves were compared by 

using the method of Litchfield and Wilcoxon (1949). Brain concentrations of 

apomorphine were compared using a two way ANOVA with a least significant 

difference post hoc analysis. For all tests, P < .05 was considered significant. 
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RESULTS 

In order to select a dose of apomorphine to study sensitization, a dose

response relationship for the effect of apomorphine on stereotyped behavior was 

determined in apomorphine-and vehicle-pretreated mice (Figure 7). For vehicle 

pretreated mice, the ED5o for stereotyped behavior induced by apomorphine was 

5.1 mg/kg (95% C.I. = 3.0 - 8.5). Pretreatment with apomorphine resulted in a 

3.0 fold shift to the left of the dose-response curve with an ED50 of 1. 7 mg/kg 

(95%C.I. = 1.3 - 2.2), indicating that sensitization had developed after a single 

pretreatment dose. In subsequent studies, the dose of 3 mg/kg apomorphine 

was used to test for sensitization, as this dose produced stereotyped behavior in 

35% of mice pretreated with vehicle and in at least 90% of mice pretreated with 

40 mg/kg apomorphine. The percentage of mice exhibiting stereotyped behavior 

at different times after the administration of 3 mg/kg apomorphine to vehicle- and 

apomorphine-pretreated animals is shown in Figure 8. The percentage of mice 

exhibiting stereotyped behavior reached a peak between 20 and 40 minutes after 

injection. Consequently, in subsequent experiments, the observation period was 

limited to 20 through 40 min after injection. Apomorphine-induced sensitization 

was present at 3, 14, and 28 days after apomorphine pretreatment (Figure 9). 
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order to determine the importance of environmental context in 

sensitization of the stereotyped behavioral effects of apomorphine, mice 

pretreated with apomorphine (40 mg/kg) or vehicle were placed in environments 

that were identical to (test:test group) or markedly different from (home:test and 

diff:test groups) the test environment for 90 minutes (Table 4) and evaluated for 

stereotyped behavior. These variations in the pretreatment environment did not 

affect the acute stereotyped behavioral response to the 40 mg/kg apomorphine 

pretreatment (Table 5). Forty-eight hours later, the mice were tested for 

sensitization after the administration of apomorphine (3 mg/kg). Only mice in the 

test:test group exhibited a sensitized response to apomorphine. When the 

pretreatment and test environments differed in terms of physical characteristics, 

such as cage size and the color and texture of animal bedding (diff:test group) or 

the location and novelty of the cages (home:test group), mice did not exhibit a 

sensitized response to apomorphine (Figure 10). Mice that were pretreated with 

apomorphine in the test environment did not exhibit stereotyped behavior when 

placed in the test environment after the subsequent administration of vehicle (n = 

20, data not shown). 
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order to determine whether sensitization can be attributed to 

pharmacokinetic changes, brain apomorphine concentrations were determined. 

No apomorphine could be detected in the brains 10 and 20 hours after the 

administration of 40 mg/kg of apomorphine, indicating that no residual 

apomorphine is present at this time or 48 hours later when the challenge dose is 

administered (Figure 11 ). In addition, the brain concentrations of apomorphine 

between 10-50 min after administration of the challenge dose of apomorphine 

was not greater in animals pretreated with apomorphine (40 mg/kg) compared to 

vehicle-pretreated controls (Figure 12). 
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Figure 7. Dose-response curves for apomorphine (apo)-induced stereotyped 
behavior in mice pretreated with apomorphine or vehicle. Each point represents 
a group of 20 mice. The challenge dose of apomorphine was administered 48 
hours after drug pretreatment. The EDso values and their 95% confidence 
intervals are 1.7 mg/kg (1.3-2.2) for apomorphine-pretreated mice and 5.1 mg/kg 
(3.0-8.5) for vehicle-pretreated mice. A relative potency test shows that these 
two curves are significantly different (P <.05; Litchfield and Wilcoxon 1949). The 
treatment paradigm used was test:test. 
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Figure 8. Time course for the stereotyped behavioral effect of 3 mg/kg apomorphine (apo) challenge when administered 48 hours after pretreatment with 40 mg/kg apomorphine or vehicle. Each bar represents a group of 20 mice. * Significantly different from vehicle control, as determined by Chi-square analysis (P <.05). The treatment paradigm used was test:test. 
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Figure 9. The effect of varying the withdrawal time between apomorphine (apo) 
pretreatment and challenge on sensitization. Mice were pretreated with 40 
mg/kg apomorphine or vehicle on day 0 and challenged with 3 mg/kg of 
apomorphine on days 3, 14, and 28 to test for persistence of sensitization. Each 
bar represents a group of 40 mice. * Significantly different from vehicle control, 
as determined by chi-square analysis (P < .05). The treatment paradigm used 
was test:test. 
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Figure 10. The effect of varying the pretreatment environment on sensitization 
of apomorphine- {apo) induced stereotyped behavior. Mice were pretreated with 
40 mg/kg apo or vehicle in 1 of 3 different pretreatment environments (see Table 
1) and challenged 48 hours later with apomorphine 3 mg/kg in the test cage to 
test for sensitization. Each bar represents a group of 20 mice. * Significantly 
different from vehicle control, as determined by Chi-square analysis (P <.05). 
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Figure 11. Mean concentrations of apomorphine (apo) in the mouse brain 1, 2, 
10, or 20 hours after 1 dose of apo (40 mg/kg). Each point represents the mean± 
S.E.M. from a group of 4 mice. 
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Figure 12. Mean concentrations of apomorphine (apo) in the mouse brain 10 -

50 min after challenge with 3 mg/kg of apo. Mice were pretreated 48 hours 

earlier with 40 mg/kg of apo or vehicle. Each point represents the mean ± 
S.E.M. from a group of 4 mice. 
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Pretreatment Cage Test Cage 
Location Size Shape Location Size Shaoe 

test:test lab 28 X 17 X 11 D lab 28 X 17 X 11 D 
diff:test lab 50 X 25 X 30 - lab 28 X 17 X 11 D 

home:test vivarium 29 x 21 x 14 D lab 28 X 17 X 11 D 

Table 4. Experimental groups for studies on sensitization induced by 
apomorphine. Sizes are in cm. Shapes with no fill correspond to cages with tan 
corncob bedding, while shapes with fill correspond to cages with black Cellu-Dri 
bedding. 
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Environment 

Test 

Diff 

Home 

% of Mice Exhibiting 
Stereotyped Behavior 

95 (19/20)* 

90 (18/20)* 

100 (20/20)* 

Table 5. The effect of pretreatment environment on the acute stereotyped 
behavioral response to 40 mg/kg apomorphine. Mice were pretreated with 
apomorphine or vehicle in 1 of 3 different pretreatment environments (see Table 
1) and were evaluated for the presence of stereotyped behavior. Vehicle control 
data are not shown since none of the mice expressed stereotyped behavior. 

* Significantly different from vehicle control, as determined by Chi-square 
analysis (P <.05). 
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DISCUSSION 

The most important conclusion from these results is that constancy 

between the pretreatment and test environments is crucial for sensitization when 

sensitization is produced by a single pretreatment of apomorphine. In our study, 

sensitization was observed as a 3.0 fold shift in the effect of apomorphine 48 

hours after pretreatment, indicating a greater sensitivity to the drug. This did not 

appear to be due to pharmacokinetic factors, since brain apomorphine 

concentrations after the administration of the test dose of apomorphine were not 

greater in apomorphine-pretreated compared to vehicle-pretreated mice. 

Furthermore, in spite of the fact that sensitization was demonstrated after the 

administration of only one dose of apomorphine, the sensitized state was 

relatively long-lasting, persisting for at least as long as four weeks after the 

pretreatment dose. 

In the present study sensitization could not be demonstrated when the 

pretreatment environment was different in location (home:test group) and 

physical characteristics, such as size of cage and color and texture of bedding 

(diff:test group), from the test environment. Consistent with our results is the 

previous report by Moller et al. (1987) which demonstrated context-dependent 

sensitization of apomorphine-induced stereotyped behavior (using a different 

evaluation measurement than that used in our experiments) in rats after 
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with a low (0.5 mg/kg) dose of apomorphine. Our results measuring 

stereotyped behavior reach the same conclusion as other studies measuring 

locomotor activity. Thus, sensitization of apomorphine-, amphetamine-, and 

cocaine-induced locomotoi stimulation was only observed if the test environment 

is the same as the pretreatment environment (Anagnostaras and Robinson, 

1996; Hinson and Poulos,1981; Jackson and Nutt, 1993; Jodogne et al.,1994; 

Mattingly and Gotsick, 1989; Pert et al., 1990; Reimer and Martin-Iverson, 1994; 

Tilson and Rech, 1973; Weiss et al., 1989). It is interesting that similar drug

environment interactions are involved in the sensitization of both locomotor and 

stereotyped behaviors, since several studies indicate that different brain regions 

regulate these behaviors (Fibiger et al., 1973; Kelly et al., 1975; 1977; Kelly and 

Iversen, 1976; Kelly and Roberts, 1983; Sharp et al., 1987; Ungerstedt, 1979). 

The demonstration that the stereotyped behavioral effect of apomorphine 

can become sensitized is not in agreement with several previous studies (Castro 

et al., 1985; Kinan et al., 1984; Mattingly et al., 1989), which were unable to show 

a sensitized stereotyped behavioral response to apomorphine after its repeated 

administration to rats. Although the reason for this discrepancy is unclear, a 

possible explanation relates to the importance of the association between the 

environment and the effects of apomorphine in context-dependent sensitization. 

In our study, for both pretreatment and test phases, mice were transported from 

the home cage to the treatment room, injected with apomorphine, and placed in 
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test cages for evaluation of behavior. Thus, after each apomorphine 

injection, the animals were placed in a novel test environment. In the study by 

Kinan et al. (1984), the test environment was different from the pretreatment 

environment, which would prevent the expression of context-dependent 

sensitization. In the study by Mattingly et al. (1989), animals were repeatedly 

injected with apomorphine and returned to their home cages immediately after 

apomorphine administration. In this case, the repeated administration of 

apomorphine in an environment that was not novel may have prevented a 

significant association between apomorphine and environmental cues from 

developing, which would also inhibit context-dependent sensitization (Robinson 

et al., 1998). 

However, the nature of the association between environmental cues and 

apomorphine is not clear. It is possible that this association involves Pavlovian 

conditioning (Hinson and Poulos, 1981; Moller et al., 1987; Pert et al., 1990; 

Tilson and Rech, 1973). Thus, apomorphine could act as an unconditioned 

stimulus that elicits stereotyped behavior, the unconditioned response, while 

environmental cues paired with apomorphine could act as conditioned stimuli and 

elicit stereotyped behavior in the absence of apomorphine. The sensitized 

response to apomorphine could then reflect the combined effect of the drug, 

apomorphine, and the conditioned environmental stimuli. However, this 

hypothesis is not consistent with the observation that mice pretreated with 
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in the test environment did not exhibit stereotyped behavior when 

placed in the test environment after the subsequent administration of vehicle 

(instead of apomorphine). Thus, the environmental stimuli paired with 

apomorphine did not elicit the response characteristic of apomorphine. It is 

possible, however, that both environmental cues as well as interoceptive cues 

produced by apomorphine are necessary to elicit conditioned stereotyped 

behavior (Pert et al., 1990). 

In summary, the results of this study show that pre-exposure to a single 

high dose of apomorphine, like amphetamine (Battisti et al., in press, a), can 

produce a sensitization of stereotyped behavior that is long lasting (but see 

Bedingfield et al., 1996) and dependent on the environmental context. These 

results suggest that postsynaptic mechanisms can mediate context-dependent 

sensitization of stereotyped behavior. 
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4 

REPEATED AMPHETAMINE OR APOMORPHINE PARTIALLY OVERCOMES 

THE CONTEXT-DEPENDENT COMPONENT OF SENSITIZATION: 

ESTABLISHMENT OF CONTEXT-INDEPENDENT MODELS OF 

SENSITIZATION 

4.1 INTRODUCTION 

Studies of illicit drug users have shown that exposure to environmental 

cues previously associated with drug use elicits an intense craving for the drug 

(Childress et al., 1992). Like humans, rodents develop conditioned responses to 

drug-associated cues. Specifically, the locomotor stimulant and stereotyped 

behavioral effects elicited by psychostimulant drugs are influenced by the 

environmental context in which they are administered. For example, the intensity 

of the behavioral response to indirect acting dopamine agonists, such as 

amphetamine and cocaine, and to the direct acting dopamine agonist, 

apomorphine, is influenced by the novelty and the physical characteristics of the 
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in which the response is measured (Badiani et al., 1995a; 1995b; 1995c; 

1997; 1998; Battisti et al., in press, a; Browman et al., 1998b; Crombag et al., 

1996; Ellinwood and Kilbey, 1975; Jodogne et al., 1994; Robinson et al., 1998; 

Sharp et al., 1987). In addition, the intensity of locomotor activity and 

stereotyped behavior elicited by psychostimulant drugs and their potency in 

stimulating these effects can be augmented following exposure to one high dose 

or repeated administration, a phenomenon termed sensitization (Battisti et al., in 

press, a; in press, b; Bedingfield et al., 1996; Kalivas and Stewart, 1991; 

Robinson and Becker, 1986). The fact that drugs of abuse can produce long

lasting changes in the mesolimbic and nigrostriatal dopamine systems, the same 

regions of the brain involved in sensitization, suggests that neural sensitization 

may play a role in drug addiction (Robinson and Becker, 1986; Robinson and 

Berridge, 1993; Segal and Mandell, 1974). 

Sensitization of the locomotor and stereotyped behavioral responses 

elicited by amphetamine, cocaine, and apomorphine can be entirely context

dependent in some paradigms (Ahmed et al., 1993; Anagnostaras and Robinson, 

1996; Badiani et al., 1995a; 1995b; 1997; Battisti et al., in press, a; in press, b; 

Cerva and Samanin, 1996; Drew and Glick, 1988; Elmer et al., 1996; Jackson 

and Nutt, 1993; Jodogne et al., 1994; Mattingly and Gotsick, 1989; Mazurski and 

Beninger, 1987; Pert et al., 1990; Post et al., 1981; 1987; Reimer and Martin

Iverson, 1994; Stewart and Vezina, 1991 Weiss et al., 1989). That is, constancy 
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the environmental context in which the psychostimulant drug is administered is 

critical for sensitization. For example, recently, it has been shown that pre

exposure to a single high dose of amphetamine (Battisti et al., in press, a) or 

apomorphine (Battisti et al., in press, b) can produce a long-lasting context

dependent sensitization of the stereotyped behavioral effects elicited by these 

drugs. Similarly, other studies have demonstrated a context-dependent 

sensitization of locomotor activity after pre-exposure to a single high dose of 

cocaine (Jackson and Nutt, 1993; Post et al., 1981; 1987; Weiss et al., 1989). In 

many of the studies that demonstrate context-dependent sensitization of the 

locomotor stimulant effects of psychostimulant drugs, the drug was administered 

once or only a few times using relatively low doses of drug (Ahmed et al., 1993; 

Cervo and Samanin, 1996; Drew and Glick, 1988; Mazurski and Beninger, 1987; 

Stewart and Vezina, 1991 ). Consistent with this concept, context-independent 

sensitization of locomotor activity was demonstrated after pre-exposure to three 

high doses of cocaine (Post et al., 1987). Indeed, sensitization of locomotor 

activity that is independent of context seems to require larger amounts of drug 

administered repeatedly (Browman et al., 1998a; 1998b; Haracz et al., 1995; Pert 

et al., 1990; Robinson et al., 1998). 

In contrast to studies on locomotor activity, there is relatively little 

information on whether pretreatment with psychostimulant drugs can produce a 

context-independent sensitization of the stereotyped behavioral effects elicited by 
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drugs. This may be important since the behaviors are qualitatively 

different and are mediated by an increase in dopamine neurotransmission in 

different brain sites. That is, the locomotor stimulatory effects of amphetamine 

are mediated by an action in the nucleus accumbens, while the stereotyped 

behavioral response appears to be related to an action in the striatum (Creese 

and Iversen, 1974; Fibiger et al., 1973; Kelly et al., 1975; 1997; Kelly and 

Iversen, 1976; Kelly and Roberts, 1983; Sharp et al., 1987; Ungerstedt, 1979). 

Since sensitization has been postulated to be a model for studying 

psychostimulant drug craving and relapse (Robinson and Becker, 1986; 

Robinson and Berridge, 1993; Segal and Mandell, 1974), comparisons of 

context-dependent and context-independent models of sensitization of 

stereotyped behavior and locomotor activity may be valuable for understanding 

the role that drug-associated cues play in precipitating relapse. 

In the present study, we determined the importance of environmental 

context in sensitization of amphetamine- and apomorphine-induced stereotyped 

behavior after pretreatment with one daily dose or three daily doses of drug. This 

approach was derived from studies by Post et al. (1987), which showed that one 

pretreatment dose produced context-dependent sensitization and three 

pretreatment doses produced context-independent sensitization of cocaine

induced locomotor activity. After determining the dosage conditions for context

dependent and context-independent sensitization, we further investigated the 
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of environmental conditioning in each sensitization model by determining 

whether the models could be extinguished by pairing the test cage with saline 

injection instead of drug injection. In addition, studies were performed to 

determine the persistence of each model of sensitization as well as whether the 

expression of sensitization could be related to pharmacokinetic factors. Both 

amphetamine, which acts presynaptically to increase dopamine transmission, 

and apomorphine, which directly activates dopamine receptors, were studied to 

determine whether the sensitization models were mediated by a presynaptic or 

postsynaptic mechanism. 
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METHODS 

Animals and drugs 

Male CF-1 mice (Char!es River Laboratories), weighing 28-32 g at the 

time of experimentation, were housed 5 per cage in a temperature (24 ± 1 °C} 

and humidity (55-65%) controlled vivarium with a 12-hr light/dark cycle. Food 

and water were provided ad libitum. All animal use procedures were performed 

in accordance with the NIH Guide for the Care and Use of Laboratory Animals 

and were approved by the Institutional Laboratory Animal Care and Use 

Committee. 0-amphetamine sulfate and R(-)-apomorphine HCI were obtained 

from Sigma Chemicals Co. (St. Lois, MO) and were prepared in normal saline 

(amphetamine) or distilled water with 0.1 % ascorbic acid (apomorphine) 

immediately prior to administration. Dosages were calculated as mg of 

amphetamine sulfate or apomorphine HCI / kg body weight and were given 

intraperitoneally (i.p.; amphetamine) or subcutaneously (s.c.; apomorphine) in a 

volume of 0.1 ml/20 g of body weight. 

Evaluation of stereotyped behavior 

All animals were evaluated for stereotyped behavior after amphetamine, 

apomorphine, or vehicle pretreatment and after amphetamine or apomorphine 

challenge during the test phase. The individual who evaluated the behavior was 

unaware of which mice received amphetamine, apomorphine, or vehicle. As 
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previously, (Karler et al. 1990; Bedingfield et al. 1996), the stereotyped 

behavioral response of the CF-1 mouse is well-defined with the mouse remaining 

stationary and exhibiting rapid, repetitive head and/or fore-limb movements. This 

behavior corresponds to a score of 8 on a graded score of 9 in the behaviors 

described by Ellinwood and Balster (1974). After drug injection, mice were then 

placed one per cage (amphetamine) or three per cage (apomorphine) and were 

observed for 1 minute at 10-minute intervals. Mice were scored positive for 

stereotyped behavior when this behavior was exhibited for greater than 30 sec of 

a 1-min observation period. Group data are expressed as the percentage of 

mice rated as positive for stereotyped behavior. It was previously shown that 

amphetamine produces a peak stereotyped behavioral effect between 30-50 min 

after administration and apomorphine between 20-40 min after administration 

(Figures 2 and 8). The highest percentage of mice exhibiting stereotyped 

behavior at the peak effect was used as the measure of the stereotyped 

behavioral response to drug. All studies were conducted between 10.00 and 

16.00 hours in a temperature (24 ± 1°C) humidity (55-65%) controlled room. 

Animals were used in only one experiment. 
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and Procedures 

The effect of varying the number of amphetamine or apomorphine 

pretreatments on the role of environmental context in sensitization. For both 

amphetamine and apomorphine, one hundred and twenty mice were divided into 

two groups called test:test (40 mice) and diff:test (80 mice). The diff:test group 

was further subdivided such that one group received 1 pretreatment injection (for 

amphetamine experiment: vehicle or 14 mg/kg amphetamine; for apomorphine 

experiment: vehicle or 40 mg/kg apomorphine) while the second group received 

3 pretreatment injections (for amphetamine experiment: vehicle or 14 mg/kg 

amphetamine daily for 3 days; for apomorphine experiment: vehicle or 40 mg/kg 

apomorphine daily for 3 days). Mice in the test:test and diff:test groups were 

transported from the vivarium to the laboratory, administered amphetamine, 

apomorphine, or vehicle and placed into either the test cages (test:test group) or 

cages that were different from the test cages (diff:test group). The test cages 

measured 28 x 17 x 11 cm and contained tan corncob bedding (Harlan Teklad, 

Madison, WI), while the "diff' cages were larger in size than the test cages (50 x 

25 x 30 cm) and contained black colored bedding (black Cellu-Dri-Shepherd 

Specialty Papers, Kalamazoo, Ml) with a different texture than the tan corncob 

bedding of the test cages. The differences between pretreatment and test 

environments are shown in Table 6. After 120 min (amphetamine and vehicle) or 

90 min (apomorphine and vehicle), all mice were returned to their home cages in 

the vivarium. The test phase of the experiment was performed 3 and 14 days 
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pretreatment. All mice were transported from the vivarium to the laboratory, 

administered amphetamine (7 mg/kg) or apomorphine (3 mg/kg), placed into the 

test cages containing the tan corncob bedding, and evaluated for stereotyped 

behavior. 

The effect of varying the number of amphetamine or apomorphine 

pretreatments on the extinction of sensitization. For both amphetamine and 

apomorphine, eighty mice were divided into two groups of 40 mice each. One 

group received 1 pretreatment injection (for amphetamine experiment: vehicle or 

14 mg/kg amphetamine; for apomorphine experiment: vehicle or 40 mg/kg 

apomorphine) in the test cage and the other group received 3 pretreatment 

injections (for amphetamine experiment: vehicle or 14 mg/kg amphetamine daily 

for 3 days; for apomorphine experiment: vehicle or 40 mg/kg apomorphine daily 

for 3 days) in the "diff'' cage. After 120 min (amphetamine) or 90 min 

(apomorphine), all mice were returned to their home cages in the vivarium. 

Seventy-two hours after pretreatment, mice were administered the challenge 

dose of amphetamine (7 mg/kg) or apomorphine (3 mg/kg), placed in the test 

cage, and evaluated for stereotyped behavior. Animals were then subjected to 

an extinction schedule. All mice injected amphetamine on day 3 were injected 

daily for 6 days with normal saline and placed in the test cage for 2 hours after 

each injection. Similarly, all mice injected with apomorphine on day 3 were 

injected daily with normal saline for 12 days and placed in the test cage for 1.5 
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after each injection. On day 10 (amphetamine) or day 16 (apomorphine), 

mice were again administered the challenge dose of amphetamine or 

apomorphine, placed in the test cage, and evaluated for stereotyped behavior. 

Brain concentrations of apomorphine 

In the first study, twenty-four mice were injected with 1 dose (40 mg/kg) or 

3 doses of apomorphine (40 mg/kg daily x 3 days), and brain concentrations of 

apomorphine were determined 1, 2, or 10 hours later. In the second study, forty

eight mice were pretreated with 1 dose of either vehicle or apomorphine (40 

mg/kg) or 3 doses of either vehicle or apomorphine (40 mg/kg daily x 3 days) and 

placed in the test cages (1 dose group) or diff cages (3 dose group) for 90 min 

after each administration before being returned to their home cages. Three days 

later, all mice were injected with apomorphine, 3 mg/kg, and placed in test cages. 

The brain apomorphine concentrations were determined at 10, 20 and 30 min 

after apomorphine administration according to the method of Von Voigtlander et 

al. (1975) with minor modifications. Mice were euthanized, and their brains 

rapidly removed and homogenized in 2.0 ml 0.4 N perchloric acid. After 

centrifugation (1600 x g for 15 min) and decantation of the supernatant, 2.0 ml of 

reagent grade ethyl acetate were added to each tube. Each sample was mixed 

for 30 sec in a vortex mixer and centrifuged (1600 x g for 15 min). The organic 

phase was placed in a spectrofluorometer (Aminco-Bowman) with an excitation 

wavelength of 282 nm and an emission wavelength of 379 nm. When 
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was added to a brain homogenate from control mice approximately 

100% of the apomorphine was extracted into the ethyl acetate fraction. 

Statistics 

The percentage of mice in different experimental groups that exhibited 

stereotyped behavior was compared by Chi-square analysis. The Fisher Exact 

test was used whenever 20% of the expected values in a contingency table were 

less than 5. Brain concentrations of apomorphine were compared using a two 

way ANOVA with a least significant difference post hoc analysis. For all tests, P 

< .05 was considered significant. 
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RESULTS 

The effect of varying the number of amphetamine or apomorphine pretreatments 

on the role of environmental context in sensitization: one-dose models. 

Mice were pretreated with one dose of vehicle or amphetamine (14 mg/kg) 

or one dose of vehicle or apomorphine (40 mg/kg), placed in either the test 

environment (test:test group) or in an environment that was markedly different 

from the test environment (diff:test group), and evaluated for stereotyped 

behavior. The difference in the pretreatment environments did not affect the 

acute stereotyped behavioral response to the 14 mg/kg amphetamine or 40 

mg/kg apomorphine pretreatment (data not shown). Three and 14 days later, 

mice were administered the test dose of amphetamine (7 mg/kg) or apomorphine 

(3 mg/kg), placed in the test cage, and evaluated for stereotyped behavior. Only 

mice in the test:test group exhibited a sensitized stereotyped behavioral 

response. Thus, when the pretreatment and test environments differed in terms 

of physical characteristics, such as cage size and the color and texture of animal 

bedding (diff:test group), mice pretreated with one dose failed to exhibit a 

sensitized response to either amphetamine or apomorphine. Since the 

environmental context in which amphetamine or apomorphine was administered 

was critical for sensitization, this one-dose model is termed context-dependent 

(Figures 13 and 14). 
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effect of varying the number of amphetamine or apomorphine pretreatments 

on the role of environmental context in sensitization: three-dose models. 

Mice were pretreated with 3 doses of vehicle or amphetamine (14 mg/kg 

daily x 3 days) or 3 doses of vehicle or apomorphine (40 mg/kg daily x 3 days), 

placed in an environment that was markedly different from the test environment 

(diff:test group), and evaluated for stereotyped behavior. The variation in the 

pretreatment environment did not affect the acute stereotyped behavioral 

response to the 14 mg/kg amphetamine or 40 mg/kg apomorphine pretreatments 

(data not shown). Three and 14 days later, the mice were tested for sensitization 

after the administration of the test dose of amphetamine (7 mg/kg) or 

apomorphine (3 mg/kg) in the test cage. In contrast to the 1 dose model of 

sensitization, when the pretreatment and test environments differed in terms of 

physical characteristics, such as cage size and the color and texture of animal 

bedding (diff:test group), mice exhibited a sensitized response to amphetamine 

or apomorphine. Since the environmental context in which amphetamine or 

apomorphine was administered was not critical for sensitization, this 3 dose 

model is termed context-independent (Figures 13 and 14). 
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effect of varying the number of amphetamine or apomorphine pretreatments 

on the extinction of sensitization: one- and three-dose models. 

Mice, pretreated with one dose of amphetamine (14 mg/kg) or 3 doses of 

amphetamine (14 mg/kg daily x 3 days), exhibited sensitization after receiving 

the test dose of amphetamine 3 days after the pretreatment phase. For the 

extinction phase, mice were injected with normal saline and placed in the testing 

cages daily for 6 days. On the next day (day 10 of withdrawal), mice were 

injected with amphetamine (7 mg/kg) and placed in the test cage for evaluation of 

stereotyped behavior. Mice that were pretreated once with amphetamine in the 

test environment (context-dependent sensitization) failed to demonstrate a 

sensitized response to the test dose of amphetamine. In contrast, mice that were 

pretreated with 3 doses of amphetamine in an environment different from the test 

environment (context-independent sensitization) were still sensitized (Figure 15). 

Similarly, mice pretreated with one dose of apomorphine (40 mg/kg) or 3 

doses of apomorphine (40 mg/kg daily x 3 days) were administered the test dose 

of apomorphine 3 days after the pretreatment phase and were sensitized. For 

the extinction phase, all mice were treated with saline and placed in the test 

cages. In preliminary studies, it was found that after a 6 day extinction phase, 

both groups of mice exhibited the sensitized response (data not shown). As a 

result, in the current experiment, the extinction phase was lengthened to 12 days. 

At the end of the extinction phase (day 16 of withdrawal), the mice that were 
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once with apomorphine in the test environment ( context-dependent 

sensitization) failed to demonstrate a sensitized response, while mice that were 

pretreated with 3 doses of apomorphine in an environment different from the test 

environment (context-independent sen:;itization) maintained their sensitized 

response (Figure 16). 

Apomorphine brain concentrations 

In order to determine whether context-dependent or context-independent 

sensitization can be attributed to pharmacokinetic changes, brain apomorphine 

concentrations were determined. Only a trace amount of apomorphine could be 

detected 10 hours after the administration of one 40 mg/kg dose of apomorphine 

(context-dependent sensitization) or after the last administration of 3 doses of 

apomorphine (40 mg/kg daily x 3 days; context-independent sensitization; Figure 

17). In addition, the brain concentrations of apomorphine between 10-30 min 

after administration of the test dose of apomorphine (3 mg/kg) were not greater in 

mice pretreated once with apomorphine (40 mg/kg), once with vehicle, 3 times 

with apomorphine (40 mg/kg daily x 3 days), or 3 times with vehicle (daily x 3 

days, Figure 18). 
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Figure 13. The effect of varying the number of amphetamine (amph) pretreatments on the role of environmental context in sensitization. Mice were pretreated with 1 dose of vehicle or amph (14 mg/kg) or 3 doses of vehicle or amph (14 mg/kg daily x 3 days) and placed into either the test or diff environment. Three and 14 days later, a challenge dose of amph (7 mg/kg) was administered and the mice were placed in the test environment. Each bar represents a group of 20 mice. * Significantly different from vehicle control, as determined by Chi-square analysis (P < .05). w/d = withdrawal. 
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Figure 14. The effect of varying the number of apomorphine (apo) pretreatments on the role of environmental context in sensitization. Mice were pretreated with 1 dose of vehicle or apo (40 mg/kg) or 3 doses of vehicle or apo (40 mg/kg daily x 3 days) and placed into either the test or diff environment. Three and 14 days later, a challenge dose of apo (3 mg/kg) was administered and the mice were placed in the test environment. Each bar represents a group of 20 mice. * Significantly different from vehicle control, as determined by Chi-square analysis (P < .05). w/d = withdrawal. 
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Figure 15. The effect of varying the number of amphetamine (amph) pretreatments on the extinction of sensitization. Mice were pretreated with 1 dose of vehicle or amph (14 mg/kg) or 3 doses of vehicle or amph (14 mg/kg daily x 3 days). On day 3, mice were administered the challenge dose of amph (7 mg/kg). Following a 6 day extinction phase, in which mice received daily saline injections in the test cage, mice were again 
administered the challenge dose of amph (day 10). Each bar represents a group of 20 mice. * Significantly different from vehicle control, as determined by Chi-square analysis (P < .05). 
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Figure 16. The effect of varying the number of apomorphine (apo) pretreatments on the extinction of sensitization. Mice were pretreated with 1 dose of vehicle or apo (40 mg/kg) or 3 doses of vehicle or apo (40 mg/kg daily x 3 days). On day 3, mice were administered the challenge dose of apo (3 mg/kg). Following a 12 day extinction period, in which mice received daily saline injections in the test cage, mice were again administered the challenge dose of apo (day 16). Each bar represents a group of 20 mice. * Significantly different from vehicle control, as determined by Chi-square analysis (P < .05). 
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Figure 17. Mean concentrations of apomorphine (apo) in the mouse brain 1, 2, 

or 10 hours after 1 dose of apo (40 mg/kg) or after the last of 3 doses of apo (40 

mg/kg daily x 3 days). Each point represents the mean± S.E.M. from a group of 
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Figure 18. Mean concentrations of apomorphine (apo) in the mouse brain 10 -
30 min after challenge with 3 mg/kg of apo. Mice were pretreated 3 days earlier 
with 1 dose of vehicle or apo (40 mg/kg), or after the last of 3 doses of vehicle or 
apo (40 mg/kg daily x 3 days). Each point represents the mean± S.E.M. from a 
group of 4 mice. 
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Pretreatment Cage Test Cage 
Location Size Shape Location Size Shape 

test:test lab 28 X 17 X 11 D lab 28 X 17 X 11 D 
diff:test lab 50 X 25 X 30 - lab 28 x 17 x 11 0 

Table 6. Experimental groups for studies on sensitization induced by 
amphetamine and apomorphine. Sizes are in cm. Shapes with no fill correspond 
to cages with tan corncob bedding, while shapes with fill correspond to cages 
with black Cellu-Dri bedding. 
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DISCUSSION 

The results demonstrate that sensitization of the stereotyped behavioral 

response elicited by amphetamine or apomorphine is expressed after 

pretreatment with either one or three doses of these drugs. However, constancy 

between the pretreatment and test environments is only crucial for the 

sensitization that develops after a single dose of amphetamine or apomorphine. 

This study is consistent with the hypothesis that environmental factors are most 

important in sensitization, when the number of exposures is minimal. One other 

study has directly compared the interaction between environment and the 

number of pretreatment drug experiences producing sensitization. Post et al. 

(1987) observed that pre-exposure to three high doses of cocaine produced a 

context-independent sensitization of locomotor activity, while sensitization 

resulting from exposure to a single high dose pretreatment was context

dependent. Thus, the results of this and the present study suggest that the 

mechanism of development and/or expression of sensitization of the effects of 

amphetamine and apomorphine are different for the one- and three-dose 

pretreatment regimens. This would suggest that different patterns of changes in 

brain activity could lead to similar enhancements of drug-induced behavior. 
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requirement of constancy between pretreatment and test 

environments for the manifestation of sensitization after one pretreatment dose 

suggests that environmental cues are associated with drug effects. This leads to 

the hypothesis that pairing of the environmental cues with a saline injection might 

weaken this association, leading to extinction of sensitization. According to this 

hypothesis, sensitization exhibited after a single dose of amphetamine or 

apomorphine, but not after three doses of amphetamine or apomorphine, should 

be extinguished by repeatedly administering saline in the test cages instead of 

amphetamine or apomorphine. The results show that sensitization of 

amphetamine-induced stereotyped behavior that developed after a single 

injection of amphetamine could be extinguished after 6 daily injections of saline 

in the test cages. Similarly, sensitization of apomorphine-induced stereotyped 

behavior that developed after a single injection of apomorphine could be 

extinguished after 12 daily injections of saline in the test cages. These 

observations are consistent with previous reports demonstrating extinction of 

cocaine- (Hinson and Poulos, 1981) and amphetamine- (Stewart and Vezina, 

1988; 1991) induced sensitization. In contrast to one pretreatment dose, mice 

pretreated with three doses of either amphetamine or apomorphine remained 

sensitized to these drugs when exposed to the appropriate extinction regimens. 

Taken together, these results are in agreement with the importance of 

environmental context in the sensitization produced by one but not three doses of 

amphetamine or apomorphine. 
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context-dependent nor context-independent sensitization 

appeared to be due to pharmacokinetic factors, since 10 hc,urs after pretreatment 

only a trace of apomorphine remains in the brain in either model. Moreover, no 

pretreatment regimen altered brain levels of apomorphine following a test dose. 

Both results are in agreement with our previous results on context-dependent 

sensitization induced by apomorphine (Battisti et al., in press, b). Although we 

did not assay for amphetamine brain concentrations, Badiani et al. (1997) 

showed no differences in plasma or striatal levels of amphetamine in their 

sensitization paradigms. Also, the half-life for amphetamine is 29 min in the 

plasma and 53 min in the striatum (Melega et al, 1995), and the maximum 

stereotyped behavioral response occurs 30-50 min after pretreatment and 

returns to baseline 110 min after pretreatment. Therefore, the washout of 

amphetamine after pretreatment should have been completed during our 72 hour 

withdrawal period. 

In summary, the results of this study show that the amount of pre

exposure to a psychostimulant drug can determine the relative importance of 

environmental context and conditioning in sensitization. The fact that drugs of 

abuse can produce long-lasting hypersensitive changes in the mesolimbic and 

nigrostriatal dopamine systems, the same regions of the brain involved in 

sensitization, suggests that neural sensitization may play a role in drug addiction 

(Robinson and Becker, 1986; Robinson and Berridge, 1993; Segal and Mandell, 
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Future comparisons of the context-dependent and context-independent 

models of sensitization, established in this study, may be useful for examining 

the neurobiological mechanisms involved in environment-induced drug craving 

and relapse and for screening possible pharmacological treatments for drug 

addiction. Finally, in these experiments, the characteristics of sensitization 

induced by the indirect acting dopamine agonist, amphetamine, and by the direct 

acting dopamine agonist, apomorphine, were indistinguishable. Therefore, we 

hypothesize that postsynaptic mechanisms may be more important than 

presynaptic mechanisms in mediating both context-dependent and context

independent sensitization of drug-induced stereotyped behavior in mice. 
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5 

NMDA GLUTAMATE RECEPTOR ACTIVATION IS ESSENTIAL FOR THE 

DEVELOPMENT OF CONTEXT-DEPENDENT SENSITIZATION INDUCED BY 

AMPHETAMINE OR APOMORPHINE 

5.1 INTRODUCTION 

The intensity of locomotor activity and stereotyped behavior elicited by 

psychostimulant drugs, such as amphetamine or cocaine, and their potency in 

stimulating these effects can be augmented following exposure to one high dose 

or repeated administration, a phenomenon termed sensitization (Battisti et al., in 

press, a; in press, b; Kalivas and Stewart, 1991; Bedingfield et al., 1996; 

Robinson and Becker, 1986; Segal and Mandell, 1974). Sensitization may be 

related to drug addiction, since both conditions are associated with long-lasting 

changes in the mesolimbic and nigrostriatal dopamine system (Kalivas and 

Stewart, 1991; Robinson and Berridge, 1993; Robinson and Becker, 1986; Segal 

and Mandell, 1977). In addition, the environment in which a psychostimulant 

drug is administered has been shown to play an important role in sensitization 
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drug craving, which contributes to drug addiction (Childress et al., 1992; 

DeVries et al., 1998; Robinson and Berridge, 1993; Robinson et al., 1998). 

Therefore, a greater understanding of the role of environmental context in 

sensitization should provide insights into the mechanisms of drug addiction. 

We have recently been studying sensitization-using models of 

psychostimulant-induced stereotyped behavior in mice. The models of 

sensitization that we have developed are context-dependent and context

independent (Figures 13, 14, 15, and 16). In the context-dependent sensitization 

model, in order for sensitization to occur, the test environment must be the same 

as the pretreatment environment. In the context-independent sensitization 

model, sensitization is observed when the pretreatment and test environments 

are different. We demonstrated that pre-exposure to a single high dose of 

amphetamine (Battisti et al., in press, a) or apomorphine (Battisti et al., in press, 

b) can produce a long-lasting context-dependent sensitization of the stereotyped 

behavioral effects elicited by these drugs. Similarly, other studies have 

demonstrated a context-dependent sensitization of locomotor activity after pre

exposure to a single high dose of cocaine (Jackson and Nutt, 1993; Post et al., 

1981; 1987; Weiss et al., 1989). In many of the studies that demonstrate 

context-dependent sensitization of the locomotor stimulant effects of 

psychostimulant drugs, the drug was administered once or only a few times using 

relatively low doses of drug (Ahmed et al., 1993; Cervo and Samanin, 1996; 
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and Glick, 1988; Mazurski and Beninger, 1987; Stewart and Vezina, 1991 ). 

Consistent with this concept, we demonstrated context-independent sensitization 

of stereotyped behavior after mice were pretreated with three high doses of 

amphetamine (Figures 13 and 15) or apomorphine (Figures 14 and 16). 

Similarly, context-independent sensitization of locomotor activity was 

demonstrated after animals were pretreated with three high doses of cocaine 

(Post et al., 1987). Indeed, sensitization of locomotor activity that is independent 

of context seems to require larger amounts of drug administered repeatedly 

(Browman et al., 1998a; 1998b; Haracz et al., 1995; Pert et al., 1990; Robinson 

et al., 1998). Since the environmental context in which a psychostimulant drug is 

administered has been shown to play an important role in sensitization and drug 

craving, which contributes to drug addiction (Childress et al., 1992; DeVries et 

al., 1998; Robinson and Berridge, 1993; Robinson et al., 1998), comparisons of 

context-dependent and context-independent models of sensitization (Figures 13, 

14, 15, and 16) may be valuable for understanding the role that drug-associated 

cues play in the development of drug addiction and in precipitating relapse. 

Many studies have shown that NMDA (N-methyl-o-aspartate) receptor 

antagonists block the development of sensitization of psychostimulant-induced 

locomotor activity and stereotyped behavior as well as biochemical and 

electrophysiological correlates of sensitization (for review see Wolf, 1998). In 

addition, the noncompetitive NMDA receptor antagonist, MK801((+)-5-methyl-
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11-dihydro-SH-dibenzo[a,d]cyclohepten-5, 10-imine hydrogen maleate, 

dizocilpine maleate), has been shown to block the development of context

aependent sensitization of amphetamine-induced locomotor activity (Stewart and 

Druhan, 1993; Wolf and Khansa, 1991) and conditioned locomotor activity to 

amphetamine or cocaine (Cerva and Samanin, 1996; Daminanopoulos and 

Carey, 1995; Stewart and Druhan, 1993; Wolf and Khansa, 1991). In addition, 

MK-801 has been shown to block the development of context-independent 

sensitization of amphetamine- or cocaine-induced locomotor activity (Haracz et 

al., 1995; Stewart and Druhan, 1993). In contrast to studies on locomotor 

activity, no studies have addressed whether NMDA receptor antagonists block 

the conditioned or unconditioned components of sensitization of the stereotyped 

behavioral response induced by psychostimulant drugs. This is important since 

locomotor activity and stereotyped behavior have been attributed to the ability of 

psychostimulant drugs to increase dopamine transmission at different brain sites. 

The locomotor stimulatory effect of psychostimulant drugs appear to be mediated 

by the mesolimbic dopamine neurons, while the stereotyped behavioral response 

appears to be mediated by the nigrostriatal dopamine neurons (Creese and 

Iversen, 1974; Fibiger et al., 1973; Kelly et al., 1975; Kelly and Iversen, 1976; 

Kelly et al., 1977; Kelly and Roberts, 1983; Sharp et al., 1987; Ungerstedt, 1979). 

Therefore, we determined the effects of NMDA receptor blockade by MK-801 and 

the competitive NMDA receptor antagonist, CPP ((±)-3-(2-carboxypiperazin-4-

yl)propyl-1-phosphonic acid), on the development of sensitization of 
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and apomorphine-induced stereotyped behavior using our models 

of context-dependent and context-independent sensitization (Figures 13, 14, 14 

and 16). We chose to study amphetamine, which acts presynaptically to 

increase dopamine transmission, and apomorphine, which directly activates 

dopamine receptors, in order to determine the importance of presynaptic and 

postsynaptic mechanisms in mediating sensitization. 

MK-801 has been hypothesized to affect sensitization in a state

dependent manner (Carlezon et al., 1995; Wise et al., 1996). State-dependency 

refers to a situation where a behavior that was expressed while the animal was in 

a distinct state can only be expressed when the animal is in that same distinct 

state. In these studies, animals that were pretreated with MK-8O1 and 

bromocriptine demonstrated a sensitized locomotor response to the combination 

of MK-8O1 and bromocriptine, but not to bromocriptine alone. Wise and 

colleagues argued that the interoceptive cues produced by MK-8O1 acted as a 

conditioned stimulus which interfered with the expression of sensitization induced 

by bromocriptine, but not the development of sensitization induced by 

bromocriptine. As a result, experiments were performed to determine if MK-8O1 's 

effects on the development of amphetamine or apomorphine sensitization were 

state-dependent. 
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finding that NMDA receptor activation increases calcium influx which 

results in activation of the neuronal isoform of nitric oxide synthase (Garthwaite, 

1991; Snyder, 1992) suggests that calcium influx and nitric oxide may play a role 

in the development of sensitization. Consistent with this hypothesis, calcium 

channel blockers have been demonstrated to prevent the development of 

sensitization (Karler et al., 1991a), context-dependent sensitization, and 

conditioned locomotor activity (Reimer and Martin-Iverson, 1994; Dilullo and 

Martin-Iverson, 1992). However, the role of nitric oxide in sensitization is 

unclear, because the inhibition of nitric oxide production has been reported to 

inhibit or have no affect on the development of sensitization (Abekawa et al., 

1995; Haracz et al., 1997; Inoue et al., 1996; ltzhak, 1997; Kim and Park, 1995; 

Ohno and Watanabe, 1995; Pudiak and Bozarth, 1993; Stewart et al., 1994). 

Additionally, no studies have addressed whether nitric oxide production plays a 

preferential role in context-dependent or context-independent sensitization. As a 

result, using the relatively selective inhibitor of neuronal nitric oxide synthase, 7-

nitroindazole (Reinar and Zagvazdin, 1998), studies were performed to 

determine whether inhibition of neuronal nitric oxide formation inhibits the 

development of context-dependent or context-independent sensitization through 

increased nitric oxide production. 
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the present study, we determined whether CPP, MK-801, or 7-

nitroindazole can block the development of context-dependent and context

independent sensitization of amphetamine- or apomorphine-induced stereotyped 

behavior. We also determined whether MK-801 produced a state-dependent 

interaction with amphetamine or apomorphine. In addition, both amphetamine 

and apomorphine were studied to determine the importance of presynaptic and 

postsynaptic mechanisms in mediating sensitization. 
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METHODS 

Animals and drugs 

Male CF-1 mice (Charles River Laboratories), weighing 28-32 g at the 

time of experimentation, were housed 5 per cage in a temperature (24 ± 1 °C) 

and humidity (55-65%) controlled vivarium with a 12-hr light/dark cycle. Food 

and water were provided ad libitum. All animal use procedures were performed 

in accordance with the NIH Guide for the Care and Use of Laboratory Animals 

and were approved by the Institutional Laboratory Animal Care and Use 

Committee. O-amphetamine sulfate (Sigma Chemicals, St. Louis, MO), CPP 

( (±)3-(2-carboxypiperazine-4yl)-propyl-1-phosphonic acid-Research 

Biochemicals International, Natick, MA), MK-801 (dizocilpine maleate-Merck 

Sharp and Dohme Chemical Laboratories, Rahway, NJ) were prepared in normal 

saline. R(-)-apomorphine HCI (Sigma) was prepared in distilled water with 0.1 % 

ascorbic acid. 7-nitroindazole (Research Biochemicals International) was 

prepared in dimethyl sulfoxide/propylene glycol/distilled water (1 :3:6). All drugs 

were prepared immediately prior to administration. Dosages were calculated as 

mg of amphetamine sulfate, apomorphine HCI, CPP, MK-801, or 7-nitroindazole 

per kg of body weight in a volume of 0.1 ml/20 g body weight except for 7-

nitroindazole which was administered at a fixed concentration of 2.5 mg/ml due 

to its poor solubility. Its volume was varied according to the dosage to be 
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All drugs were administered intraperitoneally (i.p.) except for 

apomorphine which was administered subcutaneously (s.c.). 

Evaluation of stereotyped behavior 

All animals were evaluated for stereotyped behavior after amphetamine, 

apomorphine, or vehicle pretreatment and after amphetamine or apomorphine 

challenge during the test phase. The individual who evaluated the behavior of 

the mice was unaware of which mice received amphetamine, apomorphine, or 

vehicle. As described previously, (Karler et al. 1990; Bedingfield et al. 1996), the 

stereotyped behavioral response of the CF-1 mouse is well-defined with the 

mouse remaining stationary and exhibiting rapid, repetitive head and/or fore-limb 

movements. This behavior corresponds to a score of 8 on a graded score of 9 in 

the behaviors described by Ellinwood and Balster (1974). After drug injection, 

mice were then placed one per cage (amphetamine) or three per cage 

(apomorphine) and were rated for their predominant behavior for 1 minute at 1 O 

minute intervals and were scored positive for stereotyped behavior when this 

behavior was exhibited for greater than 30 sec of each 1 min observation period. 

Group data are the percentage of mice rated as positive for stereotyped 

behavior. Mice were evaluated for stereotyped behavior from 10 - 90 min after 

amphetamine or 10 - 60 min after apomorphine administration. The value of the 

peak effect was used as the measure of the stereotyped behavioral response. 

All studies were conducted between 10.00 and 16.00 hours in a temperature (24 
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1 °C) humidity (55-65%) controlled room. Animals were used in only one 

experiment. 

Design and procedures 

The effect of CPP, MK-801. or 7-nitroindazole on the development of 

context-dependent sensitization (1 pretreatment) to amphetamine or 

apomorphine. It was previously shown that pre-exposure to a single dose of 

amphetamine (14 mg/kg) or apomorphine (40 mg/kg) produces a sensitization 

that is context-dependent (Figures 4, 5, 10, 13, and 14). Using this model (see 

Table 7), mice were injected once with various doses of CPP, MK-801, 7-

nitroindazole, or vehicle and immediately placed back in their home cages in the 

vivarium. Mice were transported from the vivarium to the laboratory and were 

injected, 30 min after the previous injection, with either vehicle, amphetamine (14 

mg/kg), or apomorphine (40 mg/kg) and placed in the "test" cages (28 x 17 x 11 

cm with tan corncob bedding-Harlan Teklad, Madison, WI) for 120 min 

(amphetamine) or 90 min (apomorphine), while their behavior was evaluated. At 

the end of this period, they were returned to their home cages in the vivarium. 

Seventy-two hours later, these mice were transported to the laboratory, 

administered a challenge dose of amphetamine (7 mg/kg) or apomorphine (3 

mg/kg), and placed in the test cages, and evaluated for stereotyped behavior. 
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effect of CPP, MK-801, or 7-nitroindazole on the development of 

context-independent sensitization (3 pretreatments) to amphetamine or 

apomorphine. It was previously shown that pre-exposure to 3 doses of 

amphetamine (14 mg/kg daily x 3 days) or apomorphine (40 mg/kg daily x 3 

days) produces a sensitization that is context-independent (Figures 13, 14, 15 

and 16). Using this model (see Table 7), these experiments were performed 

using the same procedure as the context-dependent model experiments except 

that 3, instead of 1, pretreatment injections were administered. That is, CPP, 

MK-8O1, 7-nitroindazole, or vehicle was administered 30 min prior to each of the 

3 daily administrations of vehicle, amphetamine, or apomorphine in the 

pretreatment phase. The other difference was that during the pretreatment 

phase the mice were placed in "diff' cages that were larger in size (50 x 25 x 30 

cm) than the test cages and contained black colored bedding (Cellu-Dri

Shepherd Specialty Papers, Kalamazoo, Ml) with a different texture than the tan 

corncob bedding of the test cages. 

State-dependency experiments. These experiments were performed 

using the same procedure as the context-dependent model experiments except 

that mice were administered MK-801 or vehicle 30 min prior to vehicle, 

amphetamine (14 mg/kg x 1), or apomorphine (40 mg/kg x 1) pretreatment. In 

addition, 72 hours later the mice were administered MK-801 or vehicle 30 min 

prior to amphetamine (7 mg/kg) or apomorphine (3 mg/kg) challenge. 

113 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 



The percentage of mice in different experimental groups that exhibited 

stereotyped behavior was compared by Chi-square analysis. The Fisher Exact 

test was used whenever 20% of the expected values in a contingency table were 

less than 5. P< .05 was considered significant. 

114 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 



RESULTS 

The NMDA receptor antagonists, CPP (Figures 19 and 20) and MK-801 

(Figures 21 and 22), blocked the development of context-dependent sensitization 

induced by amphetamine and apomorphine in a dose-dependent manner. That 

is, mice administered CPP or MK-801 30 min prior to amphetamine or 

apomorphine pretreatment failed to demonstrate an enhanced stereotyped 

behavioral response to amphetamine or apomorphine challenge. CPP and MK-

801 prevented the development of sensitization at doses that did not significantly 

affect the acute stereotyped behavioral response to amphetamine (CPP 12 and 

20 mg/kg; MK-801 0.1 mg/kg; Table 8) or apomorphine (CPP 12 and 20 mg/kg; 

MK-801 0.1 and 0.25 mg/kg; Table 9). In the context-independent models, mice 

administered CPP or MK-801 30 min prior to amphetamine or apomorphine 

pretreatment developed sensitization. At the highest dose of CPP or MK-801 

that did not affect the acute stereotyped behavioral response to amphetamine 

(CPP 20 mg/kg; MK-801 0.1 mg/kg) or apomorphine (CPP 20 mg/kg; MK-801 

0.25 mg/kg), the development of context-independent sensitization induced by 

amphetamine (Figures 19 and 21) or apomorphine (Figures 20 and 22) was 

unaffected. 
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possibility exists that the inhibition of amphetamine- and 

apomorphine-induced sensitization by MK-801 was the result of state

dependency, since MK-801 was present during the pretreatment phase of these 

experiments but not during the expression phase. To test this possibility, mice 

were injected with vehicle or the highest dose of MK-801 that did not significantly 

affect the acute stereotyped behavioral response to amphetamine (0.1 mg/kg) or 

apomorphine (0.25 mg/kg) 30 min before either amphetamine or apomorphine 

pretreatment under the context-dependent conditions. Seventy-two hours later, 

the mice were injected with either vehicle or the same dose of MK-801 30 min 

prior to challenge with amphetamine or apomorphine and the frequency of 

stereotyped behavior determined. As shown previously, the administration of 

MK-801 prior to amphetamine or apomorphine pretreatment inhibited 

sensitization induced by the challenge dose of amphetamine or apomorphine 

(Figures 23 and 24, left panels). The administration of MK-801 before the 

challenge injections of amphetamine and apomorphine did not reverse the 

inhibition produced by MK-801 administration during the pretreatment phase 

(Figures 23 and 24, right panels). 
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neuronal nitric oxide synthase inhibitor, 7-nitroindazole, did not affect 

the development of context-dependent or context-independent sensitization 

induced by either amphetamine (Figure 25) or apomorphine (Figure 26). That is, 

mice pretreated with 7-nitroindazole 30 min prior to amphetamine or 

apomorphine pretreatment exhibited a sensitized stereotyped behavioral 

response to amphetamine or apomorphine. Since lethality was observed at 

doses greater than 25 mg/kg this was the highest dose used (unpublished 

observations). In contrast to the lack of effect of 7-nitroindazole on the 

development of sensitization, the 25 mg/kg dose of 7-nitroindazole was effective 

in blocking the expression of both amphetamine (Figures 31 and 33) and 

apomorphine (Figures 32 and 34) context-dependent and context-independent 

sensitization models without significantly inhibiting the acute effects of 

amphetamine (Tables 8 and 11) or apomorphine (Tables 9 and 12). 
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Figure 19. The effect of various doses of CPP on the development of context-dependent and context
independent sensitization induced by amphetamine (amph). Mice were injected with CPP or vehicle 30 min 
prior to pretreatment with vehicle or 14 mg/kg amph x 1 (in the test cage, context-dependent model) or with 
vehicle or 14 mg/kg amph daily x 3 days (in the diff cage, context-independent model). 72 hours later, all mice 
received amph challenge (7 mg/kg) in the test cage and were evaluated for stereotyped behavior. 
Each bar represents a group of 15 mice. * Significantly different from vehicle control, as determined by Chi
square analysis (P < .05). 

R
eproduced w

ith perm
ission of the copyright ow

ner. F
urther reproduction prohibited w

ithout perm
ission.



...... 
co 

Context-dependent Model Context-independent Model 
(1 pretreatment) (3 pretreatments) 

100 
* pretreatment group: 

I * a>o 
80 ~ I C::J vehicle 

C �- ~ apo 40 mg/kg .:;> 
·- as :e.c .c Cl) 
>< ~ 60 
Cl) "'O 
Cl) Cl) 
u Q. ·- ~ 40 Eo 
0 t! 
~ Cl) 

0 -= 20 

0 
m m CD m CD ~ ~ u ~ u A.- A.- A.-A. m A. m :E A. m :E oE oE CD oE CD 

> N 0 > 0 - N N 

Figure 20. The effect of various doses of CPP on the development of context-dependent and context
independent sensitization induced by apomorphine (apo). Mice were injected with CPP or vehicle 30 min prior 
to pretreatment with vehicle or 40 mg/kg apo x 1 (in the test cage, context-dependent model) or with vehicle or 
40 mg/kg apo daily x 3 days (in the diff cage, context-independent model). 72 hours later, all mice received apo 
challenge (3 mg/kg) in the test cage and were evaluated for stereotyped behavior. Each bar represents a group 
of 15 mice. • Significantly different from vehicle control, as determined by Chi-square analysis (P < .05). 
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Figure 21. The effect of various doses of MK-801 on the development of context-dependent and contextindependent sensitization induced by amphetamine (amph). Mice were injected with MK-801 or vehicle 30 min prior to pretreatment with vehicle or 14 mg/kg amph x 1 (in the test cage, context-dependent model) or with vehicle or 14 mg/kg amph daily x 3 days (in the diff cage, context-independent model). 72 hours later, all mice received amph challenge (7 mg/kg) in the test cage and were evaluated for stereotyped behavior. Each bar represents a group of 20 mice. • Significantly different from vehicle control, as determined by Chi-square analysis (P < .05). 
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Figure 22. The effect of various doses of MK-801 on the development of context-dependent and context
independent sensitization induced by apomorphine (apo). Mice were injected with MK-801 or vehicle 30 min 
prior to pretreatment with vehicle or 40 mg/kg apo x 1 (in the test cage, context-dependent model) or with 
vehicle or 40 mg/kg apo daily x 3 days (in the diff cage, context-independent model). 72 hours later, all mice received apo challenge (3 mg/kg) in the test cage and were evaluated for stereotyped behavior. Each bar 
represents a group of 15 mice. * Significantly different from vehicle control, as determined by Chi-square 
analysis (P < .05). 
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Figure 23. The inability of MK-801 to produce a state-dependent interaction with 
amphetamine (amph). Mice were injected with MK-801 (0.1 mg/kg) or vehicle (in 
their home cage) 30 min prior to pretreatment with vehicle or 14 mg/kg amph x 1 
(in the test cage, context-dependent model). 72 hours later, mice received MK-
801 (0.1 mg/kg) or vehicle (in their home cage) 30 min prior to challenge with 
vehicle or amph (7 mg/kg), and were evaluated for stereotyped behavior. Each 
bar represents a group of 20 mice. * Significantly different from vehicle control, 
as determined by Chi-square analysis (P < .05). 
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Figure 24. The inability of MK-801 to produce a state-dependent interaction with 
apomorphine (apo). Mice were injected with MK-801 (0.25 mg/kg) or vehicle (in 
their home cage) 30 min prior to pretreatment with vehicle or 40 mg/kg apo x 1 
(in the test cage, context-dependent model). 72 hours later, mice received MK-
801 (0.25 mg/kg) or vehicle (in their home cage) 30 min prior to challenge with 
vehicle or apo (3 mg/kg), and were evaluated for stereotyped behavior. Each bar 
represents a group of 15 mice. * Significantly different from vehicle control, as 
determined by Chi-square analysis (P < .05). 
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Figure 25. The effect of various doses of 7-nitroindazole (7-NI) on the development of context-dependent and context-independent sensitization induced by amphetamine (amph). Mice were injected with 7-NI or vehicle 30 min prior to pretreatment with vehicle or 14 mg/kg amph x 1 (in the test cage, context-dependent model) or with vehicle or 14 mg/kg amph daily x 3 days (in the diff cage, context-independent model). 72 hours later, all mice received amph challenge (7 mg/kg) in the test cage and were evaluated for stereotyped behavior. Each bar represents a group of 30 mice. *Significantly different from vehicle control, as determined by Chi-square analysis (P < .05). 
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Figure 26. The effect of various doses of 7-nitroindazole (7-NI) on the development of context-dependent and context-independent sensitization induced by apomorphine (apo). Mice were injected with 7-NI or vehicle 30 min prior to pretreatment with vehicle or 40 mg/kg apo x 1 (in the test cage, context-dependent model) or with 
vehicle or 40 mg/kg apo daily x 3 days (in the diff cage, context-independent model). 72 hours later, all mice 
received apo challenge (3 mg/kg) in the test cage and were evaluated for stereotyped behavior. Each bar 
represents a group of 30 mice. • Significantly different from vehicle control, as determined by Chi-square 
analysis (P < .05). 
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Pretreatment Cage Challenge/Test Cage Model Pretreatment Dosage Drug Schedule Type Size Shape Challenge Type Size Shape 

Context- 14 mg/kg Amph X 1 Test 28x17x11 Amph7mg/kg Test 28 x 17 x 11 
D 

dependent or cm D or Cm 40 mg/kg Apo x 1 Apo3mg/kg 

Context- 14 mg/kg Amph daily x 3 days Diff 50 x25x 30 - Amph 7 mg/kg Test 28 X 17 X 11 
D 

Independent or cm or Cm 40 mg/kg Apo daily x 3 days Apo3mg/kg 

Table 7. Models of sensitization induced by amphetamine (Amph} and apomorphine (Apo). Shapes with no fill correspond to cages with tan corncob bedding, while cages with fill correspond to cages with black Cellu-Dri bedding. 
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% of Mice Exhibiting 
Stereotyped Behavior 

Vehicle 87 (13/15) 

CPP 8 mg/kg 80 (12/15) 

CPP 12 mg/kg 87 (13/15) 

CPP 20 mg/kg 67 (10/15) 

Vehicle 95 (19/20 

MK-801 0.03 mg/kg 100 (20/20) 

MK-801 0.1 mg/kg 100 (20/20) 

MK-801 0.25 mg/kg 40 (8/20)* 

Vehicle 87 (26/30) 

7-NI 10 mg/kg 80 (24/30) 

7 -NI 25 mg/kg 80 (24/30) 

Table 8. The effect of various doses of CPP, MK-801, or 7-nitroindazole (7-NI) 
on the acute stereotyped behavioral response to 14 mg/kg amphetamine. 

• Significantly different from vehicle control, as determined by Chi-square 
analysis (P < .05). 
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% of Mice Exhibiting 
Stereotyped Behavior 

Vehicle 93 (14/15) 

CPP 12 mg/kg 80 (12/15) 

CPP 20 mg/kg 87 (13/15) 

Vehicle 87 (13/15) 

MK-801 0.1 mg/kg 93 (14/15) 

MK-801 0.25 mg/kg 80 (12/15) 

Vehicle 90 (27/30) 

7-NI 25 mg/kg 80 (24/30) 

Table 9. The effect of various doses of CPP, MK-801, or 7-nitroindazole (7-NI) 
on the acute stereotyped behavioral response to 40 mg/kg apomorphine. 
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DISCUSSION 

The most important finding of this study is that NMDA receptor antagonists 

blocked the development of context-dependent sensitization but failed to affect 

context-independent sensitization of amphetamine- and apomorphine-induced 

stereotyped behavior. We were unable to determine if the inhibitory effect of MK-

8O1 was due to the state-dependent effects of MK-801 (Carlezon et al., 1995; 

Wise et al., 1996) since MK-8O1 administered during the test phase inhibited the 

expression of context-dependent sensitization induced by amphetamine and 

apomorphine. In contrast to the effects of the NMDA receptor antagonists, nitric 

oxide synthase inhibition did not affect context-dependent sensitization induced 

by either amphetamine or apomorphine. Therefore, the effects produced by 

NMDA receptor activation do not appear to be mediated through nitric oxide 

production. 

Both the competitive NMDA receptor antagonist, CPP, and the 

noncompetitive NMOA receptor antagonist, MK-8O1, blocked the development of 

context-dependent sensitization of amphetamine- and apomorphine-induced 

stereotyped behavior in a dose-dependent manner. This suggests that 

glutamate transmission through NMDA receptor activation plays a critical role in 

context-dependent sensitization. This is in agreement with previous studies in 

which MK-8O1 blocked the development of context-dependent sensitization of 
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locomotor activity and conditioned locomotor activity to 

amphetamine (Stewart and Druhan, 1993; Wolf and Khansa, 1991) and 

conditioned locomotor activity to cocaine (Cerva and Samanin, 1996; 

Damianopoulos and Carey, 1995; Haracz et al., 1995). Furthermore, calcium 

influx, which occurs as a consequence to NMDA receptor activation, has been 

shown to play a critical role in the development of context-dependent 

sensitization of amphetamine-induced locomotor activity and conditioned 

locomotor activity to amphetamine (Dilullo and Martin-Iverson, 1992) and the 

development of context-dependent sensitization of cocaine-induced locomotor 

activity and conditioned locomotor activity to cocaine (Reimer and Martin-Iverson, 

1994). 

However, this is the first demonstration that we are aware of in which 

NMDA receptor antagonists only blocked the development of sensitization that 

was context-dependent. Neither CPP nor MK-801 had a significant affect on the 

development of context-independent sensitization of amphetamine- or 

apomorphine-induced stereotyped behavior. In contrast to our studies, Stewart 

and Druhan (1993) have shown that MK-801 blocked the development of 

context-independent as well as context-dependent sensitization of amphetamine

induced locomotor activity and conditioned locomotor activity to amphetamine. 

Similarly, Haracz et al. (1995) have concluded that D-CPPene and MK-801 "at 

least marginally attenuated" the development of the early phase of sensitization 
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min after the test injection) or context-dependent sensitization and the late 

phase of sensitization (25-45 min after the test injection) or context-independent 

sensitization induced by cocaine. The implications of this study may be limited 

since there was no evidence that the sensitization expressed during the early 

phase represented a context-dependent component of sensitization and the 

sensitization expressed during the late phase represented an unconditioned 

component of sensitization. 

However, our findings together with the results of Stewart and Druhan 

(1993) may suggest that the development of context-independent sensitization of 

stereotyped behavior and locomotor activity may involve different neurobiological 

mechanisms. These two types of behavior are qualitatively different and have 

been attributed to the ability of psychostimulant drugs to increase dopamine 

neurotransmission at different brain sites (Creese and Iversen, 1974; Fibiger et 

al., 1973; Kelly et al., 1975; 1977; Kelly and Iversen, 1976; Kelly and Roberts, 

1983; Sharp et al., 1987; Ungerstedt, 1979). In addition, changes in the 

substantia nigra are important in mediating the development of sensitization of 

stereotyped behavior, while changes in the ventral tegmentum are important in 

mediating the development of sensitization of locomotor activity, (Kalivas and 

Stewart, 1991; Wolf, 1997). For example, it has been suggested that the medial 

prefrontal cortex may play a preferential role in sensitization of locomotor activity, 

since ibotenic acid lesions of the medial prefrontal cortex (which sends 
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projections to the substantia nigra and ventral tegmentum) 

prevented the development of sensitization of locomotic!1 but not stereotyped 

behavior itself (Cader et al., 1997; Wolf et al., 1995). This would suggest that 

glutamatergic input from the medial prefrontal cortex plays a preferential role in 

sensitization of locomotor activity as compared to stereotyped behavior. 

Consequently, MK-801 's ability to block context-independent sensitization of 

locomotor activity (Haracz et al., 1995; Stewart and Druhan, 1993) may be due to 

inhibition of glutamatergic transmission from the prefrontal cortex to the ventral 

tegmentum. Since the amygdala (which also sends glutamatergic projections to 

the substantia nigra and ventral tegmentum) has been shown to play a 

preferential role in the development of context-dependent sensitization (Post et 

al., 1988; Post et al., 1992), but not context-independent sensitization (Post et 

al., 1992), CPP and MK-801 may exert their effects on sensitization of 

stereotyped behavior by blocking glutamatergic transmission from neurons 

projecting from the amygdala to the substantia nigra. 

NMDA receptor antagonists have been shown to produce state-dependent 

learning and recall (Jackson et al., 1992). As a result, Wise and coworkers have 

proposed a state-dependency hypothesis to explain the prevention of 

sensitization by MK-801 (Carlezon et al., 1995; Wise et al., 1996). State

dependency refers to a situation where a behavior that was expressed while the 

animal was in a distinct state can only be expressed when the animal is in that 
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distinct state. Thus, the interoceptive cues produced by MK-801 during the 

pretreatment phase act as a conditioned stimulus for the sensitized response. In 

their studies, rats pretreated with MK-801 and bromocriptine only demonstrated a 

sensitized response to a challenge dose of bromocriptine when it was 

administered with MK-801. Rats pretreated with MK-801 and bromocriptine did 

not exhibit a sensitized response to challenge with bromocriptine alone. Thus, 

these authors concluded that MK-801 did not block the development of 

sensitization of bromocriptine-induced locomotor activity, but blocked its 

expression through a state-dependent mechanism (Carlezon et al., 1995; Wise et 

al., 1996). 

In our study, it is unclear whether MK-801 affected the development of 

context-dependent sensitization through a state-dependent mechanism since 

MK-801 also inhibited the expression of sensitization. However, the state

dependency hypothesis for the effects of MK-801 on bromocriptine sensitization 

does not explain the effects of other NMDA receptor antagonists on sensitization 

of behaviors induced by other psychostimulant drugs. In other studies, the 

competitive NMDA receptor antagonist, CGS 19755, and MK-801 failed to 

produce a state-dependent sensitization of amphetamine-induced locomotor 

activity (Li and Wolf, 1999; Wolf, 1998). In our study, CPP blocked the 

development of context-dependent sensitization. Other competitive NMDA 

receptor antagonists (Haracz et al., 1995; Ohmori et al., 1994; Wolf et al., 1995), 

133 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 



site partial agonists (Morrow et al., 1995; Shoaib et al., 1995; Khan and 

Shoaib, 1996), and metals that interfere with NMDA activation (Nation et al., 

1995; 1996) have been shown to prevent the development of sensitization 

induced by amphetamine, methamphetamine, or cocaine. It is unlikely that these 

drugs produce the same interoceptive state since in drug discrimination studies 

competitive NMDA receptor antagonists do not substitute for MK-801 (Willetts et 

al., 1990). Also inconsistent with the state-dependency hypothesis, is the finding 

that direct intra-VTA injections of NMDA receptor antagonists prevent 

sensitization (Cader et al., 1997; Kalivas and Alesdatter, 1993). Moreover, 

NMDA receptor antagonists also prevent the development of many of the cellular 

correlates of behavioral sensitization (Berhow et al., 1996;, 1996; Gnegy et al., 

1996; Jake-Mathews et al., 1997; Masserano et al., 1996; Wolf et al., 1994; 

Zhang and Angulu 1996). Therefore, it is unlikely that the state-dependency 

hypothesis can adequately explain the role of NMDA receptor activation in the 

development of sensitization induced by amphetamine, cocaine, or apomorphine. 

NMDA receptor activation does not appear to mediate its effects on the 

development of context-dependent sensitization through nitric oxide production 

since 7-nitroindazole failed to affect the development of amphetamine or 

apomorphine sensitization. The highest dose of 7-nitroindazole used (25 mg/kg) 

should have been sufficient to inhibit neuronal nitric oxide synthase. This dose of 

7-nitroindazole, in mice, has been shown to block several nitric oxide mediated 
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such as cocaine-induced conditioned place preference (ltzhak, 1998), 

methamphetamine-induced dopaminergic neurotoxicity (Ali and ltzhak, 1998), the 

induction and expression of sensitization of the convulsant effect of cocaine 

(ltzhak, 1996), and the expression of sensitization of amphetamine and 

apomorphine-induced stereotyped behavior (Figures 31, 32, 33, and 34). 

In contrast to our results, this dose also blocked the development of 

conditioned locomotor activity to cocaine in mice (ltzhak, 1997). A slightly higher 

dose, 30 mg/kg, blocked the development of sensitization of cocaine-induced 

locomotor activity and stereotyped behavior in mice (Haracz et al., 1997). In 

addition, the nonselective nitric oxide synthase inhibitors, L-NNA (Nro -nitro-L

arginine) and L-NAME (Nro-nitro-L-arginine methyl ester) were shown to block the 

development of sensitization of cocaine-induced locomotor activity (Haracz et al., 

1997; Kim and Park, 1995; Pudiak and Bozarth, 1993) and stereotyped behavior 

(Haracz et al., 1997) and the development of sensitization of methamphetamine

induced locomotor activity (Ohno and Watanabe, 1995). However, in all of the 

studies where inhibitors of nitric oxide synthase prevented the development of 

sensitization, the acute effects of the psychostimulant were also blocked and the 

animals were not able to initially express the behavior. Since the initial 

expression of a drug-induced response may be necessary for the development of 

sensitization of that response (Battisti et al., in press, a; Einat et al., 1996; 

Kuribara 1996a; 1996b; 1997a ; 1997b; 1998; Mattingly et al., 1997; Willner et 
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1992), it is unclear whether the inhibition of sensitization development 

induced by 7-nitroindazole was due to the inhibition of nitric oxide production or 

the inhibition of the expression cf the behavior to be sensitized. Moreover, other 

studies have shown that nitric oxide synthase inhibitors, at doses which do not 

affect the acute response to the psychostimulant, fail to prevent sensitization of 

methamphetamine- (Abekawa et al., 1995; Inoue et al., 1996) or amphetamine

(Stewart et al., 1994) induced locomotor activity, or methamphetamine-induced 

stereotyped behavior (Abekawa et al., 1995). Thus, taken together, these 

studies suggest that nitric oxide may not be a critical neuromodulator in the 

development of sensitization. 

Both CPP and MK-801 blocked the development of context-dependent 

sensitization of amphetamine- and apomorphine-induced stereotyped behavior at 

doses that did not significantly affect the acute stereotyped behavioral response 

to either amphetamine or apomorphine. This is important because the initial 

expression of a drug-induced response may be necessary for the development of 

sensitization of that response (Battisti et al., in press, a; Einat et al., 1996; 

Kuribara, 1996a; 1996b; 1997a; 1997b; 1998; Mattingly et al., 1997; Willner et 

al., 1992). As a result, for all studies, we used the highest dose of CPP, MK-801, 

or 7-nitroindazole that did not significantly affect the acute stereotyped behavioral 

response to amphetamine or apomorphine. 
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summary, NMDA receptor activation appears to be critical for the 

development of only the conditioned component of sensitization of amphetamine

and apomorphine-induced stereotyped behavior. In contrast to other forms of 

neuronal plasticity, such as long-term potentiation (Fazeli, 1992, O'Dell et ai., 

1991; Schuman and Madison, 1991 ), nitric oxide does not seem to mediate the 

effects of NMDA receptor activation in the development of sensitization. Finally, 

since the effects NMDA receptor antagonists on context-dependent and context

independent sensitization were the same for amphetamine, which increases 

synaptic dopamine, and apomorphine, which directly activates dopamine 

receptors, the results suggest that postsynaptic mechanisms are important in 

mediating both context-dependent and context-independent sensitization. 
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6 

NMDA GLUTAMATE RECEPTOR ACTIVATION AND NITRIC OXIDE 

FORMATION ARE ESSENTIAL FOR THE EXPRESSION OF CONTEXT

DEPENDENT AND CONTEXT-INDEPENDENT SENSITIZATION 

INDUCED BY AMPHETAMINE OR APOMORPHINE 

6.1 INTRODUCTION 

The intensity of locomotor activity and stereotyped behavior elicited by 

psychostimulant drugs, such as amphetamine or cocaine, and their potency in 

stimulating these effects can be augmented following exposure to one high dose 

or repeated administration, a phenomenon termed sensitization (Battisti et al., in 

press, a; in press, b; Bedingfield et al., 1996; Kalivas and Stewart, 1991; 

Robinson and Becker, 1986; Segal and Mandell, 1974). Sensitization may be 

related to drug addiction, since the development and expression of both 

processes are associated with long-lasting changes in the mesolimbic and 

nigrostriatal dopamine system (Kalivas and Stewart, 1991; Robinson and Becker, 
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Robinson and Berridge, 1993; Segal and Mandell, 1977). In addition, the 

environmental cues associated with dn .. i;; administration have been shown to play 

an important role in the expression of sensitization and drug craving (Childress et 

al., 1992; De Vries et al., 1998; Robinson and Berridge, 1993; Robinson et al., 

1998). Therefore, a greater understanding of the role of environmental context in 

the expression of sensitization should provide insights into the mechanisms of 

drug craving. For example, comparisons of the role of environmental context in 

the expression sensitization may be valuable for understanding the role that 

drug-associated cues play in drug craving and in precipitating relapse. 

A variety of studies have addressed the nature of changes in the central 

nervous system that account for the enhanced or sensitized response elicited by 

psychostimulant drugs. In this regard, the most extensively studied paradigm 

may be amphetamine-stimulated locomotor activity. Studies of this phenomenon 

clearly demonstrate that changes residing in the nucleus accumbens lead to 

enhanced behavioral responses after activation of dopamine receptors in this 

brain area (Kalivas and Stewart, 1991; Pierce and Kalivas, 1997; Wolf, 1998). 

As activation of glutamate receptors in the nucleus accumbens is also required 

for amphetamine-stimulated locomotor activity (Pierce and Kalivas, 1997; Wolf, 

1998), it is possible that alterations of glutamate transmission might also 

contribute to the sensitized response. Electrophysiological evidence has been 

observed to support this hypothesis (Wolf, 1998). However, pharmacological 
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has produced mixed results. While many studies have demonstrated 

a block in the expression of sensitization of cocaine or amphetamine-induced 

locomotor activity by systemic or intra-accumbens administration of antagonists 

of the AMPA glutamate receptor subtype (Pierce and Kalivas, 1997; Wolf, 1998), 

the role of NMDA glutamate receptors in the expression of sensitization is less 

clear. In some studies, systemic or intra-accumbens administration of NMDA 

receptor antagonists blocked the expression of sensitization of psychostimulant

induced locomotor activity (Bespalov and Zvartau, 1996; Ono et al., 1994; Pani et 

al., 1990; Pierce et al., 1998b; Spanagel et al., 1998), while in other studies they 

did not (Jeziorski et al., 1994; Wolf, 1995). One factor contributing to this 

confound may be that NMDA receptor antagonists by themselves stimulate 

locomotor activity (Wolf, 1998). Thus, the observed behaviors in the studies of 

NMDA receptor antagonists on sensitization induced by amphetamine may be 

the complex interaction between locomotor activity stimulated by these 

antagonists and by amphetamine. 

Several observations suggest that sensitization associated with the use of 

psychostimulant drugs is not a single phenomenon (Wolf, 1998). Thus, although 

an enhanced response is observed when monitoring several different behaviors 

in a variety of experimental paradigms, the mechanisms and pharmacology 

involved may be different for each behavior. One factor that may underlie such 

differences is the observation that locomotor activity and stereotyped behavior 
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been attributed to the ability of psychostimulant drugs to increase dopamine 

transmission at different brain sites (Creese and Iversen, 1974; Fibiger et al., 

1973; Kelly et al., 1975; 1977; Kelly and Iversen, 1976; Kelly and Roberts, 1983; 

Sharp et al., 1987; Ungerstedt, 1979). 

We have recently been studying sensitization-using models of 

psychostimulant-induced stereotyped behavior in mice. These models are 

advantageous because NMDA receptor antagonists, at doses commonly used in 

studies of sensitization, have no effect on the acute stereotyped behavior elicited 

by psychostimulant drugs. The models of sensitization that we have developed 

are context-dependent and context-independent (Figures 13, 14, 15, and 16). In 

the context-dependent sensitization model, in order for sensitization to occur, the 

test environment must be the same as the pretreatment environment. In the 

context-independent sensitization model, sensitization is observed when the 

pretreatment and test environments are different. The role of glutamate in the 

development (adaptations occurring during the pretreatment) of context

dependent and context-independent sensitization appears to be different 

(Figures 19, 20, 21, and 22). Therefore, studying both the context-dependent 

and context-independent models of sensitization of stereotyped behavior may be 

important for examining the role of glutamate in the expression of sensitization. 
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purpose of the present study was to determine whether the NMDA 

antagonists CPP and MK801 block the expression of sensitization in the context

dependent and context-independent models for sensitization of stereotyped 

behavior elicited by psychoactive drugs. Both amphetamine, which acts 

presynaptically to increase dopamine transmission, and apomorphine, which 

directly activates dopamine receptors, were studied to determine whether 

presynaptic or postsynaptic mechanisms may be more important in mediating 

sensitization. In addition, since NMDA receptor activation may lead to nitric 

oxide production (Garthwaite et al., 1991; Snyder, 1992), we also determined 

whether the neuronal nitric oxide synthase inhibitor, 7-nitroindazole, would have 

the same effects as CPP and MK801. 
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METHODS 

Animals and drugs 

Male CF-1 mice (Charles River Laboratories), weighing 28-32 g at the 

time of experimentation, were housed 5 per cage in a temperature (24 ± 1°C) 

and humidity (55-65%) controlled vivarium with a 12-hr light/dark cycle. Food 

and water were provided ad libitum. All animal use procedures were performed 

in accordance with the NIH Guide for the Care and Use of Laboratory Animals 

and were approved by the Institutional Laboratory Animal Care and Use 

Committee. D-amphetamine sulfate (Sigma Chemicals, St. Louis, MO), CPP 

( (±)3-(2-carboxypiperazine-4yl)-propyl-1-phosphonic acid-Research 

Biochemicals International, Natick, MA), MK-801 (dizocilpine maleate-Merck 

Sharp and Dahme Chemical Laboratories, Rahway, NJ), o-arginine HCI (Sigma), 

and L-arginine HCI (Sigma) were prepared in normal saline. R(-)-apomorphine 

HCI (Research Biochemicals International) was prepared in distilled water with 

0.1% ascorbic acid. 7-Nitroindazole (Research Biochemicals International) was 

prepared in dimethyl sulfoxide/propylene glycol/distilled water (1 :3:6). All drugs 

were prepared immediately prior to administration. Dosages were calculated as 

mg of amphetamine sulfate, apomorphine HCI, CPP, MK-801, 7-nitroindazole, �-

arginine HCI, or L-arginine HCI per kg of body weight in a volume of 0.1 ml/20 g 

body weight except for 7-nitroindazole which was administered at a fixed 

concentration of 2.5 mg/ml due to its poor solubility. Its volume was varied 
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to the dosage to be administered. All drugs were administered 

intraperitoneally (i.p.) except for apomorphine which was administered 

subcutaneously (s.c.). 

Evaluation of stereotyped behavior 

All animals were evaluated for stereotyped behavior after amphetamine, 

apomorphine, or vehicle pretreatment and after amphetamine or apomorphine 

challenge during the test phase. The individual who evaluated the behavior of 

the mice was unaware of which mice received amphetamine, apomorphine, or 

vehicle. As described previously, (Karler et al., 1990; Bedingfield et al., 1996), 

the stereotyped behavioral response of the CF-1 mouse is well-defined with the 

mouse remaining stationary and exhibiting rapid, repetitive head and/or fore-limb 

movements. This behavior corresponds to a score of 8 on a graded score of 9 in 

the behaviors described by Ellinwood and Balster (1974). After drug injection, 

mice were then placed one per cage (amphetamine) or three per cage 

(apomorphine) and were rated for their predominant behavior for 1 minute at 10 

minute intervals and were scored positive for stereotyped behavior when this 

behavior was exhibited for greater than 30 sec in a 1 min observation period. 

Group data are the percentage of mice rated as positive for stereotyped 

behavior. Mice were evaluated for stereotyped behavior from 10 - 90 min after 

amphetamine or 10 - 60 min after apomorphine administration. The value of the 

peak effect was used as the measure of the stereotyped behavioral response. 
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studies were conducted between 10.00 and 16.00 hours in a temperature (24 

± 1°C) and humidity (55-65%) controlled room. Animals were used in only one 

experiment. 

Design and procedures 

The effect of CPP, MK-801. or 7-nitroindazole on the expression of 

context-dependent sensitization (1 pretreatment) to amphetamine or 

apomorphine. Pre-exposure to single dose of amphetamine (14 mg/kg) or 

apomorphine (40 mg/kg) produces a sensitization that is context-dependent 

(Figures 4, 5, 10, 13, and 14). Using this procedure, mice were transported from 

the vivarium to the laboratory and were pretreated with vehicle, amphetamine (14 

mg/kg x 1), apomorphine (40 mg/kg x 1), and placed in the "test" cages (28 x 17 

x 11 cm with tan corncob bedding-Harlan Teklad, Madison, WI) for 120 min 

(amphetamine) or 90 min (apomorphine), while their behavior was evaluated. At 

the end of this period, they were returned to their home cages in the vivarium. A 

test for sensitization was performed 3 days later. Mice were injected with CPP, 

MK-801, 7-nitroindazole, or respective vehicle in their home cage. 30 min later, 

the animals were transported to the laboratory, administered the challenge dose 

of amphetamine (7 mg/kg) or apomorphine (3 mg/kg), placed in the test cages, 

and evaluated for stereotyped behavior. To verify that sensitization had 

developed when these drugs blocked the expression of sensitization, a second 

test was performed two days later (5 days after pretreatment). Animals were 
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to the laboratory, administered the challenge dose of amphetamine 

(7 mg/kg) or apomorphlile (3 mg/kg), placed in the test cages and evaluated for 

stereotyped behavior. This experiment was repeated with the order of testing 

reversed-verification of sensitization first followed by effect of NMDA receptor 

antagonist or 7-nitroindazole second-to be certain long-term effects did not affect 

the results. 

The effect of CPP. MK-801, or 7-nitroindazole on the expression of 

context-independent sensitization (3 pretreatments) to amphetamine or 

apomorphine. Pre-exposure to 3 doses of amphetamine (14 mg/kg daily x 3 

days) or apomorphine (40 mg/kg daily x 3 days) produces a sensitization that is 

context-independent (Figures 13, 14, 15 and 16). For these experiments, the 

procedure used was similar to that used for the context-dependent model 

experiments except that 3, instead of 1, amphetamine (14 mg/kg daily x 3 days), 

apomorphine (40 mg/kg daily x 3 days), or vehicle pretreatment injections were 

administered. The other difference was that during the pretreatment phase the 

mice were placed in "diff" cages that were larger in size (50 x 25 x 30 cm) than 

the test cages and contained black colored bedding (Cellu-Dri-Shepherd 

Specialty Papers, Kalamazoo, Ml) with a different texture than the tan corncob 

bedding of the test cages. 
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effect of o- or L-arginine plus 7-nitroindazole on the expression of 

context-dependent and context-independent sensitization induced by 

amphetamine or apomorphine. The pretreatment procedures were the same as 

described above. Three days after animals received their last pretreatment 

injection, mice were injected with either vehicle or 7-nitroindazole (25 mg/kg) and 

were placed in their home cage for 30 min before transport to the laboratory 

where all mice were challenged with amphetamine (7 mg/kg) or apomorphine (3 

mg/kg), placed in the test cage, and evaluated for stereotyped behavior. To 

verify that 7-nitroindazcle was working through depletion of nitric oxide, a second 

test was performed two days later (5 days after pretreatment). Mice were 

injected with o-arginine (500 mg/kg) and 7-nitroindazole (25 mg/kg) and were 

placed in their home cage for 30 min before transport to the laboratory where all 

mice were challenged with amphetamine (7 mg/kg) or apomorphine (3 mg/kg), 

placed in the test cage, and evaluated for stereotyped behavior. Two days later 

(7 days after pretreatment), an evaluation of stereochemical specificity of 

arginine was performed. Mice were injected with L-arginine (500 mg/kg) and 7-

nitroindazole (25 mg/kg) and placed in the home cage for 30 min before transport 

to the laboratory where all mice were challenged with amphetamine (7 mg/kg) or 

apomorphine (3 mg/kg), placed in the test cage, and evaluated for stereotyped 

behavior. 
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The percentage of mice in different experimental groups that exhibited 

stereotyped behavior was compared by Chi-square analysis. The Fisher Exact 

test was used whenever 20% of the expected values in a contingency table were 

less than 5. P < .05 was considered significant. 
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RESULTS 

The NMDA receptor antagonists, CPP (Figures 27 and 28) and MK-8O1 

(Figures 29 and 30), and the neuronal nitric oxide synthase inhibitor, 7-

nitroindazole (Figures 31 and 32), blocked the expression of context-dependent 

and context-independent sensitization induced by amphetamine and 

apomorphine. That is, mice that expressed sensitization induced by 

amphetamine or apomorphine on day 3 failed to express sensitization when 

challenged with CPP, MK-8O1, or 7-nitroindazole on day 5. This effect was 

reversible since mice challenged with CPP, MK-801, or 7-nitroindazole + 

amphetamine or apomorphine did not express sensitization on day 3, but did 

express sensitization when challenged with amphetamine or apomorphine on 

day 5. It is important to note that the antagonists prevented the expression of 

sensitization at doses that did not affect the acute stereotyped behavioral 

response to amphetamine (Table 11) or apomorphine (Table 12). These 

findings support our previous results, in the state-dependency experiments of 

Chapter 5, which showed that MK-8O1 blocks the expression of context

dependent sensitization induced by amphetamine (Figure 23) and apomorphine 

(Figure 24). 
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order to determine whether 7-nitroindazole exerted its effects through a 

decrease in available nitric oxide, we attempted to reverse the inhibition of the 

expression of sensitization, produced by 7-nitroindazole, with the active isomer of 

the nitric oxide synthase substrate, arginine. The data presented in figures 33 

and 34 shows that L-arginine, the isomer that is a substrate for nitric oxide 

synthase, reversed the effects of 7-nitroindazole while o-arginine, the inactive 

isomer, did not. These results demonstrate that excess L-arginine is able to 

competitively ~ntagonize the effects of 7-nitroindazole and is supportive evidence 

that the dose of 7-nitroindazole used in these studies inhibited nitric oxide 

synthase. Neither o- nor L-arginine significantly affected the stereotyped 

behavioral response to amphetamine or apomorphine (data not shown). 
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Figure 27. The effect of CPP on the expression of context-dependent and context"'.'independent sensitization induced by amphetamine (arnph). Mice were pretreated with vehicle or 14 mg/kg amph x 1 (in the test cage, context-dependent model) or with vehicle or 14 mg/kg amph daily x 3 days (in the diff cage, context-independent model). Three and 5 days later, mice were injected with CPP (20 mg/kg) or vehicle 30 min prior to administration of amph challenge (7 mg/kg) in the test cage and were evaluated for stereotyped behavior. Each bar represents a group of 15 mice. * Significantly different from vehicle control, as determined by Chi-square analysis (P < .05). 
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Figure 28. The effect of CPP on the expression of context-dependent and context-independent sensitization induced by apomorphine (apo). Mice were pretreated with vehicle or 40 mg/kg apo x 1 (in the test cage, context-dependent model) or with vehicle or 40 mg/kg apo daily x 3 days (in the diff cage, context-independent model). Three and 5 days later, mice were injected with CPP (20 mg/kg) or vehicle 30 min prior to administration of apo challenge (3 mg/kg) in the test cage and were evaluated for stereotyped behavior. Each bar represents a group of 15 mice. • Significantly different from vehicle control, as determined by Chi-square analysis (P < .05). 
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Figure 29. The effect of MK-801on the expression of context-dependent and context-independent sensitization 

induced by amphetamine (amph). Mice were pretreated with vehicle or 14 mg/kg amph x 1 (in the test cage, 

context-dependent model) or with vehicle or 14 mg/kg amph daily x 3 days (in the diff cage, context-independent 

model). Three and 5 days later, mice were injected with MK-801 (0.1 mg/kg) or vehicle 30 min prior to 

administration of amph challenge (7 mg/kg) in the test cage and were evaluated for stereotyped behavior. Each 

bar represents a group of 15 mice. * Significantly different from vehicle control, as determined by Chi-square 
analysis (P < .05). 
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Figure 30. The effect of MK-801on the expression of context-dependent and context-independent sensitization induced by apomorphine (apo). Mice were pretreated with vehicle or 40 mg/kg apo x 1 (in the test cage, context-dependent model) or with vehicle or 40 mg/kg apo daily x 3 days (in the diff cage, context-independent model). Three and 5 days later, mice were injected with MK-801 (0.25 mg/kg) or vehicle 30 min pri::>r to administration of apo challenge (3 mg/kg) in the test cage and were evaluated for stereotyped behavior. Each bar represents a group of 15 mice. * Significantly different from vehicle control, as determined by Chi-square analysis (P < .05). 

-lo. 

R
eproduced w

ith perm
ission of the copyright ow

ner. F
urther reproduction prohibited w

ithout perm
ission.



c.n c.n 

a,~ c--.;> 
·- as ~.c 
.C CD 
>C .0 
CD -g 
CD CD 
CJ a. ·-b Eo of 
~.! o en 

pretreatment drug: 
c:=i vehicle 
~ amph 14 mg/kg 

Cont.ext-dependent Model I Context-independent Mode 
(1 pretreatment) (3 pretreatments) 

100 1 group A I groupB 
• 

""' 

groupC 
• 

groupD 
• • 

80 -

60 -

40 

20 j ~ ,-ra,i I .-VAi r-

0 121a Du.I 121a Du.I 121a Du..l 
I IKt,I 

121a Du.I 
vehicle 7-NI 7-NI vehicle vehicle 7-NI 7-NI vehicle + + + + + + + + amph amph amph amph amph amph amph amph 

Figure 31. The effect of 7-nitroindazole (7-NI) on the expression of context-dependent and context-independent sensitization induced by amphetamine (amph). Mice were pretreated with vehicle or 14 mg/kg amph x 1 (in the test cage, context-dependent model) or with vehicle or 14 mg/kg amph daily x 3 days (in the diff cage, contextindependent model). Three and 5 days later, mice were injected with 7-NI (25 mg/kg) or vehicle 30 min prior to administration of amph challenge (7 mg/kg) in the test cage and were evaluated for stereotyped behavior. Each bar represents a group of 15 mice. * Significantly different from vehicle control, as determined by Chi-square analysis (P < .05). 
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Figure 32. The effect of 7-nitroindazole '(7-NI) on the expression of context-dependent and context-independent sensitization induced by apomorphine (apo). Mice were pretreated with vehicle or 40 mg/kg apo x 1 (in the test cage, context-dependent model) or with vehicle or 40 mg/kg apo daily x 3 days (in the diff cage, contextindependent model). Three and 5 days later, mice were injected with 7-NI (25 mg/kg) or vehicle 30 min prior to administration of apo challenge (3 mg/kg) in the test cage and were evaluated for stereotyped behavior. Each bar represents a group of 15 mice. *Significantly different from vehicle control, as determined by Chi-square analysis (P < .05). 
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Figure 33. The ability of L-arginine (L-ARG) to reverse the blockade produced by 7-nitroindazole (7-NI) on sensitization induced by amphetamine (amph). Mice were pretreated with vehicle or 14 mg/kg amph x 1 (in the test cage, context-dependent model) or with vehicle or 14 mg/kg amph daily x 3 days (in the diff cage, contextindependent model). 3, 5, and 7 days later, mice were injected simultaneously with either vehicle, o-arginine (0-ARG, 500 mg/kg) or L-ARG (500 mg/kg), and either vehicle or 7-Nl (25 mg/kg). 30 min later, all mice were challenged with amph (7 mg/kg) in the test cage and evaluated for stereotyped behavior. Each bar represents a group of 15 mice. * Significantly different from vehicle control. as detennined by Chi-square analysis (P < .05). 

-

R
eproduced w

ith perm
ission of the copyright ow

ner. F
urther reproduction prohibited w

ithout perm
ission.



U1 
00 

100 

... 
g> .2 80 
·- > 
:t= "' ~.c 

~.z 60 
4D "'0 
4D B. 
.2 ~ 40 Eo oe ~-a 20 

pretreatment arug: 
~vehicle 
-.a apo 40 mglkg 

Context-dependent Model \Context-independent Model 
1 pretreatment) (3 pretreatments 

• 
group A groupB 

• • 
• 

0 _._____,__ 

vehicle 0-ARG L-ARG 
• • • 

vlhlcle 7-NI 7-NI 
• • • 

•po •po apo 

vehicle D-ARG L-ARG 
• • • 

vehicle 7-NI 7-NI 
• • • 

apo apo apo 

Figure 34. The ability of L-arginine (L-ARG) to reverse the blockade produced by 7-nitroindazole (7-NI) on 
sensitization induced by apomorphine (apo). Mice were pretreated with vehicle or 40 mg/kg apo x 1 (in the test 
cage, context-dependent model) or with vehicle or 40 mg/kg apo daily x 3 days (in the diff cage, context
independent model). 3, 5, and 7 days later, mice were injected simultaneously with either vehicle, o-arginine (0-
ARG, 500 mg/kg) or L-ARG (500 mg/kg), and either vehicle or 7-NI (25 mg/kg). 30 min later, all mice were 
challenged with apo (3 mg/kg) in the test cage and evaluated for stereotyped behavior. Each bar represents a 
group of 15 mice. * Significantly different from vehicle control, as determined by Chi-square analysis (P < .05). 
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U1 
CD 

Pretreatment Cage ChallengefT est Cage Model Pretreatment Dosage Drug 
Schedule Type Size Shape Challenge Type Size Shape 

Context- 14 mg/kg Amph X 1 Test 28 X 17 X 11 
D Amph7 mg/kg Test 28 X 17 X 11 

D dependent or cm or cm 40 mg/kg Apo X 1 Apo 3 mg/kg 

Context- 14 mg/kg Amph daily x 3 days Diff 50 X 25 X 30 - Amph7 mg/kg Test 28 X 17 X 11 
D independent or cm or cm 40 mg/kg Apo daily x 3 days Apo 3 mg/kg 

Table 10. Models of sensitization induced by amphetamine (Amph) and apomorphine (Apo). Shapes with no fill correspond to cages with tan corncob bedding, while cages with fill correspond to cages with black Cellu-Dri bedding. 
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% of Mice Exhibiting 
Stereotyped Behavior 

Vehicle 83 (25/30) 

CPP 20 mg/kg 73 (22/30) 

Vehicle 95 (19/20) 

MK-801 0.1 mg/kg 100 (20/20) 

MK-801 0.25 mg/kg 40 (8/20)* 

Vehicle 86 (30/35) 

7-NI 25 mg/kg 80 (28/35) 

Table 11. The effect of CPP, MK-801, or 7-nitroi'lrlazole (7-NI) on the acute 
stereotyped behavioral response to 14 mg/kg amphetamine. 

*P < .05 compared to vehicle control, as determined by Chi-square analysis. 
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% of Mice Exhibiting 
Stereotyped Behavior 

Vehicle 93 (14/15) 

CPP 20 mg/kg 87 (13/15) 

Vehicle 87 (13/15) 

MK-801 0.25 mg/kg 80 (12/15) 

Vehicle 90 (27/30) 

7-NI 25 mg/kg 80 (24/30) 

Table 12. The effect of CPP, MK-801, or 7-nitroindazole (7-NI) on the acute 
stereotyped behavioral response to 40 mg/kg apomorphine. 
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DISCUSSION 

The most important finding was that antagonists of the NMDA glutamate 

receptor blocked the expression of both context-dependent and context

independent sensitization of amphetamine- and apomorphine-induced 

stereotyped behavior. Neuronal nitric oxide synthase inhibition similarly blocked 

the expression of sensitization. Thus, it is hypothesized that the effects of NMDA 

receptor activation in the expression of sensitization of stereotyped behavior 

were mediated through nitric oxide production. 

Both the competitive NMDA receptor antagonist, CPP, and the 

noncompetitive NMDA receptor antagonist, MK-801, blocked the expression of 

context-dependent and context-independent sensitization of amphetamine- and 

apomorphine-induced stereotyped behavior. It is important to note that both 

drugs blocked the expression of sensitization at doses that did not affect the 

acute stereotyped behavioral response to either amphetamine or apomorphine. 

Together, this suggests that glutamate transmission and subsequent NMDA 

receptor activation plays a critical role in the expression of sensitization. 

In other studies on the expression of sensitization of stereotyped behavior, 

NMDA receptor antagonists either failed to block or only blocked the expression 

of sensitization induced by cocaine (Karler and Calder, 1992; Karler et al., 1994a; 
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or amphetamine (Bedingfield et al., 1997; Karler et al., 1990; 1994a) at 

doses that also blocked the acute stereotyped behavioral response to each 

stimulant. In support of the present study, blockade of calcium influx, which 

would result from NMDA receptor activation, with calcium channel blockers were 

demonstrated by Karler and colleagues (1991 a) to block the expression of 

sensitization of amphetamine-induced stereotyped behavior at doses that did not 

attenuate the acute effects of amphetamine (Karler et al., 1991a). lntra

accumbens administration of CPP has been shown to block the expression of 

sensitization of conditioned locomotor activity (Bespalov and Zvartau, 1996). 

However, to our knowledge, no other studies have addressed whether NMDA 

receptor activation plays a role in the expression of either context-dependent or 

context-independent sensitization of stereotyped behavior or locomotor activity. 

While the present study demonstrates an essential role for NMDA receptor 

activation in the expression of sensitization of stereotyped behavior, it is unclear 

whether NMDA receptor activation plays a role in the expression of sensitization 

of locomotor activity. This is important since locomotor activity and stereotyped 

behavior are qualitatively different and have been attributed to the ability of 

psychostimulant drugs to increase dopamine transmission at different brain sites. 

Locomotor stimulatory effects of psychostimulant drugs are mediated by the 

mesolimbic dopamine system, while the stereotyped behavioral response 

appears to be mediated by the nigrostriatal dopamine system (Creese and 
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1974; Fibiger et al., 1973; 1977; Kelly et al., 1975; Kelly and Iversen, 

1976; Kelly and Roberts, 1983; Sharp et al., 1987; Ungerstedt, 1979). 

In studies on sensitization of locomotor activity, NMDA receptor 

antagonists prevented the expression of sensitization induced by amphetamine, 

methamphetamine, or morphine (Bespalov and Zvartau, 1996; Ohno et al., 1994; 

Spanagel et al., 1998). In addition, calcium influx, which occurs as a 

consequence to NMDA receptor activation, has been shown to play a critical role 

in the expression of sensitization of cocaine-induced locomotor activity (Pani et 

al., 1990; Pierce et al., 1998b). However, other studies which used comparable 

doses of NMDA receptor antagonists did not demonstrate a block in the 

expression of sensitization of amphetamine or morphine-induced locomotor 

activity (Jeziorski et al., 1994; Wolf et al., 1995). Since NMDA receptor 

antagonists by themselves stimulate locomotor activity, these conflicting studies 

may be a result of a complex interaction between NMDA receptor antagonist

and psychostimulant-induced locomotor activity. 

In addition to NMDA receptor activation, nitric oxide production appeared 

to play an essential role in the expression of sensitization of stereotyped behavior 

in the present study. This is supported by the fact that the relatively selective 

competitive inhibitor of neuronal nitric oxide synthase, 7-nitroindazole (Reinar 

and Zagvazdin, 1998), blocked the expression of sensitization induced by 
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and apomorphine. 7-nitroindazole did not appear to elicit its 

effects nonspecifically since the attenuation of the expression of sensitization 

produced by o-arginine + 7-nitroindazole was reversed with excess amounts of L

arginine. To our knowledge, no previol!s studies have demonstrated a role for 

nitric oxide production in the expression of sensitization of stereotyped behavior 

or even more specifically, in the expression of context-dependent and context

independent sensitization of either stereotyped behavior or locomotor activity. 

However, there is one study that implicated a role for nitric oxide in the 

expression of sensitization of locomotor activity. In this study, it was 

demonstrated that the nonselective inhibitor of nitric oxide synthase, L-NAME 

(Nco-nitro-L-arginine methyl ester) attenuated the expression of sensitization of 

methamphetamine-induced locomotor activity (Inoue et al., 1996). 

Nitric oxide production may mediate the effects of NMDA receptor 

activation in the expression of sensitization induced by psychostimulant drugs. 

Psychostimulant drugs produce dopaminergic stimulation, which, through a 

corticostriatal negative feedback loop, may result in enhanced striatal glutamate 

efflux (Carlsson and Carlsson, 1990; Pierce and Kalivas, 1997). Lesions of the 

dorsal prefrontal cortex have also implicated a role for glutamatergic efferents 

from the prefrontal cortex in the expression of sensitization (Pierce et al., 

1998a). Finally, this is supported by the fact that a mechanism involving striatal 

glutamate transmission, NMDA receptor activation, and Ca2
+ influx is thought to 
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striatal neuronal nitric oxide synthase resulting in the production of nitric 

oxide (Garthwaite, 1991; Snyder, 1992; Vincent and Kimura, 1992). 

Nitric oxide may influence the expression of sensitization through two 

main mechanisms. First, nitric oxide may act presynaptically to enhance striatal 

dopamine release (Hanbauer et al., 1992; Inoue et al., 1996; Lenart et al., 1993; 

Montague et al., 1994; Zhu and Luo, 1992;). This is interesting since the 

expression of sensitization may be related to enhanced presynaptic dopamine 

release (Kalivas and Duffy, 1988; Kalivas and Stewart, 1991; Robinson and 

Becker, 1986; Paulson and Robinson, 1995; Robinson et al., 1988). However, 

sensitization has also been reported in the absence of a concomitant increase in 

dopamine release (Kalivas and Duffy, 1993; Kolta et al., 1985; Segal and 

Kuczenski, 1992a; 1992b; Wolf et al., 1993). Alternatively or in addition, nitric 

oxide may act postsynaptically possibly through a mechanism involving the 

activation of soluble guanylate cyclase to influence the expression of 

sensitization (Bredt and Snyder, 1989; Garthwaite, 1991). In the present study, 

7-nitroindazole blocked the expression of sensitization induced by apomorphine, 

which acts postsynaptically to directly activate dopamine receptors, and 

amphetamine. Therefore, the results suggest that nitric oxide may be exerting its 

effects on the expression of sensitization postsynaptically possibly through a 

cGMP-dependent mechanism. This is interesting since several hypothesized 

mechanisms underlying the expression of sensitization involve a postsynaptic 
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1987; Henry et al., 1989; Henry and White, 1991; Huet 

al., 1992; Roseboom et al., 1990). 

Sensitization may be a valid model for studying drug craving. Both 

processes are associated with long-lasting changes in the mesolimbic and 

nigrostriatal dopamine system (Kalivas and Stewart, 1991; Robinson and Becker, 

1986; Robinson and Berridge, 1993; Segal and Mandell, 1977). In addition, the 

environmental cues associated with drug administration have been shown to play 

an important role in the expression of sensitization and drug craving (Childress et 

al., 1992; De Vries et al., 1998; Robinson and Berridge, 1993; Robinson et al., 

1998). Moreover, the findings in the present study are consistent with results 

from studies that used other models of drug craving. In these studies, NMDA 

receptor antagonists (Kim and Jang, 1997; Pulvirenti et al., 1992; 1997; Rassnick 

et al., 1992; Schenk et al., 1993; Shoaib et al., 1995; Spanagel and 

Zieglgansberger, 1997) and inhibitors of nitric oxide production (Calapai et al., 

1996; ltzhak et al., 1998; Kim and Park, 1995; Pulvirenti et al., 1997) were shown 

to attenuate conditioned place preference and self-administration of abused 

drugs. 
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summary, NMDA receptor activation and nitric oxide production appear 

to be critical for the expression of both the conditioned and unconditioned 

components of sensitization of amphetamine- and apomorphine-induced 

stereotyped behavior. The results further suggest that nitric oxide may mediate 

the effects of NMDA receptor activation in the expression of sensitization and 

that nitric oxide may act postsynaptically to permit the expression of sensitization. 

Since the effects of NMDA receptor antagonists and 7 -nitroindazole on the 

expression of sensitization were the same for amphetamine, which increases 

synaptic dopamine, and apomorphine, which directly activates dopamine 

receptors, the results also suggest that postsynaptic mechanisms are important 

in mediating both context-dependent and context-independent sensitization. 

Finally, since sensitization is related to drug addiction and drug craving, these 

observations suggest that NMDA receptor antagonists and inhibitors of nitric 

oxide production may be useful for treating the intense drug craving seen in 

addicts. 
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7 

CONCLUSIONS AND DISCUSSION 

(7 .1) The role of environmental context in the development and expression of 

sensitization induced by amphetamine and apomorphine may be similar. 

In our studies, sensitization of amphetamine- and apomorphine-induced 

stereotyped behavior was indistinguishable. Pre-exposure to a single high dose 

of either drug produced a long-lasting context-dependent sensitization that could 

be extinguished. The development and expression of context-dependent 

sensitization induced by either amphetamine or apomorphine was prevented with 

NMDA receptor antagonists. The expression, but not the development, of 

context-dependent sensitization induced by either drug was prevented with a 

neuronal nitric oxide synthase inhibitor. Repeated administration of either 

amphetamine or apomorphine overcame the context-dependent component of 

sensitization. This long-lasting context-independent sensitization induced by 

repeated administration of either drug could not be extinguished. Finally, the 
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but not the development, of context-independent sensitization 

induced by either amphetamine or apomorphine was prevented with NMDA 

receptor antagonists and a neuronal nitric oxide synthase inhibitor (for summary 

of our results, see Table 13). 

Studies on sensitization of apomorphine-induced locomotor activity agree 

with our findings that the development of sensitization induced by apomorphine 

can be prevented with NMDA receptor antagonists and that apomorphine can 

induce persistent sensitization that can be context-dependent (Druhan et al., 

1993; Mattingly and Gotsick, 1989; Mattingly et al., 1989; 1991; 1997). After a 

single pretreatment dose, sensitization of apomorphine-induced stereotyped 

behavior was observed only when the pretreatment and test environments were 

paired, further suggesting that sensitization induced by apomorphine after this 

pretreatment is context-dependent (Bedingfield et al., 1996; Castro et al., 1985; 

Kinon et al., 1984; Mattingly et al., 1989; Moller et al., 1987). The specific role of 

NMDA receptor activation or nitric oxide formation and environmental context in 

sensitization of apomorphine-induced stereotyped behavior or locomotor activity 

has not been previously studied. However, taken together, the above findings 

suggest that the role of environmental context in the development and 

expression of sensitization induced by amphetamine and apomorphine may be 

similar. 
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similar role of environmental context in sensitization induced by 

amphetamine and apomorphine may suggest that direct receptor mechanisms 

may be more important in mediating the development and expression of context

dependent and context-independent sensitization than indirect receptor 

mechanisms, such as enhanced dopamine release. This is based on the fact 

that apomorphine does not produce an increase in synaptic dopamine, like 

amphetamine does, but acts by directly activating D1/D2 receptors. However, the 

greater importance of postsynaptic mechanisms in sensitization is predicated on 

the assumption that sensitization induced by direct acting dopamine agonists is 

identical to that induced by indirect acting dopamine agonists. Although cross

senstization was demonstrated to occur between amphetamine and 

apomorphine, this was not persistent (Bedingfield et al., 1996). Indeed, 

sensitization induced by apomorphine and amphetamine may involve different 

neurobiological mechanisms. This is suggested from the observation that an 

AMPA receptor antagonist blocked both the development and expression of 

sensitization induced by amphetamine, but not by a D1/D2 receptor agonist 

Furthermore, a calcium channel blocker and a protein synthesis inhibitor blocked 

the expression of sensitization induced by amphetamine, but not apomorphine 

(Bedingfield et al., 1996). Therefore, it is unclear whether sensitization of 

amphetamine-induced stereotyped behavior is primarily a postsynaptic 

phenomenon. 
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.2) The role of environmental context in the development and expression of 

sensitization induced by amphetamine and cocaine may be different. 

While environmental context is important for sensitization induced by 

amphetamine and cocaine (Robinson et al., 1998), the role that environmental 

context plays in modulating sensitization induced by amphetamine and cocaine 

may be different (Pierce and Kalivas, 1997; Wolf, 1998). For example, pre

exposure to a single high dose of amphetamine or cocaine induces context

dependent sensitization (Chapters 2, 3, and 4; Jackson and Nutt, 1993; Post et 

al., 1981; 1987; Weiss et al., 1989), while pre-exposure to three high doses of 

amphetamine or cocaine induces context-independent sensitization (Chapter 4; 

Post et al., 1987). However, several important studies suggest that sensitization 

induced by amphetamine and cocaine may be different. For example, an AMPA 

receptor antagonist blocked the expression of sensitization induced by 

amphetamine (Karler et al., 1991 b ), but not the expression of sensitization 

induced by cocaine (Karler et al., 1994a), in experiments where the pretreatment 

and test environments were the same. According to these studies, glutamatergic 

transmission may play a greater role in sensitization induced by amphetamine 

than cocaine. 

However, several other studies suggest the opposite. Augmented 

glutamatergic transmission from the prefrontal cortex to the nigrostriatal and 
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systems seems to play a greater role in sensitization induced 

by cocaine than amphetamine (Pierce and Kalivas, 1997). Lesions of the 

prefrontal cortex prevent the expression of sensitization induced by cocaine 

(Pierce et al., 1998a), but not amphetamine (Li and Wolf, 1997; Wolf et al., 

1995). Consistent with these studies, increased extracellular glutamate in the 

nucleus accumbens was demonstrated in response to cocaine challenge in 

animals sensitized by cocaine pre-exposure (Pierce et al., 1996) but not to 

amphetamine challenge in animals sensitized by amphetamine pre-exposure 

(Xue et al., 1996). The ability of cocaine, but not amphetamine, to increase 

glutamatergic transmission from the prefrontal cortex may be a result of the 

ability of cocaine (Prasad et al., 1999; Sorg and Kalivas, 1993; Sorg et al., 1997), 

but not amphetamine (Hamamura and Fibiger, 1993), to decrease extracellular 

dopamine in the prefrontal cortex after repeated administration of cocaine or 

amphetamine. It is unclear whether the differences between sensitization 

induced by amphetamine and cocaine are due to cocaine's greater selectivity for 

the serotonin transporter as compared to amphetamine (Pierce and Kalivas, 

1997). However, since sensitization induced by cocaine may clearly involve 

different neurobiological mechanisms than sensitization induced by 

amphetamine, and possibly other psychostimulant drugs, it is imperative that 

comparisons among different studies on sensitization are qualified as to which 

psychostimulant drug was used to induce sensitization. 
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The role of environmental context in the development and expression of 

sensitization of stereotyped behavior and locomotor activity may be 

similar. 

(7.4) The relative importance of environmental context in sensitization may be 

determined by the degree of psychostimulant drug pre-exposure. 

Stereotyped behavior and locomotor activity are qualitatively different and 

have been attributed to the ability of psychostimulant drugs to increase dopamine 

transmission at different brain sites. The nigrostriatal dopamine system is 

important in mediating the stereotyped behavioral effects of psychostimulant 

drugs. The mesoaccumbens dopamine system is important in mediating the 

locomotor activating effects of psychostimulant drugs (Creese and Iversen, 1974; 

Fibiger et al., 1973; Kelly et al., 1975; 1977; Kelly and Iversen, 1976; Kelly and 

Roberts, 1983; Sharp et al., 1987; Ungerstedt, 1979). 

Despite these differences in neural substrates, both behaviors when 

induced by acute doses of psychostimulant drugs can be modulated by 

environmental context (Robinson et al., 1998). The physical characteristics of 

an environment can have a large effect on the behaviors expressed in response 

to a psychostimulant drug. In response to acute administration of 

psychostimulant drugs, small environments seem to favor expression of 
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behavior, while larger environments favor expression of locomotor 

activity (unpublished observations; Einat and Szechtman, 1993; Ellinwood and 

Kilbey, 1975; Willner et al., 1992). 

In addition, despite the differences in neural substrates, both behaviors 

when induced by sensitizing doses of psychostimulant drugs can be similarly 

modulated by environmental context. Sensitization of stereotyped behavior and 

locomotor activity can be entirely context-dependent under many paradigms 

(Ahmed et al., 1993; Anagnostaras and Robinson, 1996; Badiani et al., 1995a; 

1995b; 1997; Battisti et al., in press, a; in press, b; Cervo and Samanin, 1996; 

Drew and Glick, 1988; Elmer et al., 1996; Jackson and Nutt, 1993; Jodogne et 

al., 1994; Mattingly and Gotsick, 1989; Mazurski and Beninger, 1987; Pert et al., 

1990; Post et al., 1981; 1987; Reimer and Martin-Iverson, 1994; Stewart and 

Vezina, 1991 Weiss et al., 1989). In our studies, pre-exposure to a single high 

dose of amphetamine (Chapters 2 and 4) or apomorphine (Chapters 3 and 4) 

produced a long-lasting context-dependent sensitization of the stereotyped 

behavioral effects elicited by these drugs. Similarly, other studies have 

demonstrated a context-dependent sensitization of locomotor activity after pre

exposure to a single high dose of cocaine (Jackson and Nutt, 1993; Post et al., 

1981; 1987; Weiss et al., 1989). Furthermore, context-dependent sensitization of 

both stereotyped behavior and locomotor activity can be extinguished by 

repeatedly pairing saline injections with the test cage instead of drug injection 
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4; Hinson and Poulos, 1981; Stewart and Vezina, 1988; 1991; Tilson 

and Rech, 1973). In many of the studies that demonstrate context-dependent 

sensitization of the stereotyped behavioral or locomotor stimulant effects of 

psychostimulant drugs, the drug was administered once or only a few times using 

relatively low doses of drug (Ahmed et al., 1993; Battisti et al., in press, a; in 

press, b; Cerva and Samanin, 1996; Drew and Glick, 1988; Mazurski and 

Beninger, 1987; Stewart and Vezina, 1991 ). 

Consistent with the concept that one or a few doses of psychostimulant 

drug produce context-dependent sensitization, context-independent sensitization 

of stereotyped behavior and locomotor activity was demonstrated after pre

exposure to three high doses of amphetamine, apomorphine, or cocaine 

(Chapter 4; Post et al., 1987). In addition, in our studies, sensitization induced by 

pre-exposure to three high doses of amphetamine or apomorphine was context

independent and could not be extinguished after repeatedly pairing saline 

injections with the test cage instead of drug injection (Chapter 4). Indeed, 

sensitization of stereotyped behavior or locomotor activity that is independent of 

context seems to require larger amounts of drug administered repeatedly 

(Browman et al., 1998a; 1998b; Haracz et al., 1995; Pert et al., 1990; Robinson 

et al., 1998; Stewart and Druhan, 1993). Therefore, the relative importance of 

environmental context to sensitization seems to be related to the amount of 
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drug administered in both sensitization of stereotyped behavior 

and locomotor activity. 

In addition, both sensitization of stereotyped behavior and locomotor 

activity may be response-dependent. This refers to the fact that an alteration of 

the environmental context in which psychostimulant drugs are administered 

which results in inhibition of the acute stereotyped behavioral or locomotor 

response induced by psychostimulant drugs can prevent the development of 

sensitization of that response (Battisti et al., in press, a; Einat et al., 1996; 

Kuribara, 1996a; 1996b; 1997a; 1997b; 1998; Mattingly et al., 1997; Willner et 

al., 1992). Taken together, these findings suggest that similar neurobiological 

mechanisms may be involved in the role that environmental context plays in 

sensitization of stereotyped behavior and locomotor activity. 

However, several findings suggest that the development of sensitization of 

stereotyped behavior and locomotor activity may involve different neurobiological 

mechanisms. In our studies on the development of sensitization of stereotyped 

behavior, NMDA receptor antagonists blocked the development of context

dependent, but not context-independent, sensitization (Chapter 5). In studies, 

NMDA receptor antagonists prevented the development of context-dependent 

sensitization (Cervo and Samanin, 1996; Damianopoulos and Carey, 1995; 

Haracz et al., 1995; Stewart and Druhan, 1993; Wolf and Khansa, 1991) and 

177 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 



sensitization in rats (Haracz et al., 1995; Stewart and 

Druhan, 1993). 

This is interesting since both the nigrostriatal and mesoaccumbens 

dopamine systems exhibit similar electrophysiological and neurochemical 

changes during the development of sensitization. For example, somatodendritic 

dopamine autoreceptor subsensitivity occurs in the substantia nigra (Antelman 

and Chiodo, 1981; Kamata and Rebec, 1983) and in the ventral tegmentum and 

augmented dopamine release occurs in the striatum (Kolta et al., 1989; Robinson 

and Becker, 1982) and in the nucleus accumbens. Furthermore, both regions 

exhibit altered dopamine turnover during psychostimulant withdrawal (Paulson 

and Robinson, 1996; for review, see Wolf, 1998). 

The differential role of glutamate in the development of context-dependent 

and context-independent sensitization of stereotyped behavior and locomotor 

activity may be due to differential regulation of the nigrostriatal and 

mesoaccumbens dopamine system by excitatory amino acid neurons. 

Alternatively, however, the difference in the role that glutamate plays in the 

development of context-dependent and context-independent sensitization of 

stereotyped behavior and locomotor activity may also be the result of a species 

difference. This is supported by a study that demonstrated that ibotenic acid 

lesions of the prefrontal cortex in rats, which would presumably remove 
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input from the prefrontal cortex, selectively blocked amphetamine

induced sensitization of locomotor activity, but not sensitization of amphetamine

induced stereotyped behavior (Wolf et al., 1995). AMPA receptor antagonists in 

rats were also shown to block the development of sensitization of cocaine- and 

amphetamine-induced locomotor activity, while not affecting the development of 

sensitization of stereotyped behavior (Li et al., 1997). However, in studies 

performed in mice, rather than rats, AMPA receptor antagonists prevented the 

development of sensitization of cocaine- and amphetamine-induced stereotyped 

behavior (Karler et al., 1991 b; Karler et al., 1994a). 

It is unclear whether the expression of sensitization of stereotyped 

behavior and locomotor activity involves different neurobiological mechanisms, 

since studies on the role of glutamate in the expression of sensitization of either 

behavior have produced inconsistent results. In our studies on the expression of 

sensitization of stereotyped behavior, NMDA receptor antagonists and an 

inhibitor of neuronal nitric oxide synthase blocked the expression of context

dependent and context-independent sensitization (Chapter 6). In other studies 

on sensitization of stereotyped behavior, NMDA receptor antagonists either failed 

to block or only blocked the expression of sensitization induced by 

psychostimulant drugs at doses that also blocked the acute stereotyped 

behavioral response to each stimulant (Bedingfield et al., 1997; Karler and 

Calder, 1992; Karler et al., 1990; 1994a; 1994b). However, blockade of calcium 
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which would result from NMDA receptor activation, with calcium channel 

blockers was demonstrated by Karler and colleagues (1991a) to inhibit the 

expression of sensitization of amphetamine-induced stereotyped behavior at 

doses that did not attenuate the acute effects of amphetamine (Karler et al., 

1991a). 

In studies on the expression of sensitization of locomotor activity, NMDA 

receptor antagonists (Bespalov and Zvartau, 1996; Ohno et al., 1994; Spanagel 

et al., 1998) and an inhibitor of nitric oxide synthase (Inoue et al., 1996) 

prevented the expression of sensitization induced by psychostimulant drugs. 

Similarly, calcium influx, which occurs as a consequence of NMDA receptor 

activation, was shown to play a critical role in the expression of sensitization of 

psychostimulant-induced locomotor activity (Pani et al., 1990; Pierce et al., 

1998b). Nevertheless, other studies which used comparable doses of NMDA 

receptor antagonists failed to inhibit the expression of sensitization of 

amphetamine- or morphine-induced locomotor activity (Jeziorski et al., 1994; 

Wolf et al., 1995). 

Since NMDA receptor antagonists by themselves stimulate locomotor 

activity, these conflicting studies may be a result of a complex interaction 

between NMDA receptor antagonist- and psychostimulant-induced locomotor 

activity (Wolf, 1998). However, similar to its role in the development of 
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the differences in the role that glutamate plays in the expression of 

sensitization of stereotyped behavior and locomotor activity may also be due to 

differential regulation of the nigrostriatal and mesoaccumbens dopamine system 

by excitatory amino acid neurons. Also, contrasting results among studies on the 

expression of sensitization of stereotyped behavior and locomotor activity may be 

due to species differences or differences in the mechanisms of sensitization 

induced by amphetamine and cocaine. In studies performed in rats, AMPA 

receptor antagonists failed to significantly affect the expression of sensitization of 

cocaine- or amphetamine-induced locomotor activity (Li et al., 1997). In studies 

performed in mice, AMPA receptor antagonists prevented the expression of 

sensitization of amphetamine-induced stereotyped behavior (Karler et al., 

1991 b ), but not sensitization of cocaine-induced stereotyped behavior (Karler et 

al., 1994a). Nonetheless, it is possible that sensitization of stereotyped behavior 

may involve different neurobiological mechanisms than sensitization of locomotor 

activity. Thus, it is imperative that comparisons among different sensitization 

studies take into consideration the different behaviors that are being studied. 
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Environmental context may play a role in sensitization by affecting the 

response-dependent component of sensitization. 

In our studies, mice pretreated with amphetamine did not become 

sensitized if they did not express stereotyped behavior after the acute 

amphetamine (Chapter 2) or apomorphine (unpublished observations) 

pretreatment. This observation suggests that the expression of stereotyped 

behavior in response to the pretreatment dose of psychostimulant drugs may be 

important for both the development and expression of sensitization. This 

hypothesis is consistent with the results of studies on sensitization of locomotor 

activity. In these studies, it was found that rats, repeatedly administered direct

acting dopamine agonists but prevented from expressing the locomotor response 

induced by these drugs, did not become sensitized (Einat et al., 1996; Mattingly 

et al., 1997; Willner et al., 1992). Similarly, it has been reported that mice, which 

were repeatedly administered morphine, methamphetamine, or cocaine but 

placed in small cages that physically restricted their movements, did not become 

sensitized to the locomotor stimulant effects of these drugs (Kuribara 1996a; 

1996b; 1997a; 1997b; 1998). In addition, mice that received repeated injections 

of methamphetamine or cocaine and then placed in their home cage with ten 

other mice, showed only a partial sensitization (Kuribara 1996a; 1997a). Since 

under these latter conditions the mice exhibited fighting and vocalization, which 

interferee with locomotor activity, it was suggested that this interference with the 

182 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 



effects of these drugs was responsible for the inhibition of 

sensitization. Based on these observations, it appears that the environmental 

context in which psychostimulant drugs are administered can profoundly affect 

the initial expression of a drug-induced response and thereby influence the 

development and expression of sensitization of that response. 

The hypothesis that the initial expression of behavior is important for the 

development and expression of sensitization is not consistent with observations 

on the effect of 02 receptor antagonists on the development of sensitization in 

rats. It has been shown that 0 2 receptor antagonists, which block the acute 

expression of locomotor activity induced by amphetamine, apomorphine, or 

cocaine, do not prevent sensitization induced by these compounds after their 

repeated administration (Drew and Glick, 1990; Mattingly et al., 1994; Vezina and 

Stewart, 1989). Therefore, it appears that under some conditions, the expression 

of the behavior to be sensitized may not be necessary for the subsequent 

development and expression of sensitization. However, the effects of 02 receptor 

antagonists appear to be different in rat and mouse models. Thus, in mice like 

in rats, 0 2 receptor antagonists inhibit the acute expression of locomotor activity 

and stereotyped behavior induced by psychostimulant drugs. However, 02 

receptor antagonists administered concurrently with psychostimulant drugs to 

mice are able to inhibit sensitization of both the locomotor stimulant and the 

stereotyped behavioral effects of psychostimulant drugs (Bedingfield et al., 1996; 
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and Uchihashi, 1994). Thus, at least in mice, the effects of 02 receptor 

antagonists on sensitization are consistent with the hypothesis that the initial 

expression of a drug-induced response is necessary for the development and 

expression of sensitization of that response. 

This hypothesis may have implications for studying mechanisms of 

development of sensitization. For example, information on the neural 

mechanisms involved in the development of sensitization is frequently derived 

from the actions of drugs that inhibit both the acute response induced by 

psychostimulant drugs and the development of behavioral sensitization. In such 

experiments, the drug-induced attenuation of the development of sensitization 

may be due to the inhibition of the acute behavioral response induced by 

psychostimulant drugs rather than of neural mechanisms involved in the 

development of sensitization. 
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The component of environmental context involving environmental 

constancy or the pairing of pre-exposure and test environments may be 

important in the expression of sensitization, while the component of 

environmental context involving environmental novelty may be important 

in the development of sensitization. 

The major theme explored in this dissertation is that the circumstances 

surrounding drug administration or the environmental context in which 

amphetamine or apomorphine are administered modulate the ability of these 

drugs to develop or express sensitization. We did not directly test whether the 

environmental context modulated the development or expression of sensitization. 

The distinction between modulation of development versus expression of 

sensitization is an important one because there is considerable evidence to 

suggest that the neurobiological mechanisms involved in each process are quite 

different. Thus, the mechanisms by which the environmental context associated 

with amphetamine or apomorphine pre-exposure modulates these two processes 

may be different as well. 

Several studies demonstrating context-dependent sensitization have 

suggested that the environmental context in which psychostimulant drugs are 

administered modulate the development of sensitization. However, in these 

studies, the rate of development of sensitization (difference between the first and 
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pretreatment session) and extent of sensitization was not assessed (Einat 

and Szechtman, 1993; Ellinwood, 1971; Ellinwood and Kilbey, 1975; Hinson and 

Poulos, 1981; Hoffman and Wise, 1992; Mattingly and Gotsick, 1989; Mazurski 

and Beninger, 1987; Post et al., 1981; Schiff, 1982; Stewart and Vezina 1988; 

1991; Tilson and Rech, 1973; Weiss et al., 1989; Willner et al., 1992). Thus, 

these studies did not separate the influence of environmental context on the 

development of sensitization with its influence on the expression of sensitization. 

Since the influence of drug treatment and environment was only assessed on the 

test day, the effect of pairing or unpairing the drug pretreatment environment with 

the drug challenge environment may actually be an example of contextual control 

over the expression of sensitization. In these studies, sensitization was only 

demonstrated in groups that were pretreated and challenged in the same 

environment. This suggests that distinct pairing between a particular 

environment and drug administration may be important for the actual expression 

of sensitization. 

In our studies, animals pretreated with a single high dose of drug and 

placed in a "third world environment" or our diff cage (an environment that is 

distinct from both the home and test cage) and challenged with drug and placed 

in an unpaired environment (test cage), failed to express sensitization (Chapters 

2, 3, and 4). According to the above hypothesis that environmental constancy or 

the pairing of pre-exposure and test environments may be necessary for the 
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of sensitization, we would predict that animals pretreated with drug 

and placed in our diff cage and challenged with drug and placed in a paired 

environment (diff cage) would develop and express sensitization. This would 

indicate that these animals actually developed sensitization after pretreatment, 

but could only express sensitization when challenged with drug and placed in the 

same (paired) environment as that used during the pretreatment phase. 

The nature of the association between environmental cues and 

psychostimulant drugs is not clear. It is possible that this association involves 

Pavlovian conditioning (Hinson and Poulos, 1981; Moller et al., 1987; Pert et al., 

1990; Tilson and Rech, 1973). Thus, psychostimulant drugs could act as an 

unconditioned stimulus that elicits stereotyped behavior, the unconditioned 

response, while environmental cues paired with psychostimulant drugs could act 

as conditioned stimuli and elicit stereotyped behavior in the absence of 

psychostimulant drug. The sensitized response to the psychostimulant drug 

could then reflect the combined effect of the psychostimulant drug and the 

conditioned environmental stimuli. However, this hypothesis is not consistent 

with the observation in our studies that animals pretreated with amphetamine or 

apomorphine in the test environment did not exhibit stereotyped behavior when 

placed in the test environment after the subsequent administration of vehicle 

(instead of amphetamine or apomorphine, Chapters 2 and 3). Thus, the 

environmental stimuli paired with amphetamine or apomorphine did not elicit the 
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characteristic of amphetamine or apomorphine. It is possible, however, 

that both environmental cues as well as interoceptive cues produced by 

amphetamine or apomorphine are necessary to elicit conditioned stereotyped 

behavior (Pert et al., 1990). 

The mechanism by which the component of environmental context 

involving environmental constancy or the pairing of pretreatment and test 

environments may be important in the expression of sensitization is unknown. 

Since the neural substrates involved in the expression of sensitization of 

stereotyped behavior (striatum) and sensitization of locomotor activity (nucleus 

accumbens) are innervated by glutamatergic projections from the prefrontal 

cortex, hippocampus, and amygdala (Kalivas, 1993; Meredith et al., 1992; Oades 

and Halliday, 1987;), areas that participate in different aspects of learning and 

memory (Everitt et al., 1991; Granon et al., 1994; Reinado et al., 1994), we 

hypothesized a mechanism involving associative learning and glutamate 

transmission may be involved. However, in our studies, NMDA receptor 

antagonists prevented both the expression of context-dependent and context

independent sensitization (Chapter 6). This suggests that a different mechanism 

may be involved in the ability of environmental context to play a role in the 

expression of sensitization. One possibility may be differential AMPA glutamate 

receptor involvement in the expression of context-dependent and context

independent sensitization. The role of environmental context in the expression 
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sensitization is discussed in detail under conclusions 11-15. The role of 

associative learning is specifically discussed under conclusion 14. 

In contrast to the pairing of pretre&cment and test environments, 

environmental novelty has been shown to enhance the rate and extent of 

sensitization (Badiani et al.,1995a; 1995b; 1995c). Environmental novelty 

enhances the locomotor response to amphetamine progressively after each test 

session and produces a shift to the left of the dose-response curve for the 

magnitude of sensitization in response to amphetamine challenge. When 

environmental cues predictive of drug administration (experimenter presence, 

handling, and needle stick) were removed, the development of sensitization was 

further attenuated. In these experiments, animals that received signalled (by 

placement into a novel test cage) intravenous infusions of amphetamine showed 

a much greater rate in developing sensitization of locomotor activity than animals 

that received unsignalled (animals lived in the test cage) intravenous infusions of 

amphetamine (Crombag et al., 1996). After a withdrawal period, animals that 

received signalled amphetamine pretreatment expressed sensitization to 

amphetamine challenge, while animals that received unsignalled amphetamine 

pretreatment did not differ significantly from saline-pretreated controls (Crombag 

et al., 1996). Thus, it was concluded that environmental novelty modulates the 

induction or development of sensitization. If this hypothesis is true, then in our 

models of sensitization, it is predicted that animals pretreated with 
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drug and placed in a novel environment (test or diff cage) 

actually develop sensitization. However, these animals are only able to express 

sensitization when they are challenged with psychostimulant and placed in the 

same environment as the one they were placed in during the pretreatment 

phase. 

The mechanism by which the environmental novelty component of 

environmental context influences the development of sensitization is unknown. 

One possibility is that novelty helps to produce an initial enhanced behavioral 

response to a psychostimulant drug (Chapter 2; Badiani et al., 1995a; 1995b; 

1995c; Crombad et al., 1996; Jodogne et al., 1994). It has been demonstrated 

that sensitization can be response-dependent, where the initial expression of a 

drug-induced response may be necessary for sensitization of that response 

(Chapter 2: Einatetal., 1996; Kuribara 1996a; 1996b; 1997a; 1997b; 1998; 

Mattingly et al., 1997; Willner et al., 1992). Therefore, the ability of novelty to 

augment acute psychostimulant drug-induced behavior may be essential for the 

development of response-dependent sensitization. 

The mechanism by which environmental novelty potentiates the acute and 

sensitization response induced by psychostimulant drugs may be due to its 

stress-inducing properties. It is known that exposure to a novel environment is a 

potent stimulus for activating the hypothalamic-pituitary-adrenal (HPA)-axis, 
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neuroendocrine changes that are indicative of stress. Animals reliably 

exhibit elevated levels of corticosterone following their first exposure to a novel 

environment (Friedman and Ader, 1967). It has been further suggested that the 

development of sensitization is enhanced by stress-induced corticosterone 

secretions (Piazza and LeMoal, 1996) and cross-sensitization has been reported 

to develop between stress and psychostimulant drugs (Robinson, 1988). 

Whatever the contribution of a novel environment as a stressor, it appears, 

however, that stress-induced increase in plasma corticosterone may not be 

significant factor. It has been reported that adrenalectomy does not block the 

effect of environmental novelty on amphetamine sensitization (Badiani et al., 

1995c). Nevertheless, other stress-related hormones, such as corticotropin

releasing factor, could be involved independent of an action on the HPA axis 

(Cader et al., 1993). Finally, the ability of environmental novelty to facilitate 

amphetamine induction of calmodulin (Ostrander et al., 1998) or the immediate 

early gene, c-fos (Badiani et al., 1998) could also provide a mechanism by which 

the environmental context surrounding drug administration modulates the 

development of sensitization. 

Another possibility is that the environmental novelty component of 

environmental context plays an important role in the development of sensitization 

through a mechanism involving associative learning. Indeed, the neural 

substrates involved in the development of sensitization of stereotyped behavior 
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nigra) and sensitization of locomotor activity (ventral tegmentum) are 

innervated by glutamatergic projections from the prefrontal cortex and amygdala 

(Kalivas, 1993; Meredith et al., 1992; Oades and Halliday, 1987;), areas that 

participate in different aspects of learning and memory (Everitt et al., 1991; 

Granon et al., 1994; Reinado et al., 1994). There is general agreement that 

NMDA receptor antagonists prevent the development of sensitization when 

coadministered with psychostimulant drugs (Wolf, 1998). NMDA receptor 

antagonists have also been demonstrated to inhibit the development of context

dependent sensitization (Cervo and Samanin, 1996; Damianopoulos and Carey, 

1995; Haracz et al., 1995; Stewart and Druhan, 1993; Wolf and Khansa, 1991). 

In our studies, NMDA receptor antagonists blocked the development of context

dependent sensitization without significantly affecting the development of 

context-independent sensitization (Chapter 5). These studies suggest that 

environmental context plays a role in the development of sensitization possibly 

through a mechanism involving glutamate neurotransmission from cortical brain 

areas that are involved in associative learning. The relationship of environmental 

context and the development of sensitization is discussed in greater detail under 

conclusions 7-10. The role of associative learning in the development of 

sensitization is discussed under conclusion 9. 
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exclusive hypotheses that may account for the essential ro!e of 

glutamate in the development of context-dependent, but not context

independent, sensitization. 

(7.7) Glutamate does not appear to modulate the development of context 

dependent sensitization through a mechanism involving increased nitric 

oxide formation. 

The finding that NMDA receptor activation increases calcium influx which 

results in activation of the neuronal isoform of nitric oxide synthase (Garthwaite, 

1991; Snyder, 1992) suggests that calcium influx and nitric oxide may play a role 

in the development of sensitization. Consistent with this hypothesis, calcium 

channel blockers have been demonstrated to prevent the development of 

sensitization (Karler et al., 1991a), context-dependent sensitization, and 

conditioned locomotor activity (Reimer and Martin-Iverson, 1994; Dilullo and 

Martin-Iverson, 1992). Although calcium influx may play a role, our studies do 

not implicate a role for nitric oxide in the development of context-dependent 

sensitization (Chapter 5). 

In our studies, a neuronal nitric oxide synthase competitive inhibitor failed 

to attenuate the development of either context-dependent or context-independent 

sensitization (Chapter 5). In other studies, where nitric oxide synthase inhibitors 
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the development of sensitization, the acute effects of the 

psychostimulant where also blocked and the animals were not able to initially 

express the behavior that was assessed (Haracz et al., 1997; ltzhak, 1997; Kim 

and Park, 1995; Ohno and Watanabe, 1995; Pudiak and Bozarth, 1993). Since 

the initial expression of a drug-induced response may be necessary for the 

development of sensitization of that response (Chapter 2; Einat et al., 1996; 

Kuribara 1996a; 1996b; 1997a; 1997b; 1998; Mattingly et al., 1997; Willner et 

al., 1992), it is unclear whether the inhibition of sensitization development was 

due to the inhibition of nitric oxide production or the inhibition of the expression of 

the behavior to be sensitized. Moreover, other studies have shown that nitric 

oxide synthase inhibitors, at doses which do not affect the acute response to the 

psychostimulant, fail to prevent sensitization of amphetamine-induced locomotor 

activity (Abekawa et al., 1995; Inoue et al., 1996; Stewart et al., 1994). Thus, 

taken together, these studies suggest that nitric oxide is not a critical 

neuromodulator in the development of sensitization and therefore, glutamate 

does not appear to mediate the development of context-dependent sensitization 

through a mechanism involving nitric oxide. It is possible that other calcium

dependent processes may participate in the development of context-dependent 

sensitization in response to NMDA receptor activation. Some possibilities 

include calcium/calmodulin-dependent protein kinase, phospholipase C, protein 

kinase C, and phospholipase A2 activation (Trujillo and Akil, 1995). 
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Glutamate may modulate the development of context-dependent, but not 

context-independent sensitization, through a mechanism involving 

biochemical changes in dopaminerqic neurons. 

The ability of NMDA receptor antagonists to prevent the development of 

sensitization may be related to their ability to prevent the biochemical changes 

that occur during the development of sensitization. The following series of 

biochemical events are believed to occur in the substantia nigra and ventral 

tegmentum which mediate the development of sensitization of stereotyped 

behavior and locomotor activity, respectively: (1) somatodendritic dopamine 

release is augmented by psychostimulant drug administration; (2) dopamine 

stimulates D1 receptors which (3) stimulates glutamate release (Kalivas and 

Duffy, 1995) possibly from glutamatergic cortical projections (4) which, in turn, 

stimulates NMDA receptors on dopaminergic cell bodies and/or dendrites. This 

sequence of events is augmented by the fact that NMDA receptors may become 

more sensitive to glutamate (White et al., 1995) and repeated psychostimulant 

administration desensitizes 02 somatodendritic dopamine autoreceptors in the 

substantia nigra and ventral tegmentum (Ackerman and White, 1990; Antelrnan 

and Chiodo, 1981; Henry et al., 1989; Kamata and Rebec, 1983; 1984). This 

appears to result from a reduction in Gi protein coupling of the receptor to 

potassium channels (Nestler et al., 1990) rather than an alteration in receptor 

density (Peris et al., 1990). This effect would diminish the hyperpolarization of 
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cells which normally accompanies increased somatodendritic 

dopamine release (Grace, 1987; Lacey et al., 1987) and thereby would permit a 

further augmentation of dopamine release and presumably subsequent 

glutamate release. The increase in Ca2
• c~nductance accompanying NMDA 

receptor stimulation is voltage dependent (Monaghan et al., 1989) and 

decreased 02 receptor mediated membrane hyperpolarization would facilitate 

opening of this channel. 

The mechanism outlined above results in enhanced NMDA receptor 

activation and presumably increased intracellular concentrations of Ca2
• in 

dopaminergic cells. Beyond this point, the sequence of events is unclear as to 

how changes in cell function are brought about which initiate behavioral 

sensitization and establish its enduring expression. Since sensitization is a 

persistent event, it seems likely that sensitization may involve changes in gene 

expression. While the precise sequence of events remains to be elucidated, 

alterations in protein phosphorylation and protein synthesis may be important 

since systemic or intra-ventral tegmental administration of protein kinase 

inhibitors or protein synthesis inhibitors prevent the development of sensitization 

(Kalivas, 1994; Karler et al., 1993). Indeed reduced Gi and Go (Nestler et al., 

1990), increased neurofilament (Beitner-Johnson et al., 1992; Nestler, 1992), and 

increased tyrosine hydroxylase protein content (Sorg et al., 1993) in the ventral 

tegmentum have been correlated with sensitization. In addition, an increase in 
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for the dopamine transporter has been identified (Xia et al., 1992). The 

net biochemical effect appears to be an increase in dopaminergic cell firing rate 

in the substantia nigra for sensitization of stereotyped behavior and an increase 

in dopaminergic cell firing rate in the ventral tegmentum for sensitization of 

locomotor activity and increased dopamine transmission in the striatum and 

nucleus accumbens, respectively (Kalivas and Stewart, 1991; Kalivas, 1993; 

Pierce and Kalivas, 1997; Wolf, 1998). 

Consistent with a role for glutamate in this scheme, systemic or intra

ventral tegmental administration of NMDA receptor antagonists prevent the 

development of behavioral sensitization (Chapter 5; Wolf, 1998) and many of the 

biochemical changes that occur during the development of sensitization, such 

dopamine autoreceptor subsensitivity (Berhow et al., 1996a; 1996b; Gnegy et al., 

1996; Jake-Mathews et al., 1997; Masserano et al., 1996; Wolf et al., 1994; 

Zhang and Angulu 1996). In our studies, systemic NMDA receptor antagonists 

may have prevented the development of sensitization by interfering with the 

response to enhanced glutamate efflux that occurs as a result of D1 receptor 

stimulation by dopamine in the development of sensitization (Kalivas and Duffy, 

1995). In addition, NMDA receptor activation may function to excite inhibitory 

GABAergic interneurons and thus inhibit dopaminergic neurons. NMDA receptor 

antagonists may function to inhibit these interneurons and as a result may 

disinhibit dopaminergic neurons and thus oppose dopamine autoreceptor 
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of dopaminergic cell activity (Zhang et al., 1993). By preventing 

autoreceptor suppression of dopaminergic cell activity, NMDA receptor 

antagonists may prevent the development of dopamine autoreceptor 

subsensitivity and thus prevent the development of sensitization. 

As mentioned earlier, increased tyrosine hydroxylase in the ventral 

tegmentum is associated with the development of sensitization (Nestler, 1994; 

1997; Self and Nestler, 1995). NMDA receptor antagonists have been shown to 

prevent psychostimulant-induced increases tyrosine hydroxylase activity and 

mRNA levels (Masserano et al., 1996; Zhang and Angulo, 1996), calmodulin 

(Gnegy et al., 1996), and extracellular regulated kinases-which are important 

components of the neurotrophin signal transduction cascade. However, the 

ability of NMDA receptor antagonists to prevent all of these biochemical changes 

may be explained by their ability to prevent earlier events such as the effects of 

the enhanced glutamate efflux that occurs as a result of 01 receptor stimulation 

by dopamine and dopamine autoreceptor subsensitivity that trigger these and 

other neuroadaptations. 

Although glutamate is generally considered to be critical for the 

development of sensitization, it is unclear how glutamate can have a preferential 

role in the development of context-dependent sensitization versus context

independent sensitization through a mechanism involving psychostimulant-

198 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 



biochemical changes in dopaminergic neurons. The biochemical 

changes involving glutamate that occur within the substantia nigra and ventral 

tegmentum have not been associated with the development of a specific type of 

sensitization as it relates to the importance of environmental context. However, 

this does not exclude the possibility that some of the biochemical changes 

involving dopamine that occur in the development stage of sensitization occur 

differently in context-dependent and context-independent sensitization. For 

example, our context-independent sensitization paradigm utilized daily 

pretreatments of amphetamine and apomorphine for three days to develop 

sensitization as compared to our context-dependent sensitization paradigm, 

which utilized only one pretreatment. It is possible that the prolonged amount of 

dopamine that is released or the prolonged amount of 0 1 receptors that are 

stimulated resulted in prolonged glutamate efflux. The effects of this prolonged 

glutamate efflux on NMDA receptors should have been blocked-whenever an 

NMDA receptor antagonist was administered. Thus, changes that may be less 

related to glutamate, but more related to dopamine (such as enhanced 

somatodendritic dopamine autoreceptor subsensitivity), may occur that allow for 

context-independent sensitization to be developed in the presence of NMDA 

receptor antagonists. 

Drug effects in the substantia nigra and ventral tegmentum initiate 

sensitization. Yet, striatal and accumbal immediate early gene expression may 
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relevant to the development of sensitization. Psychostimulant drugs not only 

can influence the activity of dopaminergic cells projecting to the striatum and 

nucleus accumbens, leading to increased dopamine release, but they can also 

initiate the induction of immediate early genes in the striatum and nucleus 

accumbens. This can ultimately to lead to other changes in gene expression, 

which may modify the responsiveness of nigrostriatal and mesoaccumbens 

dopamine systems to psychostimulant drug challenge allowing for the expression 

of sensitization. 

Acute administration of psychostimulant drugs can induce protein kinase A 

activity and induce expression of cAMP response element binding protein 

(CREB). CREB acting as a transcription factor can influence the rapid, transient 

induction of various immediate early genes of the activating protein-1 family (AP-

1, c-fos, c-jun, jun, junB). The products of these immediate early genes can 

dimerize to form "acute" AP-1 complexes (Fos + Jun) which interact with AP-1 

sites in the promoter regions of target genes to alter their rate of transcription and 

may mediate some of the rapid stimulatory effects of psychostimulant drugs. 

Chronic, sensitizing administrations of psychostimulant drugs appears to result in 

the persistent induction of novel chronic Fos related antigens (8FosB) that 

accumulate because of their long half-lives. It is hypothesized that chronic Fos 

related antigens contribute to the formation of different "chronic" AP-1 complexes 

(8FosB + Jun) that interact with target genes in a qualitatively different manner 
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the AP-1 complexes formed in response to acute psychostimulant drug 

administration. Acute and chronic increases in CREB phosphorylation and 

immediate early gene expression requires 0 1 receptor activation. However, there 

are numerous conflicting studies on whether induction of these immediate early 

genes require NMDA receptor activation. Moreover, intra-striatal or intra

accumbal administration of NMDA receptor antagonists do not block the 

development of sensitization (Kalivas and Stewart, 1991; Wolf, 1998). As a 

result, it is doubtful that NMDA receptor antagonists prevent the development of 

sensitization by preventing changes in gene expression in the striatum or nucleus 

accumbens (Hyman and Nestler, 1996; Koob and Nestler, 1997; Nestler, 1994; 

Nestler and Aghajanian, 1997; Self and Nestler, 1995). 
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9) Glutamate may modulate the development of context-dependent, but not 

context-independent, sensitization through a mechanism involving 

increased excitatory drive to dopaminergic neurons. 

Increased excitatory drive from brain regions involved in associative 

learning may lead to increased NMDA receptor activation and subsequent 

development of context-dependent sensitization. Consistent with this hypothesis, 

NMDA receptors mediate primarily burst firing patterns in dopaminergic cells. 

These firing patterns are often associated with increased excitatory drive (Grace 

and Bunney, 1984; Mereu et al., 1991; Wolf, 1998). It is unlikely that a 

mechanism involving a nonspecific reduction in glutamatergic tone, rather than 

decreased burst firing, or excitatory drive occurred in our studies. Also, since 

NMDA receptor antagonists prevented the development of context-dependent, 

but not context-independent, sensitization (Chapter 5), it is unclear how context

dependent sensitization might differ from context-independent sensitization in 

terms of excitatory tone in order to explain the differential blockade of the 

development of sensitization by NMDA receptor antagonists. 

Several studies suggest that the development of context-dependent 

sensitization may be modulated through a mechanism involving increased 

excitatory drive to dopaminergic neurons. Psychostimulant drugs produce 

dopaminergic stimulation, which through a corticostriatal or corticoaccumbens 
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feedback loop, may result in enhanced striatal or ventral tegmental 

glutamate efflux (Banks and Gratton, 1995; Carlsson and Carlsson, 1990; Pierce 

and Kalivas, 1997). Lesions of the prefrontal cortex (Wolf et al., 1995), 

paraventricular nucleus (Young and Deutch, 1998), amygdala (Post et al., 1988; 

1992), and fimbria-fornix (Yoshikawa et al., 1991; 1993; but see Browman et al., 

1996), and systemic or intra-VTA injections of NMDA receptor antagonists (Wolf, 

1998) have also implicated a role for glutamatergic efferents from the prefrontal 

cortex, paraventricular nucleus of the thalamus, and the amygdala in the 

development of sensitization. In addition, since repeated electrical stimulation of 

the ventral tegmentum (Wolf, 1998), electrical kindling of the prefrontal cortex 

(Schenk and Snow, 1994), and disinhibition of ventral tegmental cells by 

uncoupling inhibitory dopamine receptors from associated G proteins with 

pertussis toxin (Steketee and Kalivas, 1991) results in the development of 

sensitization, increased excitatory drive to dopaminergic cell bodies may 

contribute to the development of sensitization (Wolf, 1998). 

This is further supported by the fact that electrical stimulation of the medial 

prefrontal cortex and local medial prefrontal application of glutamate increases 

burst firing of the ventral tegmentum (Gariano and Groves, 1988; Murase et al., 

1993). Furthermore, inactivation of excitatory amino acid projections from the 

prefrontal cortex through local cooling (Svensson and Tung, 1989) or application 

of lidocaine (Murase et al., 1993) decreases burst firing from the ventral 
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Therefore, psychostimulant drugs may produce increased excitatory 

drive to substantia nigra or ventral tegmental dopaminergic cells resulting in 

increased substantial nigral or ventral tegmental glutamate efflux (Kalivas and 

Duffy, 1995; Xue et al., 1996). 

Specifically, increased excitatory drive from the amygdala may lead to 

increased NMDA receptor activation and subsequent development of context

dependent sensitization. This is supported by the fact that the amygdala has 

been shown to play a preferential role in the development of context-dependent, 

but not context-independent sensitization (Post et al., 1988; 1992). Our finding 

that NMDA receptor antagonists blocked only the development of context

dependent sensitization of stereotyped behavior may suggest that NMDA 

receptor antagonists exert their effects by blocking glutamatergic transmission 

from neurons projecting from the amygdala to dopaminergic cell bodies in the 

substantia nigra (Chapter 5). 
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10) Glutamate does not appear to modulate the development of context 

dependent sensitization through a mechanism involving neurotoxicity. 

Low or moderate doses of amphetamine used to elicit sensitization do not 

produce extensive dopamine depletion indicative of amphetamine-induced 

neurotoxicity. However, large doses, such as those employed in our studies, 

may produce a sustained increased in extracellular glutamate and subsequent 

neurotoxicity (Robinson and Becker, 1986; Wolf, 1998). But in our studies, 

repeated administration of high doses of amphetamine, which should produce 

even more sustained increases in extracellular glutamate and even greater 

neurotoxicity, produced a context-independent sensitization that was not blocked 

by NMDA receptor antagonists (Chapter 5). In addition, in our studies, glutamate 

has been implicated in the development of context-dependent sensitization 

induced by apomorphine as well as sensitization induced by amphetamine 

(Chapter 5). Since apomorphine fails to produce significant neurotoxicity, 

together these results suggest that neurotoxicity is not a mechanism through 

which glutamate mediates the development of context-dependent sensitization in 

our paradigms. 
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exclusive hypotheses that may account for the role of glutamate 

and nitric oxide in the expression of context-dependent and context-independent 

sensitization. 

(7.11) Glutamate may modulate the expression of context-dependent and 

context-independent sensitization through a mechanism involving 

increased nitric oxide formation. 

A mechanism involving striatal and accumbal glutamate transmission, 

NMDA receptor activation, Ca2
+ influx, and calcium/calmodulin-dependent protein 

kinase activation is thought to activate striatal and accumbal neuronal nitric oxide 

synthase. This would result in the formation of nitric oxide from the conversion of 

L-arginine to L-citrulline (Garthwaite, 1991; Snyder, 1992; Vincent and Kimura, 

1992). In our studies on sensitization of stereotyped behavior (Chapter 6) and in 

one study on sensitization of locomotor activity (Inoue et al., 1996), neuronal 

nitric oxide synthase inhibition blocked the expression of sensitization similar to 

NMDA receptor antagonists. This suggests that the effects of NMDA receptor 

activation in the expression of sensitization may be mediated through nitric oxide 

formation. 

206 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 



.12) Glutamate and/or nitric oxide may modulate the expression of context

dependent and context-independent sensitization through a mechanism 

involving augmented dopamine release from presynaptic dopaminergic 

nerve terminals. 

The expression of behavioral sensitization to psychostimulant drugs is 

generally reported to be associated with enhanced dopamine transmission in the 

striatum and nucleus accumbens in response to psychostimulant drug challenge 

(Pierce and Kalivas, 1997; Wolf, 1998). This effect is most pronounced following 

a one week withdrawal period and may persist for weeks (Kalivas and Duffy, 

1988; Kalivas and Stewart, 1991; Kolta et al., 1985; Robinson and Becker, 1986; 

Paulson and Robinson, 1995; Robinson et al., 1988). The functional significance 

of the enhanced release has not been determined directly and some studies did 

not find an augmentation within the first 48 hours of withdrawal in either 

accumbal or striatal dopamine release associated with the expression of 

behavioral sensitization (Kalivas and Duffy, 1993; Segal and Kuczenski, 1992a; 

1992b; Wolf et al., 1993). However, the dopamine transporter may be 

functionally up-regulated during early withdrawal. This may explain the apparent 

lack of augmentation in dopamine release measured during early withdrawal 

times. In contrast, selective reductions in dopamine transporter density in the 

shell of the nucleus accumbens after a week or more of withdrawal may 
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to the sensitized release of dopamine in the shell compared to the 

core of the nucleus accumbens (Pierce and Kalivas, 1997). 

The increased releasability of dopamine in the nucleus accumbens and 

possibly the striatum is calcium-dependent and relies upon activation of calcium

dependent proteins, such as calmodulin and calcium-calmodulin kinase II (Pierce 

and Kalivas, 1997). A role for calcium conductance in the expression of 

sensitization has also been indicated by the fact that calcium channel blockers 

prevented the expression of sensitization induced by amphetamine and cocaine 

(Karler et al., 1991a; Reimer and Martin-Iverson, 1994). Thus, it is possible that 

NMDA receptor antagonists prevent the expression of sensitization by inhibiting 

the calcium influx needed for increased releasability of dopamine. 

This is further supported by anatomical studies, which demonstrate that 

gluatamatergic afferents from the prefrontal cortex, hippocampus, dorsolateral 

amygdala, and paraventricular thalamic nucleus form synaptic contacts on the 

same spiny cells in the striatum and nucleus accumbens as do dopamine axon 

terminals. Also, other studies suggest that a complex interplay between 

dopamine and glutamatergic transmission occurs in the nucleus accumbens and 

possibly the striatum. Electrophysiological studies demonstrate that glutamate 

promotes the release of dopamine in the nucleus accumbens (Cheramy et al., 

1986; Galli et al., 1991; Imperato et al., 1990). Furthermore, systemic or intra-
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administration of excitatory amino acid receptor antagonists have been 

shown to inhibit the acute motor stimulant effects of psychostimulant drugs 

(Freed, 1994; Pulvirenti et al., 1989). Electrophysiological studies also 

demonstrate that dopamine enhances glutamate release from hippocampal and 

amygdalal projections to the nucleus accumbens (Pierce and Kalivas, 1997; 

Wolf, 1998). lntra-accumbal administration of dopamine receptor antagonists 

has been shown to inhibit the acute motor stimulant effects of intra-accumbal 

injections of glutamatergic agonists (Boldry et al., 1991). Consistent with an 

essential role for glutamatergic transmission in the expression of sensitization, 

sensitization induced by cocaine, but not amphetamine, is associated with an 

increase in extracellular glutamate in the core of the nucleus accumbens. It is 

possible that this increase in extracellular glutamate contributes to the increase in 

extracellular dopamine associated with the expression of sensitization, since 

stimulation of glutamate receptors promotes dopamine release (Moghaddam and 

Gruen, 1985; but see, Pierce et al., 1996). In addition, nitric oxide has been 

demonstrated to enhance presynaptic striatal dopamine release (Hanbauer et al., 

1992; Inoue et al., 1996; Lenart et al., 1993; Montague et al., 1994; Zhu and Luo, 

1992). Taken together, these results suggest that a mechanism involving 

presynaptic dopamine release may explain the role that glutamate and/or nitric 

oxide play in the expression of sensitization. 
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.13) Glutamate and/or nitric oxide may modulate the expression of context

dependent and context-independent sensitization through a postsynaptic 

mechanism. 

While it is widely believed that sensitization is not associated with an up

regulation of postsynaptic dopamine receptors or change in dopamine receptor 

density (Kalivas and Stewart, 1991; Pierce and Kalivas, 1997; Robinson and 

Becker, 1986), this does not rule out the possibility that other postsynaptic 

mechanisms may be involved in the expression of sensitization. Indeed, 

changes in dopamine transmission in the striatum and nucleus accumbens are 

not confined to presynaptic terminals. Electrophysiological studies have 

consistently shown that enhanced and persistent 01 receptor sensitivity occurs in 

the nucleus accumbens (Henry et al., 1989; Henry and White, 1991; Higashi et 

al., 1989; White et al., 1995). However, the behavioral significance of the 

electrophysiological changes has not been determined. The behavioral response 

to intra-accumbal administration of 01 agonists is not altered in animals 

repeatedly pretreated with psychostimulant drugs. However, intra-accumbal 

administration of psychostimulant drugs and 01 receptor agonists can elicit a 

sensitized behavioral response (Pierce and Kalivas, 1996; Vezina, 1996). In 

addition, pretreatment with intra-accumbal administration of 01 receptor 

antagonists prevents the expression of sensitization induced by psychostimulant 

drugs. Thus, 01 receptor mediated stimulation in the nucleus accumbens may be 
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for the expression of behavioral sensitization. However, while 

enhanced 0 1 receptor sensitivity may contribute to the expression of behavioral 

sensitization, the stimulation of these receptors alone does not appear to be 

sufficient in expressing behavioral sensitization. 

Since dopamine receptor density is not altered, changes in dopamine 

receptor transduction mechanisms may mediate the enhanced 01 receptor 

sensitivity associated with the expression of sensitization. Sensitization to 

psychostimulant drugs is associated with a temporary increase in basal and D1 

receptor-stimulated adenylate cyclase activity, persistent reductions in Gi content, 

and persistent increases in protein kinase A activity. As mentioned earlier in this 

discussion, the adenylate cyclase / protein kinase A second messenger system 

regulates the activity of several immediate early genes, such as c-fos, via cAMP 

response element binding protein (CREB). By indirectly stimulating 01 receptors 

psychostimulant drugs transiently increase the expression of c-fos in the striatum 

and nucleus accumbens. While the relationship between CREB phosphorylation 

and the induction of c-fos in sensitization is unclear, there is an induction of 

certain Fos related antigens, which persists and may better correlate CREB 

activity with the induction of immediate early genes in the expression of 

sensitization. Through a mechanism independent of CREB and immediate early 

gene induction, but a mechanism that is D1 receptor mediated, sensitizing 

regimens of psychostimulant drugs have produced long-lasting increases in 
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and dynorphin content. However, dynorphin transmission was 

shown to inhibit the expression of behavioral sensitization. There are numerous 

conflicting studies on whether induction of these immediate early genes require 

NMDA receptor activation. As a result, it is unclear as to whether NMDA 

receptor antagonists prevent the expression of sensitization by preventing the 

above changes in gene expression in the striatum or nucleus accumbens 

(Hyman and Nestler, 1996; Koob and Nestler, 1997; Nestler, 1994; Nestler and 

Aghajanian, 1997; Pierce and Kalivas, 1997; Self and Nestler, 1995; Wolf, 1998). 

Other changes in gene expression associated with the expression of 

sensitization may occur. Decreased electrophysiological responsiveness to 

glutamate was reported to occur in the nucleus accumbens of sensitized animals 

(White et al., 1995) and a reduction in AMPA receptor subunit mRNA, GluR1 and 

GluR2, in the nucleus accumbens has been reported (Lu et al., 1997). These 

studies suggest that AMPA receptors are less important in the expression of 

sensitization. However, behavioral studies suggest that AMPA receptors may be 

involved in the expression of sensitization. AMPA agonists were demonstrated 

to produce cross-sensitization with cocaine in cocaine-sensitized animals (Bell 

and Kalivas, 1996; Pierce et al., 1996). Moreover, AMPA receptor antagonists 

were shown to prevent the expression of sensitization of amphetamine-induced 

stereotyped behavior in mice (Karler et al., 1991b). On the other hand, there are 

conflicting results among behavioral studies on the role of AMPA receptors in the 
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of sensitization. This may be due to species differences, differences 

between sensitization induced by amphetamine or cocaine, differences between 

sensitization of stereotyped behavior or locomotor activity, or due to differences 

in high local concentrations of antagonists associated with intra-brain 

administration that can produce nonspecific effects versus systemic 

administration. In other studies performed in mice, AMPA receptor antagonists 

failed to prevent the expression of sensitization of cocaine-induced stereotyped 

behavior (Karler et al., 1994a). In studies performed in rats, intra-accumbal 

(Pierce et al., 1996), but not systemic (Li et al., 1997) administration of AMPA 

receptor antagonists blocked the expression of sensitization of cocaine- or 

amphetamine-induced locomotor activity. Regardless of the possibility that 

AMPA receptors may play a permissive role in the expression of sensitization, it 

is unclear how NMDA receptor antagonists could prevent the expression of 

sensitization by interfering with either changes in AMPA receptor gene 

expression or AMPA receptor stimulation. 

Nitric oxide may act postsynaptically possibly through a mechanism 

involving the activation of soluble guanylate cyclase to influence the expression 

of sensitization (Bredt and Snyder, 1989; Garthwaite, 1991). In our studies, 7-

nitroindazole blocked the expression of sensitization induced by apomorphine, 

which acts postsynaptically to directly activate dopamine receptors, and 

sensitization induced by amphetamine (Chapter 6). Therefore, this suggests that 
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oxide may be exerting its effects on the expression of sensitization 

postsynaptically possibly through a cGMP-dependent mechanism. This is 

interesting since several hypothesized mechanisms underlying the expression of 

sensitization may involve a postsynaptic alteration of second messenger systems 

(Barnett et al., 1987; Henry et al., 1989; Henry and White, 1991; Hu et al., 1992; 

Roseboom et al., 1990). However, these changes are believed to involve the 

cAMP second messenger system (Hyman and Nestler, 1996; Koob and Nestler, 

1997; Nestler, 1994; Nestler and Aghajanian, 1997; Pierce and Kalivas, 1997; 

Self and Nestler, 1995; Wolf, 1998). It is unknown whether alterations in the 

cGMP second messenger system can influence the cAMP second messenger 

system. Thus, nitric oxide may exert its effects postsynaptically to influence the 

expression of sensitization, but it is unclear whether nitric oxide is able to directly 

influence the enhanced 01 receptor sensitivity associated with up-regulation of 

the cAMP second messenger system and the expression of sensitization. 
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Glutamate and/or nitric oxide may modulate the expression of context

dependent and context-independent sensitization through a rr.achanism 

involving increased excitatory drive to dopaminergic neurons. 

As mentioned previously, the striatum and the nucleus accumbens receive 

glutamatergic projections from the prefrontal cortex, hippocampus, dorsolateral 

amygdala, and paraventricular thalamic nucleus. Excitotoxic lesions of the of the 

ventral prefrontal cortex, hippocampal afferents, amygdala, and paraventricular 

thalamic nucleus failed to affect the expression of sensitization of amphetamine-, 

methamphetamine-, or cocaine-induced locomotor activity (Browman et al., 1996; 

Li and Wolf, 1997; Wolf et al., 1995; Yoshikawa et al., 1993). However, lesions 

of the dorsal prefrontal cortex prevented the behavioral expression of 

sensitization of cocaine-induced locomotor activity and the increases in 

extracellular glutamate observed in cocaine-sensitized animals (Pierce et al., 

1998a). In contrast, lesions of the prefrontal cortex failed to affect the expression 

of sensitization of amphetamine-induced locomotor activity and stereotyped 

behavior (Li and Wolf, 1997). 

The lack of involvement of the prefrontal cortex in the expression of 

sensitization induced by amphetamine is consistent with the failure of 

amphetamine to produce enhanced glutamate release in the nucleus accumbens 

in amphetamine-sensitized animals. In addition, the increase in extracellular 
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in the prefrontal cortex that accompanies an acute systemic cocaine 

injection is reduced in cocaine-sensitized animals (Prasad et al., 1999), while the 

increase in extracellular dopamine produced by acute amphetamine injection is 

not altered in amphetamine-sensitized animals {Hamamura and Fibiger, 1993). 

Thus, sensitization induced by cocaine, but not amphetamine, may alter 

dopamine transmission in the prefrontal cortex. 

Reduced dopamine transmission or reduced dopaminergic inhibitory tone 

in the prefrontal cortex would be expected to increase the activity of corticofugal 

glutamatergic projections to the substantia nigra, striatum, ventral tegmentum, 

and nucleus accumbens, thereby increasing excitatory drive to these brain 

regions. In addition, increased excitatory drive could result from disinhibition of 

cholinergic neurons projecting downstream from the basal forebrain to the cortex 

(Sarter and Bruno, 1999). The resultant increase in glutamatergic drive may 

promote the expression of sensitization by stimulating dopaminergic cells in the 

substantia nigra and ventral tegmentum. Also, the resultant increase in 

glutamatergic drive may promote the expression of sensitization by stimulating 

01-GABAergic cells or by increasing presynaptic dopamine release in the 

striatum and nucleus accumbens. 

The prefrontal cortex, hippocampus, and amygdala participate in different 

aspects of learning and memory {Everitt et al., 1991; Granon et al., 1994; 
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et al., 1994). However, in the only study that examined whether lesions 

of any of these areas would affect the expression of sensitization of stereotyped 

behavior, it was found that lesions of the prefrontal cortex did not affect the 

expression of sensitization induced by amphetamine (Li and Wolf, 1997). This 

may have been due to the fact that sensitization induced by amphetamine, unlike 

cocaine, may not produce changes in dopamine transmission in the prefrontal 

cortex (Pierce and Kalivas, 1997). In our studies, NMDA receptor antagonists 

prevented the expression of both context-dependent and context-independent 

sensitization of stereotyped behavior induced by amphetamine and apomorphine 

(Chapter 6). These results suggest that if environmental context plays a role in 

the expression of sensitization through a mechanism involving increased 

excitatory drive, then the increased excitatory transmission must be relatively 

independent of NMDA glutamate receptors and nitric oxide. One possibility may 

be differential AMPA glutamate receptor involvement in the expression of 

context-dependent and context-independent sensitization. 
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.15) Glutamate and/or nitric oxide may modulate the expression of context 

dependent and context-independent sensitization through a mechanism 

involving brain regions other than the cortex. striatum. and nucleus 

accumbens. 

Sensitization has been shown to result in long-lasting increases in 

presynaptic D1 receptor mediated effects in the ventral tegmentum. Since D1 

receptors are located on the terminals of both GABA and glutamate afferents to 

the substantia nigra and ventral tegmentum, somatodendritically-released 

dopamine in response to psychostimulant challenge may result in enhanced 

glutamate and decreased GABA transmission. Indeed, augmented glutamate 

release (Pierce and Kalivas, 1997), but not increased postsynaptic receptor 

sensitivity (White et al., 1995), and reduced GABA transmission has been 

observed in the expression of sensitization induced by cocaine (Bonci and 

Williams, 1996). Both of these changes would promote the activity of 

mesoaccumbens and nigrostriatal dopamine systems. Thus, it is possible that 

NMDA receptor antagonists prevent the expression of sensitization of 

amphetamine- and apomorphine-induced stereotyped behavior by interfering 

with enhanced glutamate transmission at the site of dopaminergic cell bodies. 

However, the above changes have only been observed in the ventral tegmentum 

and have only been examined in sensitization of cocaine-induced locomotor 

activity (Pierce and Kalivas, 1997). 
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receptor antagonists and inhibitors of neuronal nitric oxide 

synthase may also prevent the expression of context-dependent and context

independent sensitization through mechanisms located downstream to the 

striatum and nucleus accumbens through mechanism not located in brain regions 

involved in associative learning, such as the prefrontal cortex, hippocampus, and 

amygdala. For example, blockade of the NMDA receptors located in the globus 

pallidus internal segment may prevent the expression of sensitization. This is 

unlikely, however, since it is postulated that there is a reduction in glutamatergic 

transmission in the globus pallidus internal segment in sensitization. 

Nevertheless, our findings could have resulted from alterations in NMDA receptor 

mediated events occurring in other brain regions, such as the globus pallidus 

external segment, ventral pallidum, subthalamic nucleus, dorso or ventromedial 

region of the thalamus, or pedunculopontine nucleus. 

219 

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 



.16) Finally, since sensitization in rodents may be a valid model for studying 

psychostimulant drug craving in humans, which contributes to 

psychostimulant d,Jg addiction, our results suggest that NMDA glutamate 

receptor antagonists and inhibitors of nitric oxide formation may be useful 

in treating psychostimulant drug craving and addiction in humans. 

Sensitization and drug craving are associated with long-lasting 

hypersensitive changes in the nigrostriatal and mesoaccumbens dopamine 

system (Kalivas and Stewart, 1991; Robinson and Becker, 1986; Robinson and 

Berridge, 1993; Segal and Mandell, 1977). In addition, the environmental cues 

associated with drug administration have been shown to play an important role in 

the expression of sensitization and drug craving (Childress et al., 1992; De Vries 

et al., 1998; Robinson and Berridge, 1993; Robinson et al., 1998). Many studies 

indicate that sensitizing doses of psychostimulant drugs promote the acquisition 

of psychostimulant drug self-administration or conditioned place preference. 

Moreover, our findings are consistent with those from other studies that used 

these models of drug craving. In these studies, NMDA receptor antagonists (Kim 

and Jang, 1997; Pulvirenti et al., 1992; 1997; Rassnick et al., 1992; Schenk et 

al., 1993; Shoaib et al., 1995; Spanagel and Zieglgansberger, 1997) and 

inhibitors of nitric oxide production (Calapai et al., 1996; ltzhak et al., 1998; Kim 

and Park, 1995; Pulvirenti et al., 1997) were shown to attenuate conditioned 

place preference and self-administration of abused drugs. Finally, since 
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is related to drug craving, which contributes to drug addiction, our 

observations suggest that NMDA receptor antagonists and inhibitors of nitric 

oxide production may be useful for treating the intense drug craving seen in 

addicts. 
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SUMMARY OF RESULTS, CONCLUSIONS, AND DISCUSSION 
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Pre-exposure 

1-dose 1-dose 3-doses 3-doses 
amph apo amph apo 

Context-dependent 

Pair (test:test)-S ./ ./ 

Unpair (diff or home:test)-NS ./ ./ 

Extinguished ./ ./ 

Long-lasting ./ ./ 

Not-pharmacokinetic ND ./ 

Response-dependent ./ ND 

Context-independent 

Unpair (diff:test)-S ./ ./ 

Not-extinguished ./ ./ 

Long-lasting ./ ./ 

Not-pharmacokinetic ND ./ 

Table 13. Summary of results from Chapters 2, 3, and 4. The effect of pre
exposure of 1 dose of amphetamine (amph, 14 mg/kg) or apomorphine (apo, 40 
mg/kg) or 3 doses of amphetamine (14 mg/kg daily x 3 days) or apomorphine (40 
mg/kg daily x 3 doses) on various characteristics of context-dependent or 
context-independent sensitization of stereotyped behavior. 

S = sensitized, NS= not sensitized,./ = determined, ND= not determined. 
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or inhibitor 

NMDA antagonists 

CPP 

MK-801 

NNOS inhibitor 

7-NI 

Sensitization of amphetamine- or apomorphine
induced stereotyped behavior 

Development 

CDS 

X 

X 

CIS 

Expression 

CDS 

X 

X 

X 

CIS 

X 

X 

X 

Table 14. Summary of results from Chapters 5 and 6. The effect of NMDA 
glutamate receptor antagonists, CPP and MK-801, and the neuronal nitric oxide 
synthase inhibitor (NNOS), 7-nitroindazole (7-NI) on the development and 
expression of context-dependent sensitization (CDS) and context-independent 
sensitization (CIS) of amphetamine- and apomorphine-induced stereotyped 
behavior. Doses of antagonists or inhibitor were used that did not significantly 
affect the acute stereotyped behavioral response induced by amphetamine or 
apomorphine. 

X = block, - = no significant effect. 
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Figure 35. Schematic of the role of drug-associated cues or environmental context in sensitization induced by 
psychostimulant drugs. Increased excitatory drive from the prefrontal cortex, hippocampus, and/or amygdala 
may increase NMDA receptor activation in nigrostriatal and mesoaccumbens neurons, which may mediate the 
development of context-dependent sensitization and the expression of both context-dependent and context
independent sensitization. DA = dopaminergic neurons, GABA = GABAergic neurons, Glu = glutamatergic 
neurons, Ca-CaM-KII = calcium-calmodulin-dependent kinase II, PLA2 = phospholipase A2 , PLC = 
phospholipase C, PKC = protein kinase C, TH= tyrosine hydroxylase, Gi = inhibitory G protein, AC= adenylate 
cyclase, cAMP-dep PK = cAMP-dependent protein kinase, PKA = protein kinase A, CREB = cAMP response 
element binding protein, DARP-32 = dopamine cAMP regulated protein-32, cFRA's = chronic Fos related 
antigens, sGC = soluble guanylate cyclase, cGMP-dep PK = cGMP-dependent protein kinase. 
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Figure 36. Model of changes in the firing rates of interconnecting neurons of 
various brain regions, which may mediate sensitization induced by 
psychostimulant drugs. DA = dopaminergic neurons, GABA = GABAergic 
neurons, GABA/Enk = GABAergic and enkaphalinergic neurons, GABA/SP= 
GABAergic and Substance Pergic neurons, Glu = glutamatergic neurons, Ach = 
cholinergic neurons, solid arrow= increased firing rate in sensitization, dotted 
arrow= decreased firing rate in sensitization. 
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