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ABSTRACT
STUDIES ON THE CHANGES OF NEUROTRANSMITTERS AND
NEUROPEPTIDES IN THE BASAL GANGLIA OF THE RAT BRAIN
INDUCED BY THE PSYCHOMOTORSTIMULANTS
METHAMPHETAMINE AND COCAINE
by

Yong Zhang

Advisor: Professor Jesus A. Angulo

Methamphetamine (METH) and cocaine are the most commonly abused
psychomotorstimulants. Repeated injections of psychostimulants produce behavioral
sensitization. Tyrosine hydroxylase (TH) mRNA levels in the somatodendritic regions and
preprotachykinin (PPT) and preproenkephalin (PPE) mRNA levels in the dopaminergic
terminal region were measured to evaluate the involvement of striatal neuropeptides in
behavioral sensitization. In vivo microdialysis was used to determine it the augmented
behavioral response following daily psychostimulant administration was associated with an
increase in dopamine and glutamate release in the caudate-putamen (dCPu). nucleus
accumbens (NAc), ventral tagmental area (VTA) and substantia nigra compacta (SNc¢).

TH mRNA level in the VTA was increased at day 15 withdrawal following 6 daily
(twice/day) injections of METH (4 mg/kg). The increase in the TH mRNA level in the
VTA was prevented by concurrent pretreatment with the NMDA receptor antagonist MK-
801 (0.1mg/kg). suggesting the involvement of glutamatergic transmission in METH-
induced alterations of tyrosine hydroxylasc mRNA levels.

Progressive treatment with METH (4 mg/kg) elevated PPT mRNA levels in the
dCPu and the NAc between days | and 6 of treatment; however. PPT mRNA lewels
returned to control values 15 days after cessation of treatment. Coadministration of the
NMDA receptor antagonist MK-801 attenuated the elevation of PPT mRNA observed atter
chronic treatment with METH for 6 consecutive days. In contrast. PPE mRNA levels

iv
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were significantly atfected by acute treatment of METH and decayed by day 6. It is likely
that the tachykinin peptides may not subserve a neuroadaptive role sustaining enduring
sensitization to amphetamine, but play a role in the progressive augmentation of locomotor
activity elicited by this class of drug.

Acute injection of METH (1 mg/kg) and cocaine (10 mg/kg) resulted in an elevation
of dopamine eftlux in all the regions measured. A METH challenge injection after 4 days
withdrawal following 7 daily injections produced an even greater increase in dopamine
release in the dCPu and long-lasting dopamine release in the NAc. Whereas. a cocaine
challenge caused decreases and no significant changes in dopamine release in the dCPu and
the NAc, respectively. In the somatodendritic regions, METH and cocaine challenges tend
to decrease dopamine release compared with those induced by acute injections. Our results
suggest that behavioral sensitization can be sustained during early withdrawal in the
absence of augmentation in dopamine release in response to psychostimulant challenge.

Acute injection of METH (1 mg/kg) and cocaine (10 mg/kg) did not change
glutamate eftlux significantly in the neostriatum. Cocaine challenge increased glutamate
release in both the dCPu and the NAc. In contrast, METH challenge increased glutamate
release in the dCPu, but decreased glutamate eftlux in the NAc. In the VTA and the SNc,
acute METH decreased glutamate eftflux whereas acute cocaine increased glutamate release.
Challenge injections of METH and cocaine tend to enhance glutamate release. These data
indicate that the neurotransmitter glutamate may be involved in behavioral sensitization to

psychomotorstimulants.
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Abuse History of Psychomotorstimulant

1. Abuse history of amphetamine

Man's use of amphetamine-like compounds for medicinal purposes has a
long history that dates back to ancient times. In China, more than 5000 years ago,
traditional medical doctors treated nasal congestion with an herbal tea brewed from
the ephedra plant. The plant's decongestant properties, derived from the stimulant
ephedrine, were developed in a synthetic form as alpha methyl phenyl ethylamine
(amphetamine) in 1887. Amphetamine sulfate was later introduced into the
market, as a decongestant, in the form of a Benzedrine inhaler in 1932.

Its subsequent easy availability produced a wide spread abuse of
amphetamine. For example, people chewed and swallowed the amphetamine
containing cotton plugs in the Benzedrine inhalers, and in1935, the development of
tablets to treat narcolepsy resulted in an even greater drug abuse. In the 1940's, not
only had amphetamine been widely prescribed in the medical profession, it was
also used by the American military to forestall sleep, and maintain a heightened
level of alertness. Student in the 50’s and 60’s, used amphetamine to remain awake
on preexam nights, and truck drivers dosed themsclves with amphetamine to
cnhance their alertness on long distance trips (Rawlins, 1968). By the carly 1970’s,
amphetaminc usc in the United States had peaked; 10 billion amphetamine tablets
were legally produced (Grinspoon and Hedblom, 1975). Alter that, amphetamines
were gradually replaced by cocaine, however, in recent ycars, there has been a surge

in the use of amphetamines again.
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2. Abuse history of cocaine

Cocaine is an alkaloid found in the leaves of the shrub Erythrozylon coca
and E. novogranatense. Similar to amphetamine use, the ancestors of the Incas
started to chew coca leaves at least 5,000 years ago (Johanson and Fischman, 1989;
Van Dyke and Byck, 1982). In 1855, cocaine was first isolated by the German
chemist Friedrich Gaedcke, and then characterized by Albert Niemann in 1859.
Since then, cocaine has become popular in western society, and had been
recommended for the treatment of alcoholism, morphine addiction and depression
(Rosecran and Spitz, 1987). Cocaine was widely used in the United States in the
late nineteenth century and early twentieth century (Das and Laddu, 1993), and its
abuse started to appear in the country when cocaine containing products such as
cigarettes, and beverages like "Coca Cola” were introduced into the market. In
1914, Congress passed a law prohibiting the inclusion of cocaine in medicine, and
restricted the importation and sale of cocaine. However, it continued to be used
partcularly among artists and musicians from the 20's to the 60's (Petersen, 1977).
Since the 70's, cocaine abusc has increased in the United States. Based on a 1990
survey conducted by the National Institutc on Drug Abuse, about 1.6 million
people were current cocaine users; 6 million had used cocaine in the previous year,
and nearly 23 million people used cocaine at least once in their lifetime (National

Institute on Drug Abuse, 1991).

Studies on Reward Center of the Brain

I. Brain sumulation studies
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After the sensory and motor systems had been mapped in the brain by
physiologists, there was doubt about whether higher centers controlling emotional
feelings existed in the brain. Researchers found that it was difficult to measure an
animal’s higher feelings. In general, it was believed that the basic motivations-
pleasure, pain and fear required the excitation of the whole brain (Olds, 1956). In
the early 50's, with the help of a brain probing technique (A thin necdle-like
electrode is inserted into a particular brain region without damaging the superficial
structures, and the animal is then studied under normal circumstances) developed
by Hess and a motivation measuring technique created by Skinner (A technique
used to measure the rewarding effect of a stimulus according to frequency), James
Olds and colleagues conducted a series of experiments to cxplore the systems in
the brain whose functions were unknown at that time. They attempted to locate
arcas in the brain where stimulation is favored or avoided by animals.

Their studics found that electrical simulation of the rhinencephalon could
direct animals to any spot of the experimental environment at the will of the
experimenters. In subsequent experiments, animals were trained to self-stimulate
electric current to specific brain regions. It was shown that animals self-sumulated at
a rate of 200 to 5000 times an hour when the clectrode was implanted in most parts
of the mid-line system. However, response rates were around the chance level of 10
to 25 times an hour when electrodes were placed in the motor and sensory regions
of the brain. Morcover, elcctric stimulation in some parts of the brain seemed to be
more rewarding than food. The findings of these studies suggested that the brains

have reward centers wherc emotional and motvational mechanisms are located.
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2. Drug alterations of brain stimulation reward potency

After the influential discovery of the brain reward centers by Olds’ group,
further investigations suggested that in addition to the midline system, a
multisynaptic system and subsystem may be involved in the reward function (Olds
& Olds, 1965; Heath, 1963, 1972). Indeed, researchers found that stimulation of
diencephalic, telencephalic circuitry, a variety of brain stem sites, and parts of the
cerebellum were rewarding (Olds & Olds, 1963; Simon et al., 1975; Corbett et al.,
1982). Among the various reward sites, stimulation of the sites along the medial
forebrain bundle, and the ventral tegmental area produced the most robust
rewarding effect (Olds & Olds, 1963). Stmulation of the medial forebrain bundle
may activate the mesocorticolimbic dopamine system due to the following reasons:
1) Axons of dopamine neurons originating from the ventral tagmental area (VTA)
ascend to the neostriatum via the medial forebrain bundle (Ungerstedt, 1971;
Corbett & Wise, 1980; Wise, 1981). 2) Blockade of the dopamine system prevents
the rewarding effect of brain stimulation (Fouriezoa & Wise, 1976). 3) Terminals
of the medial forebrain bundle may form synapses with dopamine cells in the VTA
and substanua nigra compacta (Wise, 1980).

3. The reward center of the brain

[t was hypothesized that the substrates of rewarding brain stimulation may
play an important role in both natural rewards such as food and sex as well as in
drugs of abuse. The site of brain stimulation may represent substrates for drugs of

abuse because addictive substances enhance responding for electrical stimulation of
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tran reward smes v bowermg dmreshoid for rewarding responses (Esposao et al.
197, Ban & Komnewsky., 1%87: Kometsky & Esposao. 1979 Huboer & Korpetsky.
1%72: Bam & Komewsky., 1989, Aananon of medial forebram bundle. winch has
the sronged sumulatmg rewardmg effea. somulaies  mesocorncoimbec
dopammerpe svstems (Wise., 1980, while drugs that alier the potency of bram
sumutaton reward are dopamme agomsts or antagornusts (Wise & Rompre. 1989).
Dopamme antagzomsts cause rnighiward shifts on the rate-frequency funct:onal curve.
mdicating dopamine antazomsts block the rewarding effect of electncal sumulanon
v increasing the rewarding thresholds of electncal sumulanon (Wise. 1980).
Opposite w0 the dopamine antagonists. addicuve drugs shift the ratedrequency or
rate-niensity funcuonal curve o the left. indicaung a ssnergisuc effect with brain
surnulation reward. These drugs include the psychomotorsumulants amphetamine.
cocamne. morphine. and nicoune. Daia from studies on the changes of bramn
strnulanon reward thresholds showed that brain sumulation reward thresholds were
decreased by the psychomotorsumulants amphetamine and cocame. heroin.
morphune and cthanol (Esposito et al.. 1980 Bain & Kornetsky. 1987: Kornetsky &
Fsposito, 1979: Hubner & Kometsky, 1992; Bain & Kometsky. 1989).

The site of the rewarding effect of psvchomotorsumulants appears to exist
in the dopamine svstem too. Amphetamine is a substrate of the dopamine
uansporter. Once bound to the dopamine transporter molecule, amphetarmine 1s
taken up and released into the ovioplasmic compartment. The transporter site then
binds to dopamine molecule in the ovtoplasm, and dopamine is reversibly

transported and released into the synaptic cleft. The exchange diffusion between
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dopamine and amphetamine is considered to be the primary mechanism by which
amphetamine releases dopamine. In addiction, amphetamine evokes release of
dopamine from the vesicles by reducing the pH gradient across the vesicular
membrane, thereby increasing the concentration of dopamine in the cytoplasmic
pool, followed by reverse transportation of dopamine across the cell membrane
(Sulzer and Rayport, 1990; Sulzer et al., 1993). Similarly, cocaine has high affinity
for dopamine, NE and 5-HT transporter molecules. Cocaine interacts with these
three transporter molecules, thercfore inhibiting the uptake of these monoamines
and increasing extracellular concentration of the monoamines (Nicokysen and
Justce, 1988; Taylor and Ho, 1978). Several other abused drugs, such as morphine
and nicotine also synergy with brain stimulation reward by activating the dopamine
system (Devine ct al., 1993, Clarke et al., 1985, Welzl et al., 1989). The most
addictive drugs including psychomotorstimulants amphetamine and cocaine,
opiates, and nicotine activate mesocorticolimbic dopamine system and produce
synergistuc effects on brain stmulation reward. Thus, the mesocorticolimbic
dopamine system is most likely the substrate underlying the rewarding effects of

brain stimulation as well as various addictive drugs.

-t. Lesion and intracranial self-administraton studies
Drugs that are addictive to humans are generally addictive to animals.
Thus, experimental animals can be trained to self-administer drugs. If animals
maintain the behavior to self-administer a drug, it indicates that the tested drug has

the reinforcing property. Combination of self-administration and lesions in the

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



brain can be used to examine whether or not a specific brain region is involved in
reinforcement and in maintaining self-administrabon behavior. Lesion studies in
the CNS also support the idea that the mesocorticolimbic dopaminergic system is a
critical substrate for the reinforcing effects of psychomotorstimulants. Destruction
of either ventral tagmental area, where dopamine cell bodies are located, or the
nucleus accumbens, where dopaminergic terminals innervate, attcnuate intravenous
self-admunistration of cocamne in rats (Roberts et al., 1980, 1982; Hubner et al.,
1990). Moreover, Intracranial self-administration studies showed that animals self-
administrated cocaine into the medial frontal cortex, which also receives
dopaminergic innervation from the ventral tagmental area, indicating that this brain
region is important for the reinforcing effects of cocaine (Goeders et al., 1983,

1986).

5. Non invasive studies

In rccent ycars, studies applying non-invasive methods such as magnetic
resonance image (MRI) and quantitative [14 C| 2-deoxyglucose (2 DG) methods to
characterize the neurochemical substrates of cocaine administration have been
done. One of the advantages of the non-invasive method is that manipulations can
be made on conscious human subjects and animals. These methods provide an
opportunity to cvaluate behavior simultaneously. MRI is based on the fact that
certain atomic nuclet emit radio frequency signal when placed in strong magnetic
ficlds. The signal frequencies are changed under different chemical and physical

environments. MRI studies in human subjects showed that infusion of cocane
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increased the focal signals in the nucleus accumbens, caudate, putamen and ventral
tagmentumn while producing signal decreases in the medial frontal cortex (Breiter et
al., 1997).

The 2 DG method is based on the principle that glucose is transported into
neurons in the CNS, and glucose utilization is proportional to the metabolic rate of
the neurons, as a result, the extent of neuronal activity can be determined. The
9DG method has been used to measure the metabolic changes under cocaine
treatments. An acute and low dose of cocaine injection (0.5 -1.0 mg/kg) increases
glucose utlization in the medial prefrontal cortex, nucleus accumbens and
substantia nigra pars reticulata. Higher doses of cocaine (5.0 mg/kg) produce
elevation in the rates of cerebral glucose metabolism in the whole brain. In contrast,
chronic cocaine self-administration resulted in a decrease in the rate of metabolism
in the anterior cingular cortex, which also receives dopaminergic input from the
VTA. However, several components of the mesocorticolimbic system including the
nucleus accumbens and the medial frontal cortex did not show significant changes
in glucosc utilization (Graham and Porrino, 1993). This data suggest that difference
in the treatment doses and paradigms of psychomotorsumulants may result in
different neurochemical alterations in the same brain area.

In summary, electrophysiological, pharmacological, lesion, intracranial self-
administration, MRI and 2-DG metabolic rate studies all point to the same site n
the brain- the mesocorticolimbic system, which is the ncurochemical substrate
involved in the addictive property of psychomotorsimulants and other abused

substances such as morphine, heroin and ethanol. Thesc findings are the main
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reason that investigations on psychomotorstimulants and other abused substances
have concentrated on the mesocorticolimbic dopaminergic system. It also explains
why neurotransmitter dopamine is measured in our study in which the sensitized

responsc induced by psychomotorsumulant is examined.

Behavioral Sensitization to Methamphetamine and Cocaine

1. Psychomotorstimulants induce psychosis

Humans have abused Psychomotorstimulants for over 5,000 years. Use of
psychomotorstimulants can induce psychosis in those who use them. Investigators
have noted marked changes in emotional states in the users of these drugs, such as
depression, lethargy and high levels of anxiety, depending on differences in the
dose level and time since administration (Ellinwood, 1972). Another common
psychotic symptom induced by psychomotorstimulants is hallucinations including
visual, auditory, olfactory or tactile (Connell, 1958; Ellinwood, 1972). Paranoia is
also a dramatic symptom in psychomotorstimulant psychosis. Most individuals in
paranoid state reported that someone is watching them and plotting to harm them
(Griffith et al., 1970; Jonsson and Gunne, 1970). Finally, motor cxcitauton and
hyperactivity are seen in most individuals with psychomotorsumulant psychosis.
Behavior induced by psychomotorstimulants includes repetitive pacing or aimless
walking or driving (Gunne, 1977). The psychotic symptoms dissipate after
withdrawal from the psychomotorstimulants. However, former drug users remain

hypersensitive to the psychomotorstimulant even years after abstinence, since a
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single dose of the same drug can precipitate psychosis easily (Robinson and Becker,

1986).

2. Animal models for psychosis

These clinical observations generated considerable interest for the
development of animal models of psychomotorsimulant psychosis. Rodents are
the species that were studied most thoroughly and systematically with respect to the
behavioral effect of psychomotorsumulants and related neurochemical mechanism
(Segal and Janowsky, 1978). Chronic exposure of moderate to high doses of
psychomotorstimulants in rodents seems to mimic the stimulant abuse in human
addicts (Robinson and Becker, 1986). Repcated administration of
psychomotorstimulants in non-human animals induces alterations in their
behaviors. The behavior produced by psychomotorstimulants depends on several
factors, such as the sex of the subject, the dose and treatment paradigm. Injection of
an acute dose of psychostimulants results in an increase in locomotor activity
including forward locomotion, hcad movement, sniffing. High doses of
psychomotorstimulants produce changes in locomotor activities mentioned above
tollowed by stereotyped behavior. When a constant dose of psychomotorstimulants
is injected to animals repeatedly, the behavior described above are progressively
augmented. For instance, a shorter ume to the onset of stereotyped behavior and
more intense stereotyped behavior. This increase in behavior after repeated
administration of psychomotorstimulant is termed bchavioral sensitization

(Robinson and Berker, 1986).
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3. Behavioral sensitization to psychostimulants

Methamphetamine (METH) and cocaine are psychomotor stimulants that
are among the most widely abused chemical compounds. Repeated use of METH
or cocaine produces behavioral sensitization. Behavioral sensitization represents a
progressivec and enduring increase in locomotor activity with repeated and
intermittent psychomotorstimulant treatment. Behavioral sensitization to METH
and cocaine persists months after withdrawal of METH and in some cases may be
permanent (Robinson and Becker, 1986). It was proposed that the sensitized
response to METH and cocaine resulted from neurochemical ciianges that make

addicts hypersensitive to psychomotorstimulants.

Much of the research on behavioral sensitization has focused on
mesencephalic dopamine systems, since converging evidence suggests that
mesencephalic dopamine systems play a critical role in stimulant responses to
METH and cocaine. 1) Addictive drugs likc methamphetamine and cocaine are
dopaminc releasing agents. Rats sensitized to METH and cocaine display enhanced
dopamine overllow from dopaminc ncrve terminal field arcas in the striatum,
accumbens and prefrontal cortex (Robinson and Becker, 1986; Robinson ct al.,
1988; Kazahaya ct al.,, 1989; Akimoto ct al., 1990; Kalivas and Stewart, 1991;
Patrick et al., 1991; Paulson et al., 1995). 2) Stimulation of the mesencephalic
dopamine systems is necessary to induce sensitization. For example, sensitization to

amphetamine and cocaine is blocked by concurrent treatment with dopamine

12

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



antagonists (Stewart and Vezina, 1989). Lesions of dopamine systems prevent
sensitization to amphetamine and cocaine (Crease and Iversen, 1975; Roberts et al.,
1980). 3) Injection of amphetamine directly into the ventral tegmental area, where
dopamine cell bodies of mesoaccumbens and mesocorticolimbic pathways are
located, induces sensitization (Kalivas and Weber, 1988; Vezna and Stewart,
1990). 4) Injection of amphetamine into the nucleus accumbens causes
hyperactivity in animals previously treated with amphetamine (Hooks et al., 1992).
Fifth, behavioral sensitization to amphetamine and cocaine is accompanied by
hypersensitivity of dopamine D1 receptors in the nucleus accumbens as well as
hyposensitivity of dendritic and somatic dopamine D2 autoreceptors in the
mesencephalon (Wolf et al.,, 1994). Taken together, all these data suggest that
mesencephalic dopamine ncurons are involved in psychostimulant-induced

behavioral sensitization.

In addition to alternations in the dopamine system, changes in other
neuronal systems in the CNS of sensitized animals arc also observed. Serotonin
transmission is aflected by cocaine, because cocaine inhibits presynaptic serotonin
uptake (Ritz ct al., 1990). The following observations argue that changes in
serotonin transmission may have a role in the expression of behavioral sensitizauon.
1) Repeated cocaine administration increases the autoreceptor inhibition of
serotonin neurons in the dorsal raphe (Cunningham et al., 1992ab). 2)
Microdialysis studies show that relcase of serotonin is increased during the carly

withdrawal period in response to cocaine challenge following repeated cocaine
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treatment (Parsons and Justice, 1993). 3) Sumulation of serotonin transmission in
either the VTA or NAc evokes dopamine release in the NAc (Chen et al., 1991).

Chronic administration of cocaine decreases the levels of 3 major
neurofilament proteins in the VTA (BeitnerJohnson et al., 1992). The
neurofilament proteins are components of the cytoskeleton and are involved in
axonal transport. Reduced amount of the neurofilament proteins may lead to a
decrease in the transportation of tyrosine hydroxylase from the VTA to the
dopaminergic terminals in the NAc, which eventually results in a reduction in
dopaminc synthesis and release in the NAc.

GABAergic neurons in the nucleus accumbens and the ventral pallidum
project to the VTA. Sumulation of GABA receptors in the VTA by baclofen
blocked behavioral sensitization to systemic administration of cocaine, suggesting
that GABAergic projections to the VTA may play a role in the development of
behavioral sensitization to psychostimulant (Kalivas and Stewart, 1991). Morcover,
the sensitvity of glutamate receptors in both the VTA and the NAc i1s changed in
animals receiving repeated cocaine administration. Repeated cocaine
administration leads to supersensitivity of glutamate receptors in the VTA
dopamine neurons, whereas ncurons in the NAc show a decrease in sensitivity to
glutamate (White ct al., 1993). All of these findings indicate that multiple ncuronal
systems in the CNS are involved in behavioral sensitization to

psychomotorstimulants.

Mesencephalic Dopamine Systems

14
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I. Dopamine synthesis, storage, release and metabolism

Dopamine synthesis begins with the precursor molecule tyrosine, an
aromatic amino acid. The first step in dopamine synthesis is the conversion of
tyrosine to L-DOPA by tyrosine hydroxylase (TH) (Nagatsu et al., 1964). L-DOPA
is subsequently decarboxylated into dopamine. DOPA decarboxylation is catalyzed
by the enzyme aromatic amino acid decarboxylase. Once dopamine is synthesized,
it is packaged into vesicles by the transporter protein located on the vesicular
membrane. This process is driven by electrochemical gradient across the vesicular
membrane (Winkler et al.,, 1986, 1987). Stmulus-evoked dopamine release has
been shown to occur through the mechanism of vesicular exocytosis (Trifaro et al.,
1992). Exocytosis is a calcium dependent process. When an action potential
reaches dopamine nerve terminals, calcium from the extracellular space moves into
the nerve terminal. The influx of calcium results in the fusion of the dopamine
containing vesicles with the terminal membrane, thereby releasing dopamine into
the synaptic cleft (Arbuthnott et al., 1990).

After dopamine is rcleased into the synaptic cleft, it acts on dopamine
receptor, and is simultaneously taken up by dopamine transporter molecule back
into the presynaptic terminal (Horn, 1990). The dopaminc transporters are located
on the terminal membrane and carry dopamine in either direction depending on
the concentration gradient. Thus, dopamine transporters play an important role in
terminating the action of dopamine as well as recycling dopamine into the nerve

terminals. Additionally, catechol-o-methyltransferase (COMT) and monoamine
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oxidase (MAOQO) in the extracellular space convert released dopamine into
homovanillic acid (HVA). Also dopamine is metabolized into
dihydroxyphenylacetic acid (DOPAC) by (MAO) inside the nerve terminals
(Kopin, 1985). HVA and DOPAC are the primary metabolites of dopamine in the
CNS, thereby being used as an index of the functional activity of the dopamine

neurons in the brain.

2. Major dopaminergic pathways

In the central nervous system the majority of dopamine neurons are located
in the ventral mesencephalon from which two major dopaminergic projections
originate: the nigrostriatal dopamine system and the mesocorticolimbic dopamine
system. The nigrostriatal pathway originates from dopaminergic ncurons in the
substantia nigra compacta. These dopaminergic neurons project axons that
innervate the caudate-putamen of the forebrain. Some neurons also project to
amygdala, septum, olfactory tubercle and cortex (Fallon and Moore, 1978). The
nigrostriatal pathway has been linked to motor activity and stereotyped behaviors
(for review sce Angulo and McEwen, 1994).

The mesocorticolimbic pathway emanates from dopamine cell bodies of
the ventral tegmental arca and projects to the nucleus accumbens and prefrontal
cortices. The mesocorticolimbic pathway has been implicated in locomoton, drug
reinforcement and reward (Self and Nestler, 1995). Pharmocologic and behavioral
studies have demonstrated that METH and cocaine administration affects both

nigrostriatal and mesocorticolimbic systems (Kalivas, 1993).
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3. Dopamine receptors

Five dopamine receptors have been cloned so far, but only DI and D2
dopamine receptors have been characterized by their stimulatory and inhibitory
effects on adenylyl cyclase activity (Kebabian and Calne, 1979). In the neostriatum,
DI receptors are present in the medium spiny neurons coexpressing the
ncuropeptides substance P, substance K and dynorphin. Whereas D2 dopamine
receptors are located in the cell membrane of medium spiny projecting neurons
containing peptide enkephinin (Gerfen, 1992). Lesion studies show that D2
dopamine receptors are also found in the dopamine terminals originating from the
ventral mesencephalon. Eletrophysiological studics reveal that activaton of
dopamine receptors by stimulating nigrostriatal pathway or iontopheratic
administration of dopamine into the striatum results in both mhibitory and
excitatory effects on the striatal neurons (Kitai et al., 1976; Herrling and Hull,
1980).

In the ventromedial mesencephalon, D! dopaminc neurons are found in
both the VTA and SN. Lesion studies show that D1 receptors are located primarily
in the stratonigral terminals (Altar and Hauser, 1987; Porceddu et al., 1980).
Indeed, in situ hybridization studies reveal that DI mRNA is not expressed by the
ncurons in the ventral mesencephalon (Mansour et al., 1992). Sumulation of D1
receptors enhances ncurotransmitter release from the striatonigral terminals. On
the other hand, D2 dopamine receptors are found in the dopamine parikarya, and

this view is further supported by the presence of D2 mRNA in dopamine neurons
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in the ventral mesencephalon (Meador-Woodruff et al., 1991). Stimulation of these
receptors causes fast inhibitory post-synaptic potentials (IPSP) (Lacey et al., 1987).
These D2 dopamine receptors function as autoreceptors, thereby regulating

dopamine synthesis, release and cell firing rate.

Basal Ganglia

I. Components of the basal ganglia

The basal ganglia are a group of nuclei located in the subcortical regions.
These nuclei are highly interconnected and project to numerous brain regions as
well. The componcnts of the basal ganglia include the caudate-putamen (dCPu),
nucleus accumbens (NAc), globus pallidus (GP), subthalamic nucleus (STN),
entopeduncular nucleus (EPN) and substantia nigra (SN). The CPu the NAc are
similar in their structures, together they are called the ncostriatum and represent
the input structures of the basal ganglia. The GP reccives input from and lies
posterior to the ncostriatum. The STN is a small structure that is between the GP
and SN. The SN is located in the midbrain and is composed of two arcas: the
substantia nigra rcticulata (SNr) containing GABAergic neurons and substanta
nigra compacta (SNc¢) containing dopaminergic neurons. The EPN and SNr make

up the major output structure of the basal ganglia.

2. Neostriatum
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A principal component of the basal ganglia is the neostriatum, which
comprises the dCPu and the NAc. The major striatal projection units are the
medium spiny neurons that account for approximately 90-95% of striatal neurons
(Gerfen et al., 1990). All of the medium spiny neurons utilize GABA as a
ncurotransmitter (Kita and Kitai, 1988). Medium spiny neurons receive massive
input from the cerebral cortex and thalamus (Bouyer ct al., 1984; Jayaraman,
1984). Cortical and thalamic inputs utilize glutamate as a ncurotransmitter and
provide excitatory input to the striatum (Kitai et al., 1976). Another major source of
input to the medium spiny neurons is the dopaminergic fibers from the midbrain
dopaminergic cell bodies (Fallon and Loughin, 1982; Fallon and Moore, 1978). It
is believed that the responsiveness of striatal neurons to cortical and thalamic input

is modulated by this dopaminergic innervation (Gerfen, 1992).

3. Effects of dopamine on the direct and indirect striatonigral pathways in the basal

ganglia

The effect of dopamine on striatal neurons is mediated by at least two
dopamine receptor subtypes, namely dopamine D1 and D2 receptors (Gerfen,
1992). The medium spiny ncurons are separated into two major types on the basts
of their axonal projections as well as by neuropeptide content and dopamine
receptor cxpression (Gerfen and Young, 1988; Gerfen, 1992; Gerfen et al., 1990).
Neurons that cxpress tachykinin and dynorphin peptides have D1 dopamine
receptors and project to both substantia nigra pars reticulata and entopeduncular

nucleus; this represents the direct striatonigral pathway and provides principally
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inhibitory inputs to the GABAergic neurons in the SNr and EPN, and disinhibit its
target nuclei in the thalamus (Deniau and Chevalier, 1985). Neurons that express
enkephalin peptides contain D2 dopamine receptors and project to the GP.
GABAergic neurons in the GP in urn provide inhibitory inputs to the STN that
provides an excitatory input to the substantia nigra reticulata. This represents the
indirect strniatonigral pathway. It is responsible for the tonic acuvity of GABAergic
neurons in the substantia migra reticulata and inhibition of its target nucle:r in the
thalamus (Robledo and Feger, 1990; Gerfen 1992; Angulo and McEwen, 1994).
Thalamic neurons in turn project to the motor cortex and regulate locomotion
(Deniau and Chevalier, 1985). Dopamine projections from the midbrain exert
opposing effects on the direct and indirect striatonigral pathways. Dopamine scems
to have an excitatory influence on stnatal neurons containing GABA and
tachykinin, but has an inhibitory effect on stnatal neurons containing GABA and
enkephalin (Gerfen et al., 1990; Li ct al,, 1990). Stumulating of DI dopamine
receptors increases the firing rate in the direct striatonigral neurons (Twery et al.,
1991; Weick and Walters, 1988). By contrast, D2 agonist LY 171555 depresses the
firing rate of indirect striatonigral neurons (Carlson et al., 1990). Thus, the overall
ctfect of dopamine on the striatum 1s to facilitate movement by both facilitating the
direct stnatonigral pathway and suppressing the indirect striatonigral pathway

(Figure. 1).

1. The involvement of the basal ganglia in locomotor disorders
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Figure 1. Schematic diagram of the basal ganglia of the rat brain. A. The sagettal
section of the rat brain. B. The major afferents and efferents of the basal ganglia. GP,
globus pallidus; STN, subthalamus nucleus; SNc, substantia nigra compacta; SN,
substantia nigra reticulata; Acb, nucleus accumbens; Cpu, caudate-putamen; VTA,
ventral tegmental area; Thal, thalamus.
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Nuclel of the basal ganglia have classically been considered as primarily
motor structures, because lesions of their component structures both in human
patients and in experimental animals result in prominent motor deficits (Albin et al,
1989). For example, Parkinson's disease is characterized in difficulty in the
initiation of movement and slowness in the execution of movement. It is caused by
the degeneration of dopamine neurons in the substantia nigra pars compacta.
Dopamine content is most drastically reduced in patients with Parkinson's disease.
And dopamine precursor L-DOPA is eflective in the treatment of Parkinson's
discase. Huntington's discase is another disease of the basal ganglia. It is due to
degencraton of intrastriatal and cortical cholinergic neurons and GABAergic
neurons. Its major symptoms include chorea and dementa. Finally, lesion of the
subthalamic nucleus, another component of the basal ganglia, also causes the motor

disorder Ballism, whose symptoms are involuntary movements (Albin ct al., 1989).

Tachykinin Peptides and Receptors

I. Tachykinin peptdes
Tachykinins include a family of peptudes named for their ability to cause a
rapid contraction of the ileum. Mammalian tachykinin peptudes consist of the
ncuropeptdes substance P (SP), neurokinin A (NKA) and neurokinin B (NKB).
These peptides all share the carboxyl terminal amino acid sequence -PHE-X-GLY-
LEU-MET-NH2, where X represents a hydrophobic or aromatic residuc.

Mammalian tachykinin peptides are derived from two genes: the preprotachykinin
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A and preprotachykinin B genes. The tachykinin peptides substance P (SP) and
neurokinin A (NKA) are produced from the preprotachykinin A gene, whereas the
preprotachykinin B gene encodes the precursor of the peptide neurokinin B

(Hiroyuki et al., 1983).

2. Tachykinin receptors

The presence of multiple tachykinins and the fact that they have different
actions suggest the existence of multiple tachykinin receptors. Three types of
tachykinin receptors have been found: neurokinin-1 (NK1), neurokinin-2 (NK2),
neurokinin (NK3) (Helke et al., 1990; Lee et al., 1986; Mantyh et al., 1989). Based
on the binding affinity, their endogenous ligands are assumed to be substance P,
neurokinin A and neurokinin B, respectively. Evidence from both receptor
autoradiographic and lesions studies indicates that both NK-1 and NK-3 receptors
are located in intrinsic striatal neurons whereas in the substantia nigra NK-3
receptors are located in dopamine neurons (Stoessl and Hill, 1990; Whitty et al,,
1993). NK-2 receptors are widely distributed in the peripheral nervous system
(Maggi, 1994). In the striatum, substance P (NKI) receptors arc cxpressed by a
large number of cholinergic interneurons (Gerfen, 1991; Kawaguchi ct al., 1995).
Activation of NK1 receptors in the striatum elicited a dosc-dependent increase in

acetylcholine release (Anderson et al., 1993, Guevara et al., 1993).

3. Tachykinin peptides and locomotor activity
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The tachykinin peptides SP and NKA are located in the direct striatonigral
pathway. Both in vivo and in vitro studies indicate that exogenous SP and NKA can
elicit dopamine release from substantia nigra and strnatum (Baruch et al., 1986;
Pettit and Glowinski, 1986; Hokfelt et al., 1991), suggesting that both neuropeptides
may act as a neurotransmitter in the direct striatonigral pathway. Although there 1s a
prominent SP and NKA containing projection from the striatum to the substantia
nigra (Bolam et al., 1990; Chang et al., 1988), the substantia nigra is devoid of NK1
and NK2 rcceptors (Mantyh et al., 1984; Stoessl and Hill, 1990). Thus the
endogenous SP and NKA probably act on the NK3 receptors expressed on the

midbrain dopamine neurons to regulate dopamine release.

Dopaminergic Neurotransmission and Behavioral Sensitization

I. Dopaminc release in the terminal fields

Psychomotorstimulants are indirect dopamine releasing agents. The acute
motor stimulation effect scems to be correlated with an increase in dopamine
transmission in the dopamine terminal fields: NAc and dCPu. Thus, it is
rcasonable to assume that the sensitized behavioral responses are due to a further
enhancement in  dopamine relcase. In  wvitro studies found that
psychomotorstimulant administration increased dopamine release in striatal and
accumbal ussue slices or synaptosomes obtained from animals previously exposed
to psychomotorstimulants (Robinson and Becker, 1982; Kolta et al., 1985;

Castancda ct al., 1988; Yamada et al., 1988; Kalivas and Dulfly, 1988). While in
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vivo microdialysis studies demonstrate the similar result: dopamine release is
augmented in the caudate-putamen and the nucleus accumbens in animals
challenged with psychostimulants after repeated psychomotorstimulant treatment
(Robinson et al., 1988; Akimoto et al., 1989; Kalivas and Dulfly, 1990; Pettit et al.,
1990). However, Several other studies found that dopamine release in response to
a challenge injection after repeated psychomotorstimulant treatment was not
enhanced compared with animals receiving a single dose of psychomotorstimulant
injection (Hurd et al., 1989; Segal and Kuczenski, 1990a and 1990b; Kalivas and

Dufly, 1993a).

2. Changes in the dopaminergic receptors

One hypothesis for the possible mechanism underlying behavioral
sensitization to psychomotorsumulants 1s the desensitization of dopamine
autoreceptors, causing augmentation in dopamine reclease after repeated
psychomotorstimulant injections. Studies on animal models found that repeated
administration of psychomotorsumulants readily induced subsensitvity of
dopaminc autoreceptors in the VIA and SNc (Henry et al., 1989; White ct al.,
1993). The hyposcnsitivity of autoreceptors was observed in both systemic and local
iontophoretic administration of dopamine and dopamine agonists into the VTA
and the SNc (Ackerman and White, 1991; White et al., 1993). However,
subsensitivity of dopamine autoreceptors in the VTA and the SNc are transient, it
was only observed during carly withdrawal from repeated psychomotorstimulant

treatment (White ct al., 1993). Since behavioral sensitization is a long lasting
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phenomenon, thus subsensitivity of the autoreceptors in the VTA and the SNc is
not likely the mechanism underlying sensitization. Studies on the sensitivities of the
postsynaptic D1 dopamine receptors in the nucleus accumbens and caudate
putamen revealed that D1 dopamine receptors are hypersensitive in animals that
have received a challenge injection following repeated psychomotorstimulant
administration (White et al., 1993). Moreover, the period of supersensitivity of D1
dopamine receptors parallels the behavioral response to psychomotorstimulant
challenge (White ct al., 1993), suggesing that Dl dopamine receptor

hypersensitivity may be related to behavioral sensitization.

3. Changes in dopamine reuptake

Dopamine transporter molecules take up the bulk of dopamine released
into the synaptic clefts on dopamine terminals for recycling. Thus, the activity of the
dopamine transporter molecules also affects the extracellular dopamine
concentration. Previous studies showed that the effects of repcated
psychomotorstimulants on the activity of dopamine transporter molecules have
been inconsistent (Izenwasser and Cox, 1992; Peris et al., 1990; Y1 and Johnson,
1990). The binding aflinity of dopaminc transporters showed increased, decreased
and no change after repeated cocaine treatment (Farfel, et al., 1992; Alburges ct al.,
1993; Yi and Johnson, 1990). Ng and colleague demonstrated that there was a
significant increase in dopamine reuptake 24 hours after discontinuing daily cocaine
treatment, but not at 10 or I days of withdrawal from the repeated cocaine

treatment (Ng et al., 1991; Parsons ct al., 1991). However, in vitro studies on striatal
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tissue slices revealed that the rate of dopamine uptake incrcased at I, 14 and 21
days of withdrawal of cocaine self-administration (Meiergerd et al., 1994a, 1994b).
The inconsistency in dopamine uptake during withdrawal periods following
repeated cocaine treatment may explain the contradictory results of dopamine

overflow in animals sensitized to psychomotorstimulants.

Excitatory Amino Acid (EAA) Transmission and Behavioral Sensitization

1. Glutamate synthesis, storage, release and metabolism

Glutamate is synthesized in neural tissues by two major pathways: 1) From
a-ketoglutarate and donor amino acids by means of transamination, and 2) From
glutamine through the action of glutaminase. The synthesized glutamate is then
taken up into the vesicles by means of transporter proteins similar to the storage
process for dopamine (Maycox et al., 1990; Nicholls and Attwell, 1990). Both in
vivo and in vitro studies demonstrate that release of glutamate from the nerve
terminals is a calcium dependent process probably caused by an cxocytotic
mechanism (Nicholls, 1989). Termination of the action of the released glutamate 1s

carried out through the membrane transporter molecules.

2. Major excitatory amino acid afferents in the basal ganglia

Corticostriatal pathway
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The cerebral cortex projects to the adjacent parts of the striatum; this
projection has been demonstrated in the rat and other species (Webster, 1961;
Carman et al., 1963, 1965; Cowan and Powell, 1966; Kitai, 1981; Gerfen, 1984;
Royce, 1982; Wise and Jones, 1977). Despite this general topographic connection
in the corticostriatal pathways, a more complicated picture of the corticostriatal
projections has developed in recent years. The cortical fibers are remapped in the
striatum by being broken up into local modules, and the divergence then is
followed by reconvergence onto sets of basal ganglia output cells in the GP
(Graybiel, 1994). Moreover, it was reported that the prefrontal cortex projects
through the entire length of the strnatum (Goldman and Nauta, 1977). The
corticostriatal projections utilize the excitatory amino acid glutamate as
neurotransmitter (Rebio et al., 1979; Fonnum et al., 1981). Sumulaton of the
cortex In intact animals cvokes large amplitude excitatory postsynaptic potential
(EPSPs) in medium spiny ncurons of the ncostriatum. The excitatory postsynaptic
potential EPSP amplitude is correspondingly altered with stimulus intensity
(Wilson ct al., 1982, Calabresi et al., 1990). In addition, the prefrontal cortex also
innervates other parts of the basal ganglia, including the nucleus accumbens, the
ventral tagmental area and the substantia nigra (Beckstead, 1979; Gerfen et al.,

1982).

Thalamostriatal pathway
The thalamostriatal input is another major afferent of the striatum. These

projections originate mainly from the intralaminar nuclei of the thalamus
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(Beckstead, 1984; Jayraman, 1984). Similar to the afferent from the cortex, the
thalamostriatal fibers are topographically organized (Van der Kooy, 1979; Veening
et al., 1980). Thalamostriatal terminals release the excitatory amino acid glutamate.
Thus, simulation of the thalamus in intact animals produces EPSPs, an effect that is

very similar to those of cortical stimulation (Wilson, 1983).

Amygdalostriatal pathway

Amygdalostnatal projections innervatc not only the nucleus accumbens
(Krettek and Price, 1978), but also the caudate-putamen (Royce, 1978; Russchen
and Price, 1984). The organization of amygdalostriatal innervation is topographic.
Caudal parts project the anteriomedial portion of the striatum, whereas rostral parts
innervate the caudal and latcral division of the striatum. Some of the
amygdalostriatal projections also use glutamate as a neurotransmitter (Fuller et al.,

198.1).

3. Ewvidence for the involvement of excitatory amino acid receptors in behavioral
sensitization
The involvement of the excitatory amino acids in behavioral sensitization to
psychomotorstimulants is indicated by the fact that coadministration of NMDA and
non-NMDA rcceptor antagonists blocks the initiation and expression of behavioral
sensitization (Karler et al., 1989; 1991; Wolf and Khansa, 1991; Stewart and
Druhan, 1993). Much of the studies on behavioral sensitization have focus on the

VTA, because repeated microinjection of amphetamine into the VTA produces
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behavioral sensitization to a systemic challenge dose of amphetamine or cocaine
(Kalivas and Weber, 1988; Vezina and Stewart, 1990; Hooks et al.,, 1992).
Moreover, blockade of NMDA receptors in the VTA prevents the initiation of
behavioral sensitization (Kalivas and Alesdater, 1993). Dopamine neurons in the
VTA receive excitatory amino acid afferents from the prefrontal cortex (Carter,
1982). Sumulation of these projections evokes burst-firing patterns in the VTA
dopamine neurons (Gariano and Groves, 1988). The burst firing results from the
stimulation of the NMDA receptors (Overton and Clark, 1992; Johnson et al.,
1992). Increases in the firing rates of dopamine neurons may lead to an elevation in
axonal dopamine release per action potential, compared with pacemaker-like firing
patterns (Gonon, 1988; Suaud-Chagny et al., 1992).

In addition to the EAA projection from the prefrontal cortex to the VTA,
other EAA aflerents to the basal ganglia may also play a role in behavioral
sensitization. Indeed, destruction of the EAA innervation from the hippocampus to
the nucleus accumbens attcnuates behavioral sensitization to repeated
administration of amphetamine (Yoshikawa et al., 1991). The amygdala also has an
EAA projection to the nucleus accumbens and striatum (Kelley ct al., 1982;
Mogenson and Yang, 1991). Blockade of NMDA rcceptors in the amygdala
prevents behavioral sensitization (Kalivas and Alesdatter, 1993). These f{indings
suggest those EAA inputs from both hippocampus and amygdala to the NAc are

critical in the expression of behavioral sensitization to psychomotorstimulants.

The Goal of This Thesis
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Repeated administration of psychomotorstimulants causes long-term
changes in behavior ranging from addiction to behavioral sensitization. Many of
these behaviors depend on the nigrastriatal and mesolimbic systems of the basal
ganglia. Although converging evidence suggests that dopamine neurotransmission
is involved in the behavioral alterations in response to repeated cxposures to
psychostimulants, the mechanisms underlying behavioral sensitization remains
largely unknown.

The objective of this thesis is to explore the neuronal substrates of
behavioral sensitization induced by the psychomotorstimulants methamphetamine
and cocaine. The following procedures are used: 1) Examine the mRNA levels of
tyrosine hydroxylase during the psychomotorstimulant treatment and withdrawal.
2) Determine if striatal neuropeptide mRNA levels were changed by repeated
psychomotorstimulant administration. 3) Address the role of neurotransmitter
dopamine in behavioral sensitization to psychomotorstimulants. 1) Measure
glutamate levels in the basal ganglia of sensitized animals.

Aim #1 Are tyrosine hydroxylase (TH) mRNA levels changed after
repeated METH treatment and during withdrawal?

To see whether tyrosine hydroxylase mRNA levels change after repeated
METH wcatment and during METH withdrawal period, rats were treated with
METH (4 mg/kg) twice daily for 6 consecutive days. One group was sacrificed on
the same day of drug injection, while another group was sacrificed 1.t days after the
last METH injection. TH mRNA levels in both the VTA and SNc¢ was measured

by in situ hybridization histochemistry.
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Aim #2 Do striatal preprotachykinin and preproenkephalin mRNA
levels change in response to repeated METH administration?

In order to establish whether striatal tachykinin and enkephalin peptides
might be involved in psychomotorstimulant induced behavioral sensitization, the
mRNA levels of these peptide precursors were examined by in situ hybridization.
PPT and PPE mRNAs were measured at 1, 3 and 6 days of repeated METH
injections. The mRNA levels for PPT and PPE were compared between time
points.

Aim #3 Are extracellular dopamine levels altered by
psychomotorstimulant exposure?

To determine whether dopamine plays a role in behavioral sensitization,
extracellular dopamine was measured in the NAc, dCPu, SNc and VTA at day -t of
withdrawal following 7 daily injections of psychomotorstimulant treatment. The
results were compared to dopamine release in response to acute injection.

Aim #4 Does glutamate play a role in behavioral sensitization to
psychomotorstimulants?

To determine whether glutamate plays a role i sensitization to
psvchomotorstimulants, extracellular glutamate was examined in the NAc, dCPuy,
SNc and VTA of rat 3 days after 7 daily psychomotorstimulant injections (day -t of
withdrawal). The results werc compared with glutamate released in response to

acute injection of the same drug.
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CHAPTER II

Contrasting Effects of Repeated Treatment Vs.

Withdrawal of Methamphetamine on Tyrosine Hydroxylase Messenger

RNA Levels in the Ventral Tegmental Area and Substantia Nigra

Compacta of the Rat Brain
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INTRODUCTION

Locomotor activity and exploratory behaviors are subserved by
dopaminergic pathways whose cell body areas reside in the mesencephalon and
express tyrosine hydroxylase (TH), the rate-limiting enzyme of cathecholamine
biosynthesis (Kalivas, 1985; Schalling ct al., 1986). Dopaminergic perikarya of the
nigrostriatal projection are located in the substantia nigra compacta (SNc)
(Bjorklund and Lindvall, 1984; Fallon and Moore, 1978), while mesolimbic and
mesocortical pathways originate from dopaminergic perikarya of the ventral
tegmental area (VTA) (Hokfelt et al., 1984; Loughlin and Fallon, 1984; Swanson,
1982). Repeated microinjections of amphetamine into the SN or VTA made
animals more responsive to the locomotor-enhancing properties of a subsequent
challenge injection of the drug, thus implicating dopaminergic perikarya of the
mesencephalon in the development of behavioral sensitization to this class of
psvchomotor stimulant (Joyce and Iversen, 1979; Kalivas and Weber, 1988).
Morcover, pretreatment with psychomotor stimulants results in intensified drug-
stimulated relecasc of dopamine from dopaminergic tcrminal ficlds of the
neostriatum as well as increased locomotor responses when animals are reexposed

to the drug several days after cessation of treatment (Akimoto ct al., 1989).

In addition to the classical transmitter dopamine, a substantial population of
dopamincrgic ncurons of the SNc and VTA colocalize the neuropepude

cholecystokinin (CCK) with tyrosine hydroxylase (Kiyamna ct al., 1991; Schalling et
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al., 1990). Cholecystokinin-dopamine interactions have been documented in
dopaminergic cell body areas of the mesencephalon as well as in terminal fields of
the nucleus accumbens (Crawley, 1991). For example, microinjection of
physiological doses of cholecystokinin into the nucleus accumbens potentiates
dopamine-induced hyperlocomotion (Crawley et al., 1985). In the midbrain, CCK
is postulated to amplify the inhibitory effect of dendritically released dopamine at
D2 autorcceptors located on dendrites and soma of dopaminergic neurons
(Crawley, 1989; Freeman et al., 1991). Since dopaminergic parameters are
implicated in the phenomenon of scnsitization to drugs of abuse such as
methamphetamine (Kalivas and Stewart, 1991; Kalivas, 1993), we have evaluated
tyrosine hydroxylase and preprocholecystokinin (PPCCK) mRNA levels in
midbrain SNc¢ and VTA by in situ hybridization histochemistry in rodents that
received repeated injections of methamphetamine and were sacrificed either 5 h or

15 days after the trecatment.

METHODS

Animals and drug treatment

Male Spraguc-Dawley rats (Charles River, New York, NY) weighing
approximately 200 g at the start of the experiment were maintained m a
temperature-controlled environment under a 14:10 h light/dark cycle with free
access to food and water. Rats (n = 8 per group) were injected intraperitoneally

twice daily for 5 consecutive days with methamphetamine (METH) (4 mg/kg of
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body weight dissolved in phosphate-buffered saline, pH 7.4) at 1000 and 1500 h.
On the sixth day, rats received an injection of METH at 1000 h and were sacrificed
at 1500 h. A separate group of animals received METH and MK-801 (0.1 mg/kg)
concurrently. To assess the effect of withdrawal, a set of rats was treated as above
and sacrificed at 1500 h 15 days after the last injection. Control rats received 0.5 ml

of phosphate-buffered saline, pH 7.-L.

Radiolabeling of synthetic oligonucleoude probes

Hybridizatilon probes were labeled at the 3 end by terminal
deoxynucleotidyl transferase essentially as described (Angulo, 1992). The reaction
consisted of 100 mM potassium cacodylate buffer (pH 7.2), 25 mM cobalt
chloride, 0.2 mM dithiothreitol (DTT), 70 uCi of *S-dATP (specific activity of
>1,000 Ci/mmol; Amersham, Arlington Heights, IL), 0.25 ug of probe, and 12 U of
terminal deoxynucleotidy! transferase (total reaction volume of 10 ul). The reaction
mixturc was incubated at 37°C for 1 h, and the oligonucleotide probe was scparated
from unincorporated isotope by chromatography on a Sephadex G25 Quick Spin
column (Bochringer/Mannhcim, Indianapolis, IN) at room temperature. The

column buffer consisted of 10 mM Tris-Cl buffer (pH 8.0) and I mM EDTA.

Hybndization probes
TH and PPCCK mRNAs were detected with antisense synthetic
oligonuclcotide probes. Probes were screened with GENBANK and found not to

cross-hybridize with known nucleic acid sequences. The following probes and
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sequences were used: TH mRNA,
S5dTCAAAGGCTCGGACCTCAGGCTCCTCTGAC corresponding to nucleo-
tides 1,223-1,252 of the cloned mRNA sequence (Grima et al., 1985); and PPCCK
mRNA, 5dCCATCCAGCCCATGTAGTCCCGGTCACTTATCCTGTGG-
CTAG corresponding to nucleotides 6,738-6,780 of the rat gene (Deschenes et al.,
1985). The specificity of the hybridization probes was determined as already
described (Angulo et al., 1990). TH and PPCCK probes displayed signal: noise

ratios of 18 and 11, respectively.

Localization of mRNA by in situ hybridization histochemistry

Animals were decapitated and the brains frozen on powdered dry ice.
Coronal scctions (20 um in thickness) were cut in the crvostat at - 15°C and
thermally mounted onto gelatin-coated glass. The tissue was fixed for 30 min at -1°C
in 2% paraformaldehyde 0. I M sodium phosphate buffer (pH 7.2) and washed for
1-2 min in 0.5 x SSC buffer (1 x SSC = 0.15 M sodium cliuordel/0.015 M sodium
citrate buffer, pH 7.0). Sections (three per slide) were arr-dried at room
temperature (RT), rnnsed for I min (RT) in acctylavon buffer (0.1 M
tricthanolamine, pH 8.0), and then acetylated for 10 min (RT) with 0.25% acctic
anhydride dissolved in acetylation bufler. Slides were washed twice in 2 x SSC for 5
and 2 min and finally air-dricd. Sections were hybridized overnight at 37°C in a
humidified environment with a solution consisting of 0.2% (w/v) bovine serum
albumin, 0.1% (w/v) polyvinylpyrrolidone, 0.2% (w/v) ficoll, 3 x SSC bufter, 50%

formamide, 109% dextran sulfate, 10 mM dithiothreitol (DTT), 100 ug/ml of
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sheared and denatured salmon sperm DNA, 400 ug/ml of tRNA, 1 mM EDTA, 4
ug/ml of heparin, and 6-8 x 106 cpm/ml oligonucleotide probe (12-16 ng/ml). The
hybridization solution was applied in a volume of 100 ul, and the slide was
coverslipped. The next day, coverslips were removed by dipping in 2 x SSC buffer
(RT). Sections were washed (RT) three imes for 20 min each in 1 x SSC buffer/i
mM DTT followed by two washes (20 mm each) at 45°C in 1 x SSC/1 mM DTT.
Then came onc final wash for 20 min at 45°C in Ix SSC. The sections were
dehydrated in successive alcohol solutions (509% and 85%/0.3 M ammonium
acetate; 100% ethanol) and dried with a fan. Slides were apposed to Hyperfilm MP

(Amersham) for 15 days (TH mRNA) and 21 days (PPCCK mRNA).

Quantification of mRNA levels

Messenger RNA levels were determined by quantfying grey levels on x-ray
autoradiograms (Hyperfilm MP; Amersham) in regions corresponding to the SNc
and VTA as shown in Figure 2. Tissue sections were stained with cresyl violet, and
only scctions histologically equivalent between control and treatment groups were
used for thc mRNA analysis. Grey levels were quantified with an image analysis
system utilizing the NIH Image .19 software VDM (Rasband, 1993). Five scctions
per animal were bilaterally quantified and the values averaged to generate an optical
density value that corresponds to mRNA abundance per amimal. Each treatment

group (including control) consisted of eight animals; thus optical density values
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Figure 2. Diagrammatic representation of the midbrain in coronal section at the level of
the substantia nigra compacta (SNc) and the ventral tegmental area (VTA) of the rat
brain. The plane of section corresponds to plate 47 of A stereotaxic Atlas of the Rat
Brain (Pellegrino et al., 1979).
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from each animal were averaged and the value obtained taken as representative of
mRNA abundance. Statistical analysis paired values from control with drug

treatment groups by ANOVA.

RESULTS

Effect of methamphetamine treatment on tyrosine hydroxylase mRNA levels

Daily intraperitoneal injections of methamphetamine (1 mg/kg) for 6
consecutive days failed to significantly affect TH mRNA levels in the VTA 5 h after
the last injection (Fig. 3A). In contrast, TH mRNA levels were significantly reduced
25% below controls in the SNc¢ (Fig. 3A). Concurrent administration of METH
with the N-methyl-D-aspartate (NMDA) receptor antagonist MK-801 potentiated
the cffect of METH in the SNc but had no effect in the VTA (Fig. 3A). Chronic
treatment with MK-801 alonc did not cause significant changes of TH mRNA levels
in the substantia nigra compacta or ventral tegmental area of the rat brain (unpub-
lished results).

In order to assess neurochemical cffects of methamphetamine withdrawal, a
scparate sct ol rats consisting of three groups (control, METH, and METH/MK-
801; cight male rats per group) was treated as above but sacrificed 15 days alter the
last METH injection. Tyrosine hydroxylase mRNA levels were increased -12% rela-
tive to controls in the VTA of animals withdrawn from METH. Coadministration
of MK-801 with METH prevented the increase (Fig. 3B). METH withdrawal for 15

days did not affect TH mRNA levels in the SNc (Fig. 3B).
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Figure 3. Tyrosine hydroxylase (TH) mRNA levels at the level of the substantia nigra zona compacta (SNc) and the ventral
tegmental area (VTA). TH mRNA was detected in coronal sections of brain tissue by in situ hybridizatioon histochemistry. Rats
were injected (ip) for 6 consecutive days with methamphetamine (METH) (4 mg/kg) and sacrificed S h (A) or 15 days (B) after the
last injection. Controls (SAL) were injected with phosphate-buffered saline, pH 7.4. A group of animals (eight) received METH and
MK-801 (0.1 mg/kg) concurrently. Symbols over the bars represent standard error of the mean (SEM) values. Bar values represent
optical density values obtained from x-ray film autoradiograms (eight animals per treatment group). *p < 0.05 (Student's {-test). (see
Synapse (1996) 24, 220)
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Effect of methamphetamine treatment on preprocholecystokinin mRNA levels
Preprocholecystokinin (PPCCK) mRNA was detected in coronal sections of
brain tissue from the same animals used for TH mRNA analysis. In contrast to the
effects of METH treatment and withdrawal on TH mRNA levels in the SNc and
VTA, PPCCK mRNA was not affected either 5 h (Fig. tA) or 15 days (Fig. {B)
after METH treatment in these brain regions. PPCCK mRNA levels were
increased 11% in the VTA of animals withdrawn from METH, and this incrcase
was prevented by concurrent administration of MK-801 (Fig. tB); however, the
increase did not approach statistical significance relative to controls at the 95%
confidence level (Student's t-test). A similar trend was observed in the SNc of

animals withdrawn from methamphetamine for 15 days (Fig. -LB).

DISCUSSION

In the present study we utilized a drug treatment paradigm that is known to
result in behavioral sensitization to amphetamine (Wolf et al., 1994) and assessed
TH mRNA levels 5 h after the last injection or at day 15 of abstinence. We found
the messenger RN A coding for the catecholamine rate-limiting enzyme tyrosine hy-
droxylase elevated in the VTA 15 days after pretrecatment with methamphetamine.
Conversely, TH mRNA abundance in the SNc was found decrcased 5 h after
repeated treatment. The latter may result from negative feedback mediated by
dendritic dopaminc autoreceptors (Bjorklund and Lindvall, 1975).

Repeated treatment with amphetamine produces a form of behavioral
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Figure 4. Preprocholecystokinin mRNA levels in the substantia nigra zona compacta (SN¢) and ventral
tegmental area (VTA) from controls (SAL) and (METH) (4 mg/kg) treatment animals. Messenger RNA
was detected in coronal sections of brain tissue by in situ hybridization histochemistry. Bar values
reperesent optical density values from x-ray film autoradiogram. The noncompetitive NMDA receptor
antagonist MK-801 was coadministration with METH at a dosc of 0.1 mg/kg of body weight. *p < 0.05
(paired Student's -test). (Sec Synapse (1996) 24,221)
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sensitization that persists for several weeks after withdrawal from the drug
(Robinson and Becker, 1986). For example, a drug treatment paradigm involving
injections of amphetamine twice daily (5 mg/kg, ip) for 5 consecutive days resulted
in significant increases of stereotypic behaviors upon reexposure to amphetamine
15 and 30 days after treatment, which may be accounted for by augmented activity
of the nigrostriatal dopamincrgic system in psychostimulant pretreated animals
(Kolta et al., 1985). Morcover, amphetamine stmulated more dopamine release
from striatal slices of pretreated rats than from saline-injected controls (Kolta et al.,
1985). These observations suggest that dopaminergic transmission is augmented by
psychostimulant pretreatment in the basal ganglia of the rodent brain.

Augmentation of dopamine release by psychostimulant pretreated animals
upon exposurc to a challenge dose of amphetamine requires a time interval of at
least 15 days of withdrawal from amphetamines (Paulson et al., 1991). For example,
dopamine rclease from dorsal striatum and nucleus accumbens cvoked by a
challenge dose of amphetamine from animals that had becen pretreated with an
escalating amphetamine schedule was observed 15 and 28 days (Paulson and
Robinson, 1995; Robinson ct al., 1988). Our results demonstrate that TH mRNA
levels are elevated in the ventral tegmental area 15 days after repeated METH
treatment. Thus, our data arc compatible with a model of enhanced dopaminergic
activity at the level of TH mRNA which might reflect clevated levels of TH enzyme
and activity as well.

The ventral tegmental area and its projections to the nucleus accumbens

and prefrontal cortex have been implicated as drug reward regions mediating some
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of the reinforcing properties of opiates and psychostimulants such as cocaine and
amphetamines (Koob and Bloom, 1988; Wise and Bozarth, 1987). Rats chronically
treated with cocaine or morphine and sacrificed within 16 h of the last injection
displayed elevated levels of tyrosine hydroxylase in the VTA but not in the nucleus
accumbens, caudate-putamen, or substantia nigra (BeitnerJohnson and Nestler,
1991). In the present study, we did not observe changes in TH mRNA levels in the
VTA 5 h after repeated METH trcatment, although it is conceivable that TH
enzyme levels may be increased due to altered axonal transport since chronic
cocaine and morphine have been shown to decrease the levels of neurofilament
proteins in the VTA (Bcitner-Johnson et al., 1992).

Concurrent administration of the noncompetiive NMDA receptor
antagonist MK-801 with METH prevented the increasc of TH mRNA in the VTA
of rats subjected to 15 days of abstinence, suggesting that excitatory amino acid
activity via NMDA receptors is required for the development of the enduring
cffects of METH treatment which may be associated with behavioral sensitization.
For example, using a drug treatment and dosage paradigm that produces behavioral
sensitization, coadministration of MK-801 with amphetaminc effectively blocked
amphetamine-induced autorcceptor subsensitivity to dopaminc agonists in the VTA
as well as dopamine DI receptor supersensitivity in the nucleus accumbens
(Ackerman and White, 1990; Henry and White, 1991; Wolf et al., 1994).

In conclusion, the results demonstrate that withdrawal from repeated
trcatment with methamphetamine alters tyrosine hydroxylase mRNA levels in pen-

karya of mesolimbic and mesocortical neurons of the ventral tegmental area of the

45

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



rat brain. The increase in the TH mRNA level in the VTA was observed at day 15
of withdrawal and was prevented by concurrent pretreatment with the NMDA
receptor antagonist MK80I, suggesting a direct involvement of glutamatergic
transmission in METH-induced alterations of the dopaminergic system. Work in
progress will assess the levels and activity of TH utilizing the drug schedule

paradigm employed in the present study.

46

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



CHAPTERIII

Progressive Augmentation of Striatal and Accumbal Preprotachykinin

mRNA Levels by ChronicTreatments with Methamphetamine and

Effect of Concurrent Administration of the N-methy-D-aspartate

Receptor Antagonist MK-801

47

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



INTRODUCTION

The caudate-putamen and nucleus accumbens are major relay centers of
the basal ganglia (Gerfen, 1992). Dopaminergic perikarya of the mesenscephalon
represent the main source of dopaminergic input to the neostiatum. Cell bodies of
the substantia nigra compacta innervate the caudate-putamen giving rise to the
nigrostriatal pathway, while dopaminergic neurons of the ventral tegmental area
project to the accumbens and prefrontal cortex and these projections are referred
to as mesolimbic and mesocortical pathways, respectively (Bjorklund and Lindvall,
198.1; Fallon and Moore, 1978). The dopaminergic innervation of the necostriatum
has been implicated in numerous behaviors and has been shown to modify the
activity and the neurochemical plasticity of neostriatal projection neurons (Le Moal
and Simon, 1991; Angulo and McEwen, 1994). Pharmacological and
dealfferentation  studies have established that mesencephalic dopaminergic
transmission exerts tonic inhibition on neostriatal enkephalinergic and
ncurotensinergic expression, while tonically stumulating tachykinin and dynorphin
systems at both peptde and mRNA levels (Angulo, 1992; Bannon ct al., 1986;
Hong ct al., 1980; Li et al., 1990; Gerfen et al., 1991; Angulo and McEwen, 199).
Striatal neuropeptides, in turn, can influence the function of dopaminergic neurons.
Microinjection of ncuropeptides or protcase-resistant pepude analogs into the
midbrain ventral tegmental area affects dopamine metabolism in terminal field
areas of the nucleus accumbens (Kalivas, 1985). Thus, striatal and accumbal

neuropeptides might play an important role as modulators of dopamine-dependent
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functions and behaviors, such as sensitization to psychomotor stimulants of abuse
like cocaine and amphetamine.

Neuropeptides might affect some behaviors by modulating dopaminergic
activity in the brain. Neurochemical investigations demonstrate that neuropeptides
affect the metabolism of dopamine in terminal fields areas of the forebrain (Kalivas,
1985). Direct application of neuropeptides into the dopaminergic cell body groups
of the mesencephalon results in locomotor responses.  For example, direct
application of the tachykinin peptide substance P onto A10 dopaminergic ncurons
increased locomotion and rearing and decreased grooming (Stinus et al., 1978;
Kelly et al., 1985). A related tachykinin peptide, neurokinin A, had similar effects
as substance P, but was more potent (Kalivas, 1985). Direct application of opioid
peptides onto Al0 dopaminergic neurons produced behavioral sensitization of
motor activity to subsequent application of peptidasc-resistant analogs of
enkephalin (Kalivas and Stewart, 1991). The foregoing observations suggest that
ncuropeptides might play an important role in the regulation of locomotor acuvity,
as well as in the locomotor-enhancing properties of psychostmulant drugs.

In the light of these observations, we have evaluated the time course of
repeated treatment with methamphetamine (METH) up to 6 days, as well as
withdrawal for 15 days, on the levels of preprotachykinin and preproenkephalin
mRNAs in subdivisions of the caudate-putamen and the nucleus accumbens by in
situ hybridization histochemistry. In addition, we have assessed the involvernent of
concurrent administration of methamphctamine with the non-competiive NMDA

receptor antagonist MK-801. To assess the effect of withdrawal from METH on
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ncostriatal neuropeptide expression, rodents that were treated with METH for 6

consecutive days were sacrificed at day 15 of abstinence from the drug.

METHOD

Animals

Male Sprague-Dawley rats (Charles River, New York) weighing
approximately 250-350g were housed in a temperature-controlled environment
under a 14:10 h light / dark cycle with free access to food and water. Rats were
allowed to acclimate for at least 1 week after arrival in the animal facility, followed

by daily handling for several days prior to the experiments.

Radiolabeling of the Oligonucleotide Probes.

The probes were labeled at the 3' end by terminal deoxynucleoude
transferasc essentially as described (Angulo et al., 1990). The reaction consisted of
100mM potassium cacodylate buffer (pH 7.2), 25mM CoCl;, 0.2 mM dithiothreitol
(DTT), 70uCi of *S-dATP (Amersham, specific activity of > 1,000 Ci / mmol ),
0.25 ug of probe, and 12 U of terminal deoxynuclcotidyl transferase (total reaction
volume of 10 ul). The reaction mixturc were incubated at 37°C for 1 hour and the
radiolabeled oligonucleoude probe was separated from unincorporated isotope by
chromatography on a Sephadex G-25 Quick Spin column (Bochringer/Mannhcim)
at room temperaturc. The column buffer consisted of 10mM Trns-Cl butfer (pH

3.0) and ImM EDTA.
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Hybridization probes

Preproenkephalin  (PPE) and preprotachykinin  (PPT) mRNAs were
detected with antisense synthetic oligonucleotide probes. Probes were screened
with  GENBANK and found not cross-hybndize with known nucleic acid
sequences. The specificity of the probes was determined as already described
(Angulo et al., 1990). The following probes and sequences were used: PPE
mRNA, SACAAGTCGTCCTCATCCTGTTTGCTGC-TGCT and
SdCTCCACGGGGTAAAGCTCATCCATCTTCTT corresponding to amino
acids 86-95 and 112-121 of the rat prohormone (Rosen et al., 1984); and PPT
mRNA, SdCATTAATCCAAAGAACTGCTGAGGCTTGGGTCT and
S5dGCCCATTAGTCCAACAAAGGAATCTGTTTTATG  corresponding  to

amino acids 58-68 and 83-93 of the rat prohormone (Krausc et al., 1987).

Localization of mRNA by in situ hybridization histochemistry.

Rats were decapitated and the brains were frozen on powdered dry ice.
Coronal sections were cut in the cryostat at -17°C and mounted onto glass slides
treated with vatabone. The shices were fixed for 30 min. at 'C in 2%
paraformaldchyde/0.1M sodium phosphate buffer (pH 7.2) and washed for 1-2
min in 0.5X SSC buffer (1X SSC = 0.15 M sodium chloride/0.015M sodium
ctrate, pH 7.0). Sections were air-dried at room temperature (RT), rinsed for 1
min. (RT) in acetylation buffer (0.1 M triethanolamine, pH 8.0) and then acetylated

for 10 mun. with 0.25% acetic anhydnde dissolved in acetylation buffer at room
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temperature. Slides were washed in 2X SSC for 5 and 2 min. and finally air-dried.
Sections were hybridized overnight at 37°C in a humidified environment with a
solution consisting of 0.2% (w/v) bovine serum albumin, 0.1% (w/v)
polyvinylpyrrolidone, 0.2% (w/v) Ficoll, 3X SSC buffer, 509% formamide, 10%
dextran sulfate, lI0mM DTT, 100ug/ml of sheared and denatured salmon sperm
DNA, 400 ug/ml of tRNA, ImM EDTA, {ug/ml of heparin and 6-8 x 10* cpm/ml
oligonucleotide probe (12-16 ng/ml). The hybridization solution was applied in a
volume of 100 ul per slide and the slides were coverslipped. The next day,
coverslips were removed by dipping in 1X SSC buffer (RT). Sections were washed
(RT) 3 imes 20 min. each in 1X SSC buffer/lmM DTT followed by 2 washes 20
min. each at 15°C in 1X SSC/ImM DTT. Then, one final wash for 20 min. at 45°C
in IX SSC. Tissue was dehydrated in successive alcohol solutions (509%/0.3M
ammonium acetate, 85%/0.3M ammonium acetatc and 100% ecthanol) and dried
with a fan. Slides were exposed to Hyperfilm for seven days (PPE), 1.t days (PPT)

and -t weeks (PPD).

Quantlfication of neuropeptide mRNA

Films were developed. Messenger RNA levels were determined by
quantfying grey levels on the x-ray autoradiogram in regions corresponding to the
caudatc-putamen and nucleus accumbens (Fig. 5). Grey levels were quantified with

an image analysis system utilizing the NIH Image 1.49 software VDM. Six sections
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Figure 5. Schematic representation of subdivisions of the caudate-putamen and the
nucleus accumbens in coronal sections. Panels A and B are adapted from A stereotaxic
Atlas of the Rat Brain by Pellegrino et al. (1979) and correspond to plates 14 and 19,
respectively. A aCPu, anterior caudate-putamen; NAc, nucleus accumbens. B. dICPu,
dmCPu, viCPu and vmCPu: dorsolateral, dorsomedial, ventrolateral and ventromedial
aspects of the caudate-putamen, respectively.
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per animals were bilaterally quantified and the values were averaged to generate an
optical density value that represented that animal. There were cight animals in
cach group, the optical density values from eight animals were averaged and the

mean value was taken as representative of mRNA level.

RESULTS

Effect of repeated methamphetamine treatment and withdrawal on
preprotachykinin mRNA levels in the striatum and accumbens:

Acute trecatment with METH (4 mg/kg) increased PPT mRNA levels in
dorsal and ventral aspects of the caudate-putamen (CPu) but, paradoxically,
concurrent administration of the NMDA receptor antagonist MK-801 attenuated
the cffect of METH in dorsomedial CPu (dmCPu) while potentating in the
ventromedial CPu (vmCPu) (Fig. 6A). At day 3 of treatment, statistically significant
incrcases were observed in all subdivisions of the CPu, except ventrolateral CPu
(vICPu) and anterior CPu (aCPu) (Fig. 6B). Interestingly, MK-801 attenuated the
citects of METH most cffectively in the nucleus accumbens (Fig. 6B). Repeated
trecatment with METH for 6 consccutive day increased PPT mRNA abundance in
all aspects of the caudate-putamen and the nucleus accumbens (NAc)(Fig. 6C).
The largest increase relative to vehicle-injected controls was observed in medial
aspects of the CPu: 72% and 96% in dorsomedial and ventromedial CPu,

respectively (Fig. 6C). Dorsolateral and ventrolateral subdivisions displayed smaller
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Figure 6. Time course of repeated treatment with methamphetamine on pre PPT mRNA was detected in coronal
sections of brain tissue with synthetic oligonucleotide probes by in situ hybridization histochemistry.

Messenger RNA levels were determined with image analysis system and the optical density values obtained
expressed as percentage change relative to controls. Each time point consisted of 24 animals: eight received
vehicle, eight received METH and the remaining cight received METH and MK-801, concurrently. Note the
increase of PPT mRNA accumulation between days 3 and 6. Values over the bars represent SEM. NAc, nucleus
accumben: aCPU., anterior caudate-putamen; diCPU, dmCPU, viCPU, vinCPU: dorsolateral, dorsomedial,
ventrolateral and ventromedial aspects of the caudate-putamen, respectively. *p < 0.05 (paired Student's f-test).
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Figure 7. Effect of 15 days of withdrawal from METH treatment on PPT mRNA expression in
the caudate-putamen and nucleus accumbens of the rat brain. PPT mRNA levels were assessed
by in situ hybridization histochemistry in coronal sections of brain tissue. PPT mRNA levels
were quantified with an image analysis system and the results are expressed as percentage
change relative to control values. Rats (n=8 per treatment group) were reated with METH or
METH/MK-801 and were sacrificed 15 days after the last injection. Positive values over the
bars represent SEM values. NAc, nucleus accumbens; aCPu. anterior caudate-putamen; dICPuy,
dmCPu, vICPu and vmCPu: dorsolateral, dorsomedial, ventrolateral and ventromedial aspects of
the caudate-putamen, respectively. *p < 0.05 (paired Student's ¢-test). (Published in
Neuropharmacology. 36, 329)
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Increases (47% and 35%, respectively; Fig. 6C). Anteriorly, PPT mRNA was
increased 63% in aCPu and 21% in the accumbens, respectively, relative to vehicle-
injected controls (Fig. 6C). Concurrent administration of the non-competitive
NMDA receptor antagonist MK-801 with METH attenuated METH-induced
elevations of PPT mRNA in all aspects of the CPu and the NAc (Fig. 6C).

In order to determine if the increased levels of neostriatal PPT mRNA
induced by repeated injections of METH persisted after cessation of treatment,
rodents that had been treated consecutively with METH for 6 days were withdrawn
from the drug for 15 days. At day 15 of withdrawal, PPT mRNA levels in all
aspects of the CPu, as well as the NAc, were statistically indistinguishable from
vehicle-injected controls at the 95% confidence level (Fig. 7). Similarly, concurrent
treatment with MK-801 did not affect PPT mRNA levels in the ncostriatum at day

15 of withdrawal from METH (Fig. 7).

Preproenkephalin mRNA levels in striatum and accumbens of methamphetamine-
treated and withdrawn rats

PPE and PPT mRNA levels were assessed in adjacent sections of brain
tussue under identical conditons.  Five hours after a single injecion of
mecthamphetamine (day 1), PPE mRNA levels were found clevated in all regions
analyzed except the vVICPu. The highest incrcase was observed in the vinCPu (36%
above control; Fig. 8A). Concurrent administration of MK-801 with METH

ncither attenuated nor potentiated the effects of METH treatment (Fig. 8A). At
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Figure 8. Time course of acute and chronic methamphetamine treatment on preprocnkephalin (PPE) mRNA levels in the basal
forebrain of the rat. PPE mRNA was detected by in situ hybridization histochemistry in coronal sections of brain tissue at the
levels of the caudate-putamen and nucleus accumbens. PPE mRNA levels are expressed as percentage change relative (o controls.
PPE mRNA levels were determined from adjacent sections derived from the same sct of rats (n=8 per treatment group) used for
PPT mRNA (as described in legend to Fig. 6). NAc,nucleus accumbens; aCPu, anterior caudate-putamen; diCPu,

dmCPU, vICPU and vimCPU: dorsolateral, dorsomedial, ventrolateral and ventromedial aspects of the caudate-putamen,
respectively. Values over the bars represent SEM. * p< 0.05 (paired Swdent's (=test). (See Neuropharmacology. 36, 330)
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Figure 9. Assessment of preproenkephalin mRNA levels in the caudate-putamen and nucleus
accumbens of the rodents withdrawn from chronic methamphetamine treatment for 15 days. PPE
mRNA levels were detected in coronal sections of brain tissue by in situ hybridization
histochemistry. Messenger RNA levels were determined with an image analysis system by
estimating optical density values from X-ray autoradiograms and PPE mRNA levels are expressed
as percentage change relative to controls. Rats (n=8 per treatment group) were treated with
METH or METH/MK-801 (as described in legend to Fig. 7) and were sacrificed 15 days after the
last injection. Positive values over the bars represent SEM values. NAc, nucleus accumbens;
aCPu, anterior caudate-putamen; diICPu, dmCPu, vICPu and vmCPu: dorsolateral, dorsomedial,
ventrolateral and ventromedial aspects of the caudate-putamen, respectively. *p < 0.05 (paired
Student's r-test). (Published in Neuropharmacology (1997) 36, 331)
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day 3 of treatment, the effects of acute METH on PPE mRNA levels had waned
(Fig. 8B). Although the vimCPu displayed an increase of nearly 20% above control,
it did approach statistical significance at the 95% confidence level due to large
interanimal variability (Fig. 8B). Similarly, at day 6 of treatment PPE mRNA levels
were elevated only in the vinCPu (Fig. 8C).

Withdrawal from METH for 15 days resulted in small but consistent
decrease of PPE mRNA levels throughout the CPu and NAc (Fig. 9); however,
these changes did not reach staastical significance. In contract to PPT mRNA, rats
treated concurrently with MK-801 and METH displayed statistically significant
decreases of PPE mRNA levels in dorsolateral CPu (diCPu), dmCPu, vICPu and

aCPu (18%, 16%, 25% and 209%, respectively) at day 15 of withdrawal (Fig. 9).

DISCUSSION

Here we show that repeated injections of METH for 6 consecutuve days, a
paradigm that induces bchavioral sensitization as well as dopamine autoreceptor
subsensitivity and mesoaccumbens dopamine D1 receptor supersensitivity (Wolf
and Khansa, 1991; Woll et al, 1994), resulted in robust elevauon of
preprotachykinin mRNA levels in the caudate putamen and nucleus accumbens.
In contrast, neostriatal PPE mRNA lcvels were not significandy altered by METH
trcatment after cither 3 or 6 days of repeated injecuons. However, PPE mRNA

levels were modestly elevated in the caudate putamen and nucleus accumbens 5 hr
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after a single injection of METH. The early and transient elevation of PPE mRNA
by METH may suggest that enkephalinergic projection neurons are not involved in
the development of locomotor sensitization to psychomotor stimulants. The acute
and transient elevation of PPE mRNA levels in the striatum has been observed and
reported by another group utilizing amphetamine instead of METH (Wang and
McGinty, 1995). The transient elevation of PPE mRNA by acute treatment with
METH 1s not likely to result from psychostimulant-induced elevation of synaptc
dopamine, since dopamine exerts tonic inhibitory effects on this peptidergic system
(Angulo and McEwen, 1994). The carly and transient increase in PPE mRNA may
be mediated by intrinsic striatal mechanisms yet to be elucidated, conccivably at the
level of peptidergic interactions with classical transmitters.

We assessed the effect of concurrent administration of methamphetamine
and NMDA receptor antagonist MK-801, because previous studies have shown that
the inducton of behavioral sensitization to amphetamines requires the participation
of the NMDA component of the glutamate receptor (Woll et al, 1991).
Dcaflerentation studies suggest that most NMDA receptor sites of the striatum are
intrinsic (Greenamyre and Young, 1989) and at least some of these sites might be
located on dopaminergic terminals of the striatum (Roberts and Shanf, 1978
Roberts ct al., 1982). Various studies have demonstrated that NMDA receptor
activation with sclective agonists potentates the release of dopamine [rom
synaptosomal preparations, slices of striatal tissue, as well as from freely moving rats
(Araneda and Bustos, 1989; Kashihara et al., 1990; Krebs et al., 1991; Wang,

1991). We found that coadministration of MK-801 with METH partially inhibited
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the elevation of striatal and accumbal PPT mRNA levels, except in the vimCPu
where it potentiated PPT mRNA expression at day | of treatment (the mechanism
subserving this paradoxical effect remains to elucidated). MK-801 is reported to
simulate the firing rate of dopamine neurons in the mesencephalon (Zhang et al.,
1992), but striatal basal dopamine release is not significantly affected by MK-801
(Moran et al., 1993). Thus, the inhibitory effect of MK-801 on METH-induced
clevation of neostriatal PPT mRNA may be due to its modulatory effects on
NMDA receptor-mediated actions of dopamine in the mesencephalon or to direct
modulation of neostriatal neuropeptide expression at sites post-synpatic to
dopamine. Chronic treatment with NMDA receptor antagonists or cortical ablation
lesions support the hypothesis that glutamate activity exerts positive effects on PPE
and PPT mRNA expression in the striatum of the rat brain (Somers and
Beckstead, 1992; Zhang et al., 1996).

The manner in which an animal responds to a drug is determined not only
by the duration of trcatment but also by the time interval between exposures.
Continuous (via subcutaneous pellets) or closely spaced treatments (minutes apart)
with psychostimulants results in the development of tolerance or reduced
responsivencss to the agent, while intermittent treatment (once daily or twice daily
spaced a few hours apart) results in sensitization or reverse tolerance, i.c. increased
responsiveness to inputs (Nelson and Ellison, 1978; Post, 1980). The sensitization
to rcpetitive treatment with amphetamines can last for weeks and months after
cessation of treatment (Nelson and Ellison, 1978; Paulson et al., 1991). In the

present study, we found PPT mRNA levels elevated in the neostriatum 5 hr after
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repetitive treatment with methamphetamine for 6 consecutive days. However, PPT
mRNA levels returned to control levels at day 15 of withdrawal. It is likely that the
increase in the mRNA encoding the neuropeptides substance P and neurokinin A
represents a homeostatic adaptation in order to maintain higher levels of peptde
utilization during drug treatment. At the organismic level, elevated activity or
output of the tachykinin system via the direct striatonigral pathway may account, in
part, for the enhancement of locomotor behavior associated with repetitive
exposure to amphetamines. Substance P has been demonstrated to stimulate the
acuvity of dopamincrgic neurons of the substantia nigra compacta (James and Starr,
1977; Olpe and Koella, 1977). Thus, it is likely that increased levels of substance P
may account in part for sensitization to methamphetamine, becausc this
ncuropeptide facilitates dopaminergic function wvia striatonigral-nigrostriatal
reciprocal connections and might exert an amplification effect on this loop.
Repetitive treatment with methamphetamine alters some neurochemical
parameters of the basal ganglia during treatment, while other interrclated
paramcters may be affected days or even weeks after cessation of treatment. For
cexample, PPT mRNA levels of the neostriatum arc elevated at the end of the
treatment but not after 15 days of drug abstincnce. In contrast, tyrosine
hydroxylase mRNA levels in the ventral tegmental arca are not aftected after 6 days
of daily injections of METH, but become elevated at day 15 of withdrawal (Zhang
and Angulo, 1996). Morcover, chronic treatment with the psychomotor stimulant
cocaine resulted in dopamine autoreceptor subsensitivity in the nucleus accumbens

immediately after the last drug administration (Pierce et al., 1995). Neurochemical
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adjustments in response to treatment to psychostimulant drugs of abuse can occur
during drug administration and might represent mechanisms of tolerance to the
drug. By contrast, other neurochemical changes occur much later and may be
involved in the enduring aspects of sensitization to the drug.

In conclusion, progressive treatment with methamphetamine elevated
preprotachykinin mRNA levels in all aspects of the caudate-putamen and
accumbens in a stepwise manner between days 1 and 6 of treatment; however, PPT
mRNA levels returned to control values 15 days after cessation of treatment
(withdrawal). Coadministration of the NMDA receptor antagonist MK-801
attenuated the clevation of PPT mRNA observed after chronic treatment with
METH for 6 consecutive days. In contrast, preproenkephalin mRNA levels were
significantly affected by acute treatment with METH and decayed by day 6. The
data suggest that the tachykinin system is a direct target of the actions of
mecthamphetamine, and perhaps psychomotor stumulants in general, on the
dopamincrgic system of the rodent brain. Moreover, enhanced activity observed
during rcpetitive and progressive treatment with psychostimulants. Since the effects
of METH on PPT mRNA dccay when the drug is withdrawn, it is likely that this
peptidergic system may not subserve a necuroadaptive role sustaining cndunng
scnsitization to amphetamines, but may play a role in the progressive augmentation

of locomotor activity elicited by this class of drug.
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CHAPTERIV

Extracellular Dopamine Release in Response to Acute and Challenge

METH and Cocaine Treatments
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INTRODUCTION

Methamphetamine and cocaine are commonly abused psychomotorstimulants that
cause addiction and hyperlocomotor activity. Although methamphetamine and cocaine
affect monoamine systems including dopamine, serotonin and norepinephrine, several
studies indicate that the locomotor stimulating effect of amphetamine and cocaine may be
associated with an increase in dopamine transmission in the axonal terminal region of
dopamine neurons. Because locomotor responses to amphetamine and cocaine were
prevented by concurrent treatment with dopamine receptor antagonists or destruction of
dopaminergic systems (Crease and Iversen, 1975; Kelly and Iversen, 1975; Scheel-Kruger
et al., 1977: Roberts et al 1980; Stewart and Vezina, 1989), most studies on
psychomotorstimulants induced behavioral sensitization have focused on the dopaminc
systems.

Repeated injection of amphetamine and cocaine induces behavioral sensitization,
which is charactenized by an augmentation in locomotor activity. Bechavioral sensitization
has been postulated to result from enhanced dopamine release in the mesoaccumbens and
nigrostriatal dopaminergic terminals in response to a challenge injection of
psychostimulants.  In wvitro studies supported this hypothesis by showing cnhanced
dopamine release from accumbal and striatal tssue slices and synaptosomes from rats
sensitized to psychomotorstimulants (Robinson and Becker, 1982; Kolta ct al., 1985;
Castancda ct al., 1988; Yamada ct al 1988, and Kalivas and Dufly, 1988). Similarly, in vivo
microdialysis studies demonstrated that a challenge dose of psychomotorstimulant
subsequent to daily amphetamine or cocaine pretreatment produced an increasc in

dopamine release in both caudate-putamen and the nucleus accumbens (Robinson et al.,

66

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



1988; Akimoto et al., 1989; Kalivas and Dufly, 1990; Pettit et al., 1990). However, other
studies have found that a challenge injection of amphetamine or cocaine during the early
withdrawal period following repeated psychomotorstimulant injections decreased
extracellullar dopamine concentration in both caudate-putamen and nucleus accumbens
when compared with dopamine release induced by acute psychomotorstimulant
admunistration (Hurd et al., 1989; Segal and Kuczenski, 1990a and 1990b; Kalivas and
Duffy, 1993). Thus, whether enhanced dopamine release in the nigrostriatal and
mesoaccumbal dopamine terminal regions is always associated with behavioral sensitization
needs to be evaluated.

While most investigations on behavioral sensitization have focused on the terminal
regions of the dopaminergic system, relatively few studies have examined the effects of
systemic amphetamine or cocaine application on somatodendritic dopamine release.
Dopamine cell bodies in the midbrain are the primary source of the dopaminergic input to
the caudate-putamen and the nucleus accumbens. Dopamine ncurons in the ventral
tagmental area and the substantia nigra compacta send their axons to the nucleus
accumbens and the caudate-putamen, respectively. The ncuronal activity of dopamine
neurons in the somatodendritic field influence the synthesis and release of dopamine in the
terminal regions. Because relcase of dopamine in the dopaminergic terminal field was
altered following methamphetamine or cocaine administration, it is important to asscss
dopamine efflux in the somatodendritic regions in the sensitized animals as well.
Moreover, ventral tagmental area and substantia nmigra arc cntical for the initiaion of
behavioral sensitization to psychostimulants, since intra-VTA and substantia nigra injection

of amphetamine resulted in enhanced locomotor response to a systemic challenge injection
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of psychomotorstimulants (Dougherty and Ellinwood, 1981; Kalivas and Weber, 1988;
Vezina and Stewart, 1990).

To study the discrepancy reports on dopamine release in response to amphetamine
or cocaine challenge injection and to find out whether enhanced dopamine release is
neccessary for the expression of behavioral sensitization to both drugs, the present study was
designed to examine the effects of two different psychomotorsimulant, methamphetamine
and cocaine, on extracellular dopamine release in both dopaminergic terminal areas:
caudate-putamen and nucleus accumbens; and somatodendritic regions: ventral tagmental
arca and substantia nigra compacta. It is one of the major strengths of this study to contrast
psychostimulant-evoked dopamine release in terminal field areas and somatodendritic
areas, utilizing the same sensitization paradigm. Extraccllular dopamine concentrations
were measured by in vivo microdialysis. Experimental rats were divided mto acute and
challenge treatment groups. In the acute group, dopamine content was measured in drug
naive rats in response to only one dosc of methamphetamine (I mg/kg, ip) or cocaine (10
mg/kg, ip) injection. In the challenge group, release of dopamine is determined following a
challenge injection after 3 days of withdrawal from 7 daily methamphetamine (I mg/kg, ip)

or cocaine trcatments (10 mg/kg, ip).

METHODS

Animal housing and surgery.
Male Spraguc-Dawley rats (Charles River, New York) weighing approximately 250-

350g werce housed in a temperature-controlled environment under a 14 : 10 h light / dark
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cycle with free access to food and water. Rats were allowed to acclimate for at least 1 week

alter arnival in the animal facility.

Surgical Procedure

Rats (250-350g) were anaesthetized with Ketamine and Promace and placed in a
stereotaxic frame (David Kopl). Holes were drilled in the skull and guide cannulas (CMA)
slowly lowered into the brain over an approximate 10 min. period. Each rat was implanted
with only onc guide cannula. The coordinates used for the implantation of guide cannulas
{rom bregma and the skull surface are: dCPu: A, 1.6mm; L, 2.5mm; V, £.5mm; NAc: A,
[.6mm, L, L.5mm, V, 7mm; SNc: P, 5mm; L, 2mm; V, 8mm; VTA: P, 5mm, L, Imm, V,
8.5mm (Paxinos and Watson, 1986). Dental cement and 2 stainless steel screws tapped
into the skull secured the cannula. The wounds were sutured. After surgery, rats were
housed individually in standard rat cages and allowed 3 days of recovery pnior to drug

administration. Drug injections were performed in home cages.

Microdialysis and Sample Collection

On the dav of measuring dopamine, rats were transferred to the dialysis testing
bowl. Dialysis probes were purchased from CMA, with 2 mm of active dialysis membranes
exposed at the up. Prior to placing the probes in the rat. probe recovery was determined in
vitro using a standard solution of DA. Dialysis probes were inseried through gwde
cannulas into the brain and were perfused at .Submin. with artificial cerebrospinal fluid
(135.0 mM Na. LImM Ca’, 29 mM K. 1328 mM CI. .83 mM Mg~ . pH 7.1). Once

the probes were lowered into the dCPu. NAc (Fig. 10), SNc and VTA (Fig. 11). bascline
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samples (30 min each) were collected for about 180 min. After stable dopamine levels were
obtained in three consecutive samples, rats received an injection of METH or cocaine
depending on the treatment paradigm. Fractions were collected for 2 additional hour.
Dialysis probes were removed at the end of the experiment, and brains were removed for

histological verification of probe placement.

High-Performance Liquid Chromatography Analysis of Recovered Samples

Dialysis samples were collected from the dCPu, NAc, SNc and VTA over a 30
min. period. into microfuge tubes containing 2 ul of .I M perchroric acid to inhibit
dopamine oxidation and frozen at -80 °C until analyzed for dopamine. Dopamine content
in the samples was mcasured using HPLC with electrochemical detection. Dopamine was
scparated using a BAS reversed-phase column and analyzed with LC~tC detector (BAS).
The mobile phase consisted of 25mM NaH-PO,; 50 mM NaCitrate; .03mM EDTA; 10
mM Dicthylamine HCI; 2.2 mM Octylsulfonic acid; 10 mM NaCl with a final pH of 3.2.
30 ml of Mcthanol and 22 ml of Dimethylacetamine were added into 1L of above solution.
The working clectrode was set at +650 V. Chromatograms were scored and converted to
concentrations using standard curves with Tobochrome. In vitro probe recovery for
dopamine is about 13 %. Prior to cach sample run, a blank consisting of an equal volume
of artificial CSF is injected into the HPLC. A standard solution of dopamine was similarly
injected into the HPLC system before measuring the samples, these results were used to

quantify the concentration of dopamine in the unknown samples.
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Figure 10. Location of dialysis probes in the nucleus accumbens and caudate-putamen.
The vertical lines indicate the probe placement. Panel A shows the probe placement in
the nucleus accumbens. Panel B shows the probe placement in the caudate-putamen.
The frontal section adapted from the atlas of Paxinos and Watson (1986).
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Figure 11. Location of dialysis probes in the ventromedial mesencephalon. The vertical
lines refer to probe placements. Panel A shows the probe placement in the VTA. Panel

B shows the probe placement in the SNc. Panel A and B are adapted from the atlas of
Paxinos and Watson (1986).
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Histology and data analysis

Following each experiment, rats were exposed to COz2 for about 30 seconds before
decapitation. The brains were removed from the skull and frozen at -80 °c. Probe
placement was verified histologically by cutting coronal sections and visualizing the track of
dialysis probe according to the atlas of Paxinos and Watson (1986) (Fig. 10 and Fig. 11).
The neurochemical data were statistically analyzed using analysis of variance (ANOVA).
The dopamine content was normalized to percent change and compared with the average

of 3 baseline samples.

RESULTS

Effect of acute and challenge cocaine injection on dopamine release in the caudate-
putamen.

Figure 12A shows that acute cocaine injection increased the level of extracellular
dopamine with a maximum response (175% above baseline) at 30 min. alter cocainc
injection. Similarly, the cocaine challenge also elevated dopamine level about 75% above
bascline. The augmentation of dopamine release in response to the cocaine challenge
trecatment was not as robust as that caused by acute cocaine injection. The difference of
dopaminc efllux between acute and challenge cocaine treatments is not statistcally

significant.

Effect of acute cocainc and cocaine challenge on dopaminc release in the nucleus

accumbens.
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Figure 12. The effect of acute and challenge administration of cocaine on dopamine eftlux in the dCPu,
caudate-putamen; NAc, nucleus accumbens; VTA, ventral tegmental area; SNc, substantia nigra
compacta. Extracellular dopamine in response 0 aucte (10 mg/kg x 1d) and challenge (10 mg/kg x 7d)
cocaine injection was measured with HPLC coupled with electrochemical detector and expressed as

percentage of baseline. Values above and below the lines represent the SEM. *p < 0.05 (paired
Student's r-test).
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As shown in Figurc 12B, the challenge and acute cocaine injections produced an
increase in extracellular dopamine efflux with a peak response around 30-60 min. after
drug administration. There was no significant difference between the acute and challenge

treatments on the release of dopamine.

Effect of acute cocaine and cocaine challenge on extracellular dopamine in the ventral
tegmental area.

The cflects of acute and challenge injections of cocaine on dopamine relcase in the
VTA are shown in Figure 12C. The acute and challenge treatments evoked dopamine
rclease immediately after the drug injections, and increase of dopamine were about 100%
and 50% above bascline, respectively. The drug evoked dopamine relcase reached the
highest levels in the first 30 min. The difference between dopamine release induced by

acute and challenge injections of cocaine was not statistically significant.

Eftect of acute and challenge cocaine administrations on dopamine release in the substantia
nigra compacta.

Figurc 12D reveals that dopamine levels in the SNc¢ were elevated in response to
the acute and challenge treatments of cocaine. The maximum responses occurred at 30
min. after cocainc injections. Acute cocaine evoked greater effect on the release of

dopamine (£00% above bascline) than cocaine challenge did (100% above bascline). The
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difference in the extracellular dopamine concentrations in response to acute and challenge

cocaine treatments was statistically significant. P =0.0213 (Paired Student ¢ test).

Effect of acute and challenge METH injections on dopamine release in the caudate-
putamen.

In Figure 13A, both acute and challenge METH administrations cvoked 200%
increase in dopamine release. Although the extracellular dopamine concentrations
reached about the same levels in response to the acute and challenge treatment, acute
METH caused dopamine release with a highest response around 60 min. after drug
injection. Whereas, the challenge injection clevated dopamine level with a peak response
around 90 min. after the injection. The effect of METH challenge on dopamine release
seemed to be longer lasting compared with the effect induced by acute METH injection.

There was no significant difference in dopamine releases between the two groups.

Effects of acute and challenge METH on extraccllular dopamine concentration in the
nucleus accumbens.

As shown in Figure 13B, the acute and challenge injection of METH produced an
augmentation in dopamine relcase. Naive rats responded to acute METH injection with a
150% increase in dopamine relcase. Whereas the rats pretreated with METH (I mg/kg x
7days) responded with a -t00% increase in dopamine release to METH challenge injection.
The difference between dopamine efflux in response to the acute and challenge injections
of METH was statistically significant during the first hour after drug injection. P = 0.0449.

(paired Student's t-test).
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Figure 13. The effect of acute and challenge injection of METH on dopamine release in the
dCPu. caudate-putamen, NAc, nucleus accumbens, VTA,ventral tegmental area and SNc,
substantia nigra compacta. Dopamine is measured with HPLC coupled with electrochemical
detector. Acute (Img/kg x 1d) and challenge (Img/kg x 7d) METH injections on dopamine
efflux are expressed as percentage of basal levels. The values over and below the line
represent SEM. *p < 0.05 (paired Student's r-test).
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Effect of acute and challenge METH on dopamine efflux in the ventral tagmental area.
The acute and challenge injection of METH on extracellular dopamine release in
the VTA is shown in Figure 13C. The highest responses in dopamine release occurred at
60 min. after drug injections. The acute METH injection increased dopamine level about
80% above baseline whereas METH challenge evoked dopamine release about 60% above
the basal level. The difference between acute and challenge treatments on dopamine

releases was not statistically significant.

Effect of acute and challenge METH injections on extracellular dopamine concentration in
the substantia nigra compacta.

Figurc 13D shows that the acute and challenge injections of METH resulted in
about 500% incrcase in dopamine release in the SNc. The relcase of dopamine reached
the maximum levels during the first 60 min. after METH injecuons. There was no

significant difference in dopamine eftlux between the acute and challenge groups.

DISCUSSION

The present study assessed the effect of repeated admunistration ol either
methamphetamine or cocaine on extracellular dopamine concentration in dopaminergic
terminal arcas of the caudate-putamen and nucleus accumbens and somatodendritic

regions of the ventral tagmental arca and substantia nigra compacta. The data demonstrate
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that behavioral sensitization to the psychostimulant METH and cocaine could occur in the
absence of enhanced extracellullar dopamine concentration.

Dopamine terminals in the caudate-putamen and nucleus accumbens are
considered to be critical for the expression of behavioral sensitization to the
psychomotorstimulants METH and cocaine (Kalivas, 1993), because dopaminergic
transmission in these regions was altered in the sensitized rats. Numerous studies have
shown that METH or cocaine pretreatment increased dopamine release following a
challenge with the same drug in the caudate-putamen and nucleus accumbens (Akimoto et
al., 1989; Kalivas and Duffy, 1990; Pettit et al., 1990). Similarly, in our experiments,
animals pretreated with METH (Img/kg/day x 7) showed a robust dopamine release in the
nucleus accumbens and long-lasting dopamine rclease in the caudate-putamen in response
to a challenge dose of METH. In contrast to the effect of METH on dopamine relcase in
the dopaminergic terminal regions, pretreatment with cocaine (10mg/kg/day x 7) failed to
increase the extracellular dopamine concentration in the caudate-putamen and the nucleus
accumbens when challenged with the same dose of cocaine. The cocaine results are
comparable with some previous reports (Hurd et al., 1989; Segal and Kuczenski, 1992b;
Kalivas and Dufly, 1993a). Changes of dopaminc content in the extracellular space
probably depend on the time after discontinuation of daily psychostimulant treatments.
Indeed, Kalivas and Dufly found that dopamine release did not increase at 24 hours but
enhanced during 2 to 3 weeks of withdrawal period when challenged with a dose of cocaine
alter repeated daily cocaine injection (Kalivas and Duily, 1993a). In our experiment, the

challenge injection of cocaine was carried out at -t days of withdrawal after consecutive 7
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daily cocaine treatment. Our results support the time-dependent dopamine release
hypothesis suggested by other investigators.

Changes in extracellular dopamine content in response to the cocaine challenge
injection might result from one or all of the following alterations in the dopaminergic
system. 1) The structural changes in the VTA-NAc pathway. Chronic cocaine treatment
produced decrease in the levels of the 3 major neurofilament proteins in the VTA
(Beitner-Johnson et al., 1992), which reduced axonal transport rates and decrcased the
amount of TH transported from the cell bodies to the nerve terminals in the NAc. The
changes in the VT A-NAc pathway provide evidence to explain why there was not much
significant difference between dopamine releases in the NAc in response to acute and
cocaine challenge. Similar alternations could also occur in the nigrostriatal pathway and
resulting in reduction of dopamine release in the dCPu of the sensitized animals. 2)
Dopamine autoreceptor sensitivity might increase (Muscat ct al., 1993). Activation of
autorcceptors results in inhibition of presynaptic dopamine neurons, which leads to a
decrease in elicited dopamine release. Thus, supersensitivity of D2 receptors would cause
even less dopamine release.  3) The amount of dopamine in the synaptic cleft depends
largely on the function of the dopamine transporter. The decrease in dopamine release in
response to the cocaine challenge injection may be due to augmentation in the functional
states ol dopamine transporter. Indeed, enhancement of 3H-dopamine uptake in tssue
slices has been observed at carly withdrawal time (Missale et al., 1985; Yi and Johnson,
1990). Increase in dopamine rcuptake might result in a decrease or no significant change in

dopamine relcase measured by in vivo microdialysis.
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Behavioral sensitization to cocaine is sustained although dopamine release in the
dCPu and NAc did not increase at day 4 of withdrawal from cocaine. This disassociation
between dopamine release and hyperlocomotion could occur for the following reasons: 1)
The D1 dopamine receptors may be supersensitive. Several studies have found that
dopamine D1 receptors are hypersensitive in sensitized rats (White, 1993). Even though
the amount of dopamine released into the synapses was not increased, hyperresponse of
the postsynaptic receptors may compensate for decrease in releasable dopamine. 2)
Changes in other neurotransmitters. Glutamate is another important necurotransmitter
involved in behavioral sensitization to psychostimulants. Studies have found that glutamate
and dopamine regulate each other's release in the neostriatum (Clow and Jhamandas, 1989;
Maura et al., 1988; Wang, 1991). Even though dopamine efllux is not increase significantly
tollowing cocaine challenge in the NAc, glutamate release was increased in response to the
cocaine challenge in the NAc. This result will be shown in the next chapter (see Figure
11tB). 3) Changes in neuropeptides in the neostriatum. For example, tachykinin mRNA
levels were found to increase significantly in sensitized animals (sec chapter III). As
reported previously, tachykinin peptides increased dopamine relecase and promoted
locomotor activity when injected into the VTA (Baruch et al., 1986; Pettit and Glowinski,
1986; Hokfelt et al., 1991). Thus, tachykinin peptides possibly play a role in behavioral
sensitization. This is something we are pursuing in the lab right now, and the preliminary
data show that sensitization is potentiated by acute administration of NK3 antagonists.

Dopamine ncurons located in the ventral tagmental arca and the substantia nigra
compacta project to the nucleus accumbens and the caudate-putamen, respectively. The

VTA is critical in the initiation of behavioral sensitization to psychomotorstimulants, since
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daily injection of psychomotorstimulants into the VTA produces behavioral sensitization to
a systemic psychomotorstimulant challenge (Dougherty and Ellinwood, 1981; Kalivas and
Woeber, 1988; Vezina and Stewart, 1990). Moreover, intra VTA injection of dopamine D1
receptor antagonists prevented behavioral sensitization induced by systemnic administration
of psychomotorstimulants (Stewart and Vezona, 1989). Thus, it is reasonable to predict
that sensitization is accompanied by an increase in dopamine release in the VTA and the
SNc. Indeed, Kalivas and Dufly showed that somatodendritic dopamine release was
augmented 1n responsc to a challenge treatment at 24 hours after discontinuation of
repeated injection of cocaine (Kalivas and Dufly, 1993b). Surprisingly, our experiments
demonstrated the opposite: acute treatment of cocaine increased dopamine release more
than that induced by a challenge injection to rats pretreated with cocaine in both the VTA
and SNc. Simuilarly, METH challenge failed to increase dopamine release in the VTA and
SNc compared with that induced by acute METH.

There are two possibilities to explain the difference between our data and the
previous report. 1). The doses and treatment paradigms applied in each experiment are
different. The previous study used a paradigm (15mg/kg, ip x 1d followed by 30mg/kg, ip x
5d), which is larger in dosage compared with ours. And the challenge injection was done 1
day after discontinuation of repeated cocaine treatment. In our experiment, the challenge
cocaine was injected -t days after discontinuing daily cocaine treatment (10 mg/kg, ip x 7d).
2) The increcase in dopamine release in response to cocaine challenge reported by Kalivas
and Duffy (Kalivas and Dufly, 1993b) was hypothesized to result from subsensitivity of
dopamine D2 autoreceptors in the VTA and SNc. However, subsensitivity of dopamine

D2 autoreceptors in the VTA gencrally lasts for 1 to < days alter discontinuation of cocaine
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injections (Henry et al., 1989, White et al., 1995). In the same studies performed by
Kalivas and Dulfly, cocaine challenge failed to enhance dopamine release in the
somatodendritic regions 14 days after discontinuing repeated cocaine treatment (Kalivas
and Dufly, 1993b). Thus, decrease in dopamine release or lack of change in dopamine
release in response to psychostimulant challenge found in our studies may be due to the
fact that the dopamine autoreceptor become supersensitive (Gawin and Ellinwood, 1988,
Zhang et al., 1992).

In conclusion, our study found that behavioral sensitization to METH is associated
with an increasc in dopamine release in the NAc and long-lasting dopamine release in
dCPu. In contrast, behavioral sensitization to cocaine occurred in the absence of
augmentation of dopamine release in the NAc and the dCPu. In the somatodendritic area,
dopamine levels did not change in response to METH challenge and was decreased in
response to cocaine challenge. These lindings suggest that behavioral sensitization could
sustain without an increase in the ncurotransmitter dopamine levels in the axonal terminal
and the somatodendritic regions of the midbrain dopamine systems. Thus, an increase in
locomotor activity in response to a challenge injection of psychomotorstimulants may result
from changes in other aspects of the dopamine system or other neurotransmitter systems of

the basal ganglia.
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CHAPTER YV

Glutamate Efflux in the Basal Ganglia in Response to Acute and Challenge

Cocaine and METH Injections
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INTRODUCTION

Although  investigations on  behavioral  sensitization  induced by
psychomotorstimulants have focused on mesencepholic dopaminergic systems, converging
evidence suggests that glutamatergic neurotransmission also plays an important role in
behavioral sensitization. The involvement of excitatory amino acids in behavioral
sensitization is indicated by the following observations: 1). Coadministration of NMDA and
non-NMDA receptor antagonists with psychomotorstimulants blocks the initiation and
expression of behavioral sensitization (Karler et al., 1989; 1991; Wolf and Khansa, 1991;
Stewart and Druhan, 1993). 2). Sensitization-related changes in the mesoaccumbens DA
system such as D1 receptor supersensitivity and autoreceptor subsensitivity arc prevented
by coadministration of the NMDA receptor antagonist MK-801 (White et al., 1993; Wolf
ct al.,, 1994). 3). Neurons in the VTA show hypersensitivity to glutamate application,
whereas ncurons in the NAc arc hyposensitive in the sensitized animals (White ct al.,
1993). Thus, taken together, glutamatcrgic neurotransmission is involved in behavioral
sensitization to psychomotorstimulants.

The neostriatum receives massive giutamatergic innervations from the cortex and
thalamus (Webster, 1961; Kitai, 1981: Beckstead, 1984; Gerfen, 198:1). These ctlerents
provide the major excitatory input on striatal neurons, since stimulation of the cortex and
thalamus results in EPSP in the striatal neurons (Wilson et al., 1982, 1983). Because the
direct and indirect striatonigral pathways, emanating from the ncostriatum, are involved in
locomotion control, glutamate release in the ncostriatum may play an important role in

bchavioral sensitization. Morcover, the corticothalamostriatal inputs not only excite
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neurons within the neostriatum, but also regulate dopamine release from the dopaminergic
termunals. Indeed, studies have shown that glutamate can increase the release of dopamine
in striatal slices, synaptosomes or dialysates through its actions at NMDA, non-NMDA and
metabotropic glutamate receptors (Clow and Jhamandas, 1989; Sacaan et al., 1992;
Shimizu et al., 1990; Wang, 1991).

Numerous studies on behavioral sensitization have focused on the VTA because
repeated microinjection of amphetamine into the VTA produces behavioral sensitization
to systemic challenge of amphetamine or cocaine (Kalivas and Weber, 1988; Vezina and
Stewart, 1990; Hooks ct al, 1992). Moreover, blockade of NMDA receptors in the VTA
prevents the initiation of behavioral sensitization (Kalivas and Alesdater, 1993). Dopamine
ncurons in the VTA receive excitatory amino acid affercnts from the prefrontal cortex
(Carter, 1982; Christie et al., 1989). Stimulation of these projections evokes burst firing
patterns in VTA dopamine neurons (Gariano and Groves, 1988), through excitation of the
NMDA receptors (Overton and Clark, 1992; Johnson et al., 1992). Increase in liring rate
of dopamine neurons may lead to an elevation in axonal dopamine release (Gonon, 1988;
Suaud-Chagny et al., 1992).

Behavioral sensitization induced by repeated administration of psychostimulants
may be associated with gradual clevation of glutamate release in the VTA and SNc. This
view 1s supported by the observation that systemic administration of cocaine and injection
of D1 receptor agonist into the VTA result in an increase in the extracellular glutamate
(Kalivas and Dufty, 1995). In addition, changes in the efllux of glutamate may eventually
lead to alteration of the glutamate receptors, thus changing the firing rate of dopaminergic

ncurons in the midbrain and resulting in changes in dopamine releasc.
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The present experiment is designed to examine extracellular glutamate in the basal
ganglia.  Extracellular glutamate is measured in amimals treated with either acute or
challenge cocaine or METH. Changes in glutamate release are compared with changes in
dopamine release in animals under the same drug treatment paradigm, through which
interaction between glutamate and dopamine related to behavioral sensitization can be

studied.

METHODS

Animals and drug treatment

Male Spraguc-Dawley rats (Charles River) weighing 250-300 g were housed 2 per
cage in the animal facility. The room was maintained at a constant temperature and
humidity with a 12-h light : dark cycle. Rats were allowed to acclimate for at least | week to
the colony room before surgical implantation of guide cannulas. Rats were housed alone
after the surgery and allowed to recover from the surgery for 3 days. Some rats received no
further treatment untl used for the microdialysis.  Others were injected with
mcthamphetamine (1 mg/kg x 7days) or cocaine (10 mg/kg x 7days) in their home cages.
Injections were performed in the morning. Microdialysis experiments were carried out 3

days after the last injection for assessment ol sensitized responscs.

In vivo microdialysis
Guide cannulas were stereotaxically implanted over the target regions of animals

were under Ketamine and Promace anesthesia.  Stereotaxic coordinates from the bregma,
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the midline and surface of the skull were as follows (Paxinos and Watson, 1986): NAc: A
1.5,L 1.5, V7;dCPu: A 1.5, L 1.5,V 45;SN: P 5.2, L. 20,V 8 VTA: P 5.0, L .5,V 8.5.
On the day of experiment, rats were transported to the dialysis room, placed in the testing
bowl. After at least | hr habituation, probes were inserted. Artificial CSF was constantly
perfused through the microdialysis probe, and the perfusion rate was 0.5ul/min. Samples
were collected every 30 min for 3 hours to establish a stable baseline. Challenge injection
was performed about 3 to 3.5 h alter the probe insertion. The artificial CSF contains 155.0
mM Na, [.I mM Ca", 2.9 mM K, 132.8 mM CI, .83 mM Mg" pH 7.t. Probes were
purchased from CMA (CMA/ 10 microdialysis probes; CMA Microdialysis, Stockholm,
Sweden) with a 2 -mm membrane length for NAc, dCPu, SNc and VTA. All probes were
tested for in vitro recovery on the day before use. Following each expeniment, rats were
sacrificed. Probe placement was examined in sections stained with cresyl violet. Only data

from rats with verified probe placement were included in the analysis.

HPLC

Alter collection, dialysates were frozen at -80°C belore analysis. Precolumn
denivatization with o-phthalaldechyde and B-mercaptoethanol was performed manually.
While awaiting denivatization and injection, samples were maintained at -£°C. Sample
and reagent were allowed to react for 2 min. Then, a portion of the mixture was
injected into the HPLC column (BAS). Glutamate was detected using an
electrochemical detector.  Glutamate levels were quantified based on peak area by

companson with standards.
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Data Analysis

Data were expressed as percent of baseline and statistically analyzed.
Treatment groups were compared using ANOVA. Basal amino acid levels for cach rat
were defined as the mean of three values obtained immediately before drug injection.

Significance was at the 95% confidence level.

RESULTS

Effect of acute and challenge cocaine on glutamate relcase in the caudate-putamen
Figure 1A shows that acute injection of cocaine (10mg/kg) resulted in a
decrease in glutamate efflux in the dCPu during the first 30min. after drug
administration. Glutamate level returned to baseline about 60 min. after cocaine
injection. In contrast, a challenge injection of cocaine induced about 38% increase in
glutamate efflux during the first 30 min. in the sensitized animals. The difference in
glutamate levels between acute and challenge groups during the first 30 min. after drug

injections was statistically significant. P = 0.029 (paired Student's t-test).

Effect of acute and challenge cocaine on glutamate cfllux in the nucleus accumbens.
Figure 1-1B reveals systemic injection of a single injection of cocaine caused a
gradual, small increase in glutamate level in the NAc. In response to a challenge
injection 3 days after 7 daily administrations of cocaine, the level of ghitamate was about
3 fold higher compared with the effect caused by acute injection. Release of glutamate

recached the highest level in the first 30 min. after the injection under both
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Figure 14. The effect of acute and challenge cocaine injections on glutamate efflux in the dCPu:
caudate- putamen, NAc: nucleus accumbens, VTA: ventral tegmental area and SNc: substantia
nigra compacta. Glutamate was collected with in vivo microdialysis and measured with HPLC
coupled with electrochemical detector. Glutamate concentration is expressed as percentage of
basal levels. Values above and below the lines represent the SEM. *p < 0.05 (paired
Student's r-test).
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situations. There was a significant difference in glutamate level between the acute and
chronic cocaine groups during the first hour after drug injection. P = 0.005 (paired

Student’s t-test).

Effect of acute and challenge cocaine on glutamate release in the VTA

Figure 14C shows that a single dose of cocaine evoked glutamate release about
18% above the baseline in the VTA immediately after the injection. The concentration
of glutamate then declined to the baseline. However, a cocaine challenge injection
caused a gradual and small increase of glutamate release (about 10%). There was no

significant difference in glutamate release between acute and challenge cocaine

administrations.

Eflect of acute and challenge cocaine on glutamate release in the SNc¢

Effect of cocainc on glutamate release in the SNc is shown in Figure 14D. An
acute injection of cocaine immediately clevated extracellular glutamate level about -10%
above the baseline duning the first 30 min. Glutamate concentration returned back to
basal levels by 60 min. after the injection. Similarly, in sensitized animal, a challenge
cocaine injection also enhanced glutamate relcase; however, the increase was more
gradual and lower than (20%) that induced by the acute cocaine injection.  The
alteration in glutamate releasc in response to acute and challenge cocaine treatments
was significantly different at 60 min after drug injections. P = 0.0325 (patred Student's t-

test).
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Effect of acute and challenge METH on glutamate release in the caudate-putamen

As shown in Figure 15A, an acute METH injection did not change the
extracellular glutamate concentration very much. Glutamate concentration was around
the baseline throughout the 2 hours period after drug injection. However, a METH
challenge injection increased glutamate efflux about 109% above the basal level during
the first hour, then glutamate level gradually returned to baseline. Between the acute
and chronic METH treatment groups, there was a significant differcnce in glutamate

level at 60 min. after drug injection. P = 0.0181 (paired Student's t-test).

Effect of acute and challenge METH on glutamate release in the nucleus accumbens.
Figure 15B reveals that acute and systemic administration of METH resulted in
an increasc in glutamate efflux (10-20%). Glutamate returned to basal levels within 2
hours after drug administraion. A challenge injection of METH did not evoke
changes in the extraccllular glutamate concentration. The alteration in glutamate level
in response to acute and challenge METH treatments was significantly different at 90

min. after drug administrations. P = 0.0201 (paired Student’s -test).

Effect of acute and chronic METH on glutamate release in the VTA

In Figure 15C, acute administration of METH induced a gradual decrease in
glutamate efflux in the VTA (15%), which was significantly below the basclinc. By the
end of the expenment, glutamate level ascended to the basal level. In contrast, a

METH challenge injection scemed to elevate extracellular glutamate level, although the
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Figure 15. Effect of acute and challenge injection of METH on glutamate efflux in the dCPu,
caudate-putamen; NAc, nucleus accumbens; VTA, ventral tegmental area; and SNc, substantia
nigra compacta. Glutamate releases in response to acute (1 mg/kg x 1d) and challenge (1 mg/kg
x 7d) METH injections are expressed as percentage of baseline. Values above and below the
lines represent the SEM. *p < 0.05 (paired Student's -test).
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increase was not robust (<10%). The change in glutamate level in response to acute
and chronic METH treatments was statistically significant at 60 min after METH

injections. P = 0.0343 (paired Student's t-test).

Effect of acute and challenge METH on glutamate release in the SN¢

Effect of METH on glutamate release in the SNc is shown on Figure 1-LD.
Acute administration of METH decreased glutamate release during the first 30 min.
after the METH injecion. The extracellular glutamate concentration gradually
ascended to the baseline. However, a challenge injection in rats that received repeated
METH trecatment for 7 days resulted in an augmentation in glutamate release (15%),
especially 60 min after the drug injection. There was no significant diftference in
glutamate efflux between acute and challenge groups at the 95% confidence level, it is
interesting to note that METH treatments in both VTA and SNc display similar pattern

in glutamate releasce in sensitized rodents.

DISCUSSION

The present study assessed the effect of acute and challenge administration of
the psychomotorsumulants methamphetamine and cocaine on extracellular glutamate
release in the neostriatum, the primary structure of the basal ganglia, and the ventral
meccencephalon, where dopamine cell bodies are located for mesolimbic and

nigrostriatal projection to the forcbrain. Our data demonstrates that extracellular

94

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



glutamate levels change in animals sensitized by repeated psychomotorstimulant

administration.

Neostriatum

The neostriatum is innervated by massive glutamatergic projections from the
cortex and thalamus (Fonnum et al, 1981; Reubi et al, 1979; Spencer, 1976). The
corticothalamostriatal terminals form asymmetrical synapses on the spine heads of the
striatal spiny neurons (Koetter, 1994). In addition, the spiny neurons are also the main
target of dopaminergic innervation from the midbrain. Dopaminergic axons form
symmetrical synapses on the neck or shaft of spines on the spiny neurons in the
striatum (Smith and Bolam 1990). Thus, this anatomical arrangement allows
dopaminergic synapses to regulate the excitatory corticothalamic inputs (Smith and
Bolam, 1990). The close anatomical location, between glutamatergic and
dopaminergic synapses on the spinc of the striatal medium spiny neurons, provides an
opportunity for the cross communication between these synapses. This allows
interaction between glutamate and dopamine transmitters to occur in the stnatum.

Previous research has indicated that excitatory amino acids are important in the
development  of  behavioral  sensitization to  psychomotorstimulants, because
sensitization is prevented by coadministration of NMDA receptor antagomists with
psychostimulants. The present study shows that a psychomotorstimulant challenge
injection during the carly withdrawal period, following repeated psychomotorsumulant
admunistrations (7 days), increased glutamate release in the neostriatum compared with

glutamate efflux caused by acute drug treatment. The augmentation in striatal
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glutamate efflux is possibly due to increase in corticothalamostriatal pathway activity.
However, change of glutamate efflux in the nucleus accumbens in response to acute
and challenge METH treatment are evidently more complicated. In contrast to the
effect of psychomotorstimulant on glutamate release in other regions of the basal
ganglia, acute injection of METH induced more glutamate release in the nucleus
accumbens than that produced by METH challenge. Consequently, we have to look
for alternate mechanisms to explain why sensitized animals release less glutamate in
response to a METH challenge injection. Interestingly, dopamine level in the nucleus
accumbens, in response to a METH challenge injection, is significantly higher than
dopamine level induced by acute METH injection. Thus, increase in stratal
cxtracellular dopamine may act on D2 dopamine receptors located in the corticostriatal
terminals and inhibit glutamate relecase from these afferents. This finding fits well with
the hypothesis that dopamine and glutamate regulate each other’s release in the
neostriatum.

Whether or not an increase in striatal glutamate transmission stimulates motor
actvity 1s controversial. Carlsson and Carlsson reported that MK-80l, a non-
competitive NMDA receptor antagonist, caused pronounced locomotor stimulation in
mice depleted of monoamines (Carlsson and Carlsson, 1989). Moreover, Biggs and
Star found that rclease of glutamate was increased in EPN in rats treated with reserpine
(Biggs and Star, 1997), suggesting an increase in EAA actuvity in dopamine depleted
animals. However, here we show that glutamate release is clevated in the striatum in
sensitized rodents.  Thus, glutamate may regulate locomotor activity differently

depending on the status of dopamine and other neurotransmitters in the neostriatum.
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Mesencephalon

Dopamine neurons in the VTA and SNc receive excitatory amino acid afferents
from the prefrontal cortex and the subthalamus (Carter, 1982; Christe et al., 1989).
Stimulation of these projections evokes burst firing patterns in VTA dopamine neurons
(Gariano and Groves, 1988). Excitation of the NMDA receptors is responsible for the
burst firing of DA neurons in the VTA and SNc¢ (Overton and Clark, 1992; Johnson et
al., 1992), leading to an elevation in axonal dopamine release (Gonon, 1988; Suaud-
Chagny et al., 1992). Dopamine may activate DI receptors located in the afterent
terminals and regulate release of other neurotransmitters. For example, activation of
D1 receptors may facilitate GABA release [rom the striatonigral terminals (Starr, 1987).
Morcover, stimulation of D1 receptors could also modulate glutamate release, because
the D1 antagonists prevent glutamate release induced by D1 agonist (Abarca et al,,
1995). This indicates the glutamatergic afferents in the VTA and SNc could also
express DI receptors. Thus, dopamine and glutamate in the midbrain may regulate
cach other’s release, and both neurotransmitters play important roles in the regulation
of motor activity. Behavioral studies show that administration of AMPA/kainate
agonists into the VTA stumulates locomotor activity (Kalivas ct al., 1989; Hooks and
Kalivas, 1994). This increase in locomotor activity is not observed if the animals are
pretreated systemically with a dopaminergic antagonist, suggesung dopaminc
transmission mediates the locomotor activity induced by AMPA/kainate agonists in the
VTA. It also supports the hypothesis that glutamate and dopaminc in the VTA are

interregulated.
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Behavioral sensitization is believed to be initiated in the VTA because intra-
VTA administration of MK-801 blocked behavioral sensitization (Kalivas and
Alesdatter, 1993), suggesting that activation of glutamate receptors in the VTA is
necessary for the development of behavioral sensitization. Thus, it is reasonable to
hypothesize that locomotor sensitization to psychomotorstimulants is associated with an
increase in glutamate efflux in the ventral midbrain. Consistent with this hypothesis, our
studies found that challenge injections of either cocaine or METH tend to increase
glutamate release in both the VTA and the SNc, even though the augmentation is not
significant in some of the regions examined. However, supersensitivity of the VTA
glutamate receptors in dopamine neurons was detected in sensitized animals by other
investigators (White et al., 1995). Therefore, stmulant-induced glutamate efflux may
enhance the responsivencess of dopamine necurons to the excitatory inputs, resulting tn
an increase in the firing rate of dopaminc necurons and augmentation of dopamine
release.

In the ventral midbrain, the effect of DI receptor stimulation on glutamate
release is biphasic, since both the D1 dopamine receptor agonists and antagonists were
shown to induce glutamate release in the SN (Abarca et al., 1995). Here, acute
systemic injection of the indirect dopamine agonist cocaine enhances glutamate release
in the VTA and SNc. In contrast, acute METH injection does not increase, but rather
decreases glutamate efflux in the same areas. The dosage of cocaine and METH used
in this experiment may release different amount of dopamine based on their

pharmacological effect on dopamine neurotransmission. Thus, cither induction or
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inhibition of glutamate release by dopamine may depend on the amount of dopamine
in the synaptic clefts. This possibility needs to be clarified in the future.

In conclusion, in keeping with current proposal that behavioral sensitization is
associated with glutamate hyperactivity in the basal ganglia, we have provided evidence
that the stnatal extracellular glutamate efflux in response to challenge
psychomotorstimulants injections is increased. Moreover, the extraccllular glutamate
concentration in the VTA and SNc, where the dopamine cell bodies are located, is also
clevated following cocaine or METH challenge. They presumably stimulate more
dopaminc release, which in turn increases locomotor activity. However, the ncuronal
origins of glutamate release, and the paradoxical lack of change in glutamate

concentration in the NAc, in response to challenge METH treatments remain to be

clanified.
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CHAPTER VI

General Discussion
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Behavioral sensitization to psychomotorstimulants METH and cocaine seems
to be related to the alterations in several neuronal systems in the basal ganglia of the rat
brain. The primary structure of the basal ganglia is the neostriatum. Two pathways
originating from the neostriatum are associated with regulation of locomotor activity:
the direct striatal and the indirect striatal pathways. Each pathway contains a variety of
neurotransmitters and neuropeptides. How changes in these neurotransmitter and
neuropeptide systems under psychomotorstimulant treatment would affect locomotor

activity will be discussed 1in this chapter.

Factors Affecting the Balance between Direct and Indirect Pathways

Several ncurotransmitters and neuropeptides participate in both the direct and
indirect striatal pathways. Changes in the levels of these neurotransmitters and
ncuropeptides would result in an imbalance between the two pathways, which aflects
locomotor activities.

First of all, an increase in the tachykinin peptides facilitates dopamine release in
the neostriatum. Tachykinin peptides are present in the direct striatonigral pathway
innervating the substantia nigra reticulata. The increase in the PPT mRNA level
presumably results in an increase in tachykinin peptide release. The latter would lead
to more dopamine releasc in the terminal regions, enhance locomotor activity and
potentiate the AMPH-induced locomotor sumulating effect (Baruch et al., 1986; Petut
and Glowinski, 1986; Hokfelt et al., 1991). Thus, an increase in tachykinin peptides

may excite the direct striatonigral pathway. Howcver, an increase in tachykinin
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peptides also stimulates the cholinergic interneurons and increase acetycholine release
in the neostriatum (Anderson et al., 1993). Acetylcholine exerts an excitatory effect on
the enkephalinergic ncurons forming the indirect pathway. Thus, whether or not
augmentation in tachykinin peptide produces an increase in locomotion depends on
the balance between the two effects mentioned above. Here we show that behavioral
sensilization is accompanied with an increase in PPT mRNA expression in the
neostriatum. Thus, the overall effect of increase in PPT mRNA secems to increase
locomotor activity, presumably playing an important role in the expression of
behavioral sensitization.

Second, dynorphin is an opioid peptide coexisting with tachykinin peptides in
the direct striatonigral pathway. Previous studies showed that dynorphin cxerts
inhibitory presynaptic influences over glutamate and GABA release (Angulo and
McEwen, 1994) in the direct pathway. Thus, dynorphin could regulatc the ncuronal
activity in the SN, eventually affecting locomotor activity.

Third, another opioid peptide, enkephalin, is expressed by neurons ol the
indircct striatonigral pathway. Enkephalin peptide expression is inhibited by
nigrostriatal and mesolimbic dopamine systems (Gerfen, 1992). Previous studies found
that enkephalin inhibits the further releasc of GABA from the samc neurons (Angulo
and McEwen, 1994). Our data showed that PPE mRNA was increased in response to
an acutc METH injection. Increase in PPE mRNA may result in an increase in the
release of peptide enkephalin. The increase in enkephalin disinhibits GABA ncurons
of the GP, so the latter inhibits the STN, resulting in less stimulation of the GAGB

ncurons of the SNr. The thalamus in turn excites the motor cortex, leading to an
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increase in locomotor activity. PPE mRNA level increased immediately after a single
injection of METH and returned to control value after 3 and 6 days of METH
injections. Thus, it is likely that enkephalin is involved in the acute locomotor
stimulating effect induced by METH, but not in the progressive increase in locomotor
activity in the sensitized animals. It is also possible the enkephalin peptides initiate
changes within the basal ganglia that support the development of behavioral
sensitization.

Fourth, the projection neurons form the direct and indirect striatonigral
pathways utilizec GABA as their neurotransmitter.  GABA released from the direct
pathway inhibits ncurons in the SNt and increases locomotor activity. GABA released
from the indirect pathway inhibits neurons in the GP and decrcases motor activity.
Thus, any factors affecting GABA reclease would imbalance the direct and indirect
pathways. It will be interesting to see how METH and cocaine administration affects

the GABA neurotransmitter release from these pathways.

Dopaminergic Terminals in the Neostriaturn are from One Brain Area while

Glutamatergic Terminals are from Four Different Brain Areas.

The dopaminergic input in the neostriatum is derived from the VTA and the
SNc of the midbrain. Increase in dopamine release does not necessarily indicate that
the neuronal activity of dopaminergic neurons is enhanced, because the finng rates of
dopamine neurons werc decreased following cocaine or methamphetamine

administration. Rather, an increase in dopamine release In response to
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psychomotorstimulant cocaine and METH injections may suggest that more dopamine
accumulated in the dopamine synapses in the neostriatum.

Glutamatergic inputs in the neostriatum originate from the cerebral cortex, the
thalamus, the hippocampus and the amygdala (Rebio et al., 1979; Fonnum et al., 1981;
Wilson, 1983; Yoshikawa et al., 1991; Fuller et al., 198.). An increase in glutamate
release in response to cocaine or methamphetamine challenge suggests that more
glutamate is present in the neostriatum of the sensitized animal. However, it is not
clear whether glutamatergic afferents from the -t different sources enhanced glutamate
release. Increase in glutamate release may result from one or more than one
glutamatergic sources to the neostriatum. Thus, lesion studies are needed in the future
to clarify the sources of increase in glutamate release in the sensitized animals.
Morcover, although glutamate release from the corticostriatal projection is regulated by
D2 dopamine receptors that arc located on the terminals, whether glutamate relcase
from other different sources is also affected by dopamine in the neostriatum needs to

be clarificd.

How Changes in Dopamine and Glutamate in Response to METH and Cocaine

Injections Might Affect Locomotor Activity

In response to cocaine challenge, dopamine release was not increased in both
the terminal and cell body regions. However, glutamate release in response to cocaine
challenge was increased in the terminal and cell body regions. Augmentation in

glutamate release in the striatum inhibits GABAergic neurons in the SNr, thus in turn
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relieving its inhibition on the thalamus and increasing locomotor activity. An increase
in glutamate release in the dopamine cell body region may excite dopamine neurons
through its action on NMDA glutamatergic receptors (Overton and Clark, 1992;
Johnson et al., 1992), consequently increasing the firing rate of dopamine neurons and
leading to increase in dopamine release in the terminal regions. The latter may cause
hyper-locomotor activity.

In response to METH challenge, dopamine release did not show significant
increase in all the regions examined except for the NAc. In contrast, glutamate release
was increased in response to METH challenge in all the regions examined except for
the NAc. It seems likely that release of dopamine and glutamate in the neostriatum
compensates for each other under METH challenge treatment. An increase in
glutamate cfflux in the caudate-putamen inhibits neurons in the SNr and leads to an
increase in locomotor activity. An increase in dopamine release in the NAc activates
the direct pathway and inhibits the indirect pathway, which also produces

hyperlocomotor activity.

Morphological Data Indicating How Methamphetamine and Cocaine Treatments may

Affect the Direct and Indirect Pathways

1) Fewer DA boutons were found in sensitized animals in the striatum after treatment
with methamphetamine for about 2 weeks (Ihara, 1986). These morphological

changes probably rcpresent a high capability of nerve cells to reorganize synaptic
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connections under methamphetamine treatment. However, they could not be
related uniquely to behavioral hypersensivity.

2) Acute administration of METH and other amphetamine analogs such as P-
chloroamphetamine and 3,4-methylenedioxymethamphetamine caused a dose-
related decrease in [3H| dopamine uptake into striatal synaptosomes (Metzger et al,
1998). However, in the same study, acute and chronic administration of cocaine
had no effect on [3H| dopamine transport into striatal synaptosomes.

3) Immunocytochemistry studies found that the density of 5-HT axons was selectively
decreased either -t hours or 2 weeks after high dose of METH administration (Axt
and Molliver, 1991). However, the long-lasting axon loss only occurs in a fraction
of animals.

4) Positron Emission Tomography (PET) studies in human methamphetamine
abusers found that dopaminc transporter (DAT) density were significantly
decreased in the caudate nucleus. The decrease in DAT suggests that loss of DAT
or loss of dopamine terminals in METH abusers, which may increase the risk for
the development of Parkinson's discase (Una et al, 1998). Similarly, PET studies in
baboons showed that striatal DAT density was significantly decreased 2-3 weeks
after METH treatments (Villemagne ct al, 1998). Reduction in DAT was also
associated with decreases in DA determined in vitro. The results suggest that
reduction in striatal DAT caused by METH is long lasting.

5) Chronic administration of cocaine caused reduction in the levels of 3 major
ncurofilament proteins in the VTA (BeitnerJohnson et al., 1992). The

ncurofilament proteins are components of the cytoskeleton and are involved in
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axonal transport. Reduced amount of the neurofilament proteins may lead to a
decrease in the transportation of tyrosine hydroxylase from the VTA to the
dopaminergic terminals in the NAc, which eventually results in a reduction in

dopamine synthesis and release in the NAc.

In summary, administration of psychomotorstimulant methamphetamine and
cocaine produces a variety of alterations in the striatum. Although there are no direct
correction between changes in locomotor activity in response to METH and cocaine
administration and the morphological changes mentioned above, the drug-induced
changes might play a role in behavioral sensitization. More researches are needed to

study the involvement of morphological alteration in sensitized animals.

The Possible Molecular Mechanisms Underlying Behavioral Sensitization

Behavioral sensitization to METH and cocaine may be linked to changes in the
activity of signaling components downstream of the dopamine and other monoamine
receptors. A requrement for new gene expression during the development of
sensitization is consistent with the observation that cocaine exposure results in
induction of several immediate early gencs such as c-Fos and FRA (Turgeon ct al.,
1998).

Dl dopamine receptors arc coupled to the stimulatory G protein, which
sumulates cAMP formation, whereas D2 dopamine receptors are linked to inhibitory
G protein, which inhibits cAMP formation (Kebabian and Calne, 1979). Changes in

dopamine release in response to psychomotorstimulant METH and cocaine injection
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possibly cause changes in the cAMP second-messager and protein-phosphorylation
systems in the postsynaptic neurons (Self and Nestler, 1994). Although D1 and D2
dopamine receptors may also utilize other second-messenger systems (Andersen et al,
1990), G protein-cAMP system may play an important role in the expression of
behavioral sensitization to METH and cocaine.

Self-administration studies found that intra-NAc injection of PTX, which
irreversibly inactivates Gi and Go proteins, reduced cocaine self-administration (Self
and Nestler, 1994). Moreover, intra-NAc PTX injection caused rightward shifts in
cocaine self-administration dose-response curves, suggesting that PTX antagonize the
reinforcement effect of cocaine. On the other hand, CTX, which irreversibly activates
Gs proteins, leads to increases in cocaine self-administration (Self and Nestler, 1994).
Either PTX or CTX produces increase in cAMP levels in the affected neurons. These
findings provide evidence to support the view that cxposure to cocaine alters
intracellular cAMP levels, which may result in changes in intracellular gene expression.
Further studies are needed to identity genes that are involved in behavioral sensitization

and addiction.
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