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ABSTRACT

THE ROLE OF NEUROKININ RECEPTORS IN DOPAMINE/ACETYLCHOLINE 
SIGNALING IN THE NEOSTRIATUM DURING COCAINE EXPOSURE

By
Pierre-Antoine H.Noailles

Adviser: Professor Jesus Angulo

Neurokinin receptors (NKR) are ideally located in areas o f the basal ganglia on 

subpopulations o f interneurons to modulate cocaine evoked neurotransmitter release in 

the rat neostriatum. Basal ganglia nuclei modulate output behaviors such as feeding, 

maternal and sexual behavior. The striatum is the major input nuclei of the basal ganglia 

and the main neurotransmitter is dopamine (DA). Altered DA activity may be responsible 

for plastic changes in the basal ganglia.

Rats treated acutely (lOmg/kg IP) and chronically (7 days) with cocaine exhibited a dose 

dependant decrease in DA release in the striatum resulting from intracranial co­

administration o f NK-IR antagonists (WIN 51,708 , D-Arg1, D-Pro2, D-Trp7’9, Leu" and 

L733,060). Administration of NK-3R antagonists (SR142801 and D-Pro2, D-Trp6,8, 

Nle10) to animals that had been treated acutely with cocaine had no significant effect on 

cocaine evoked dopamine release. In animals treated chronically with cocaine, NK-3R 

antagonists reduced cocaine evoked dopamine efflux. Direct administration of WIN 

51,708 (lO^M) into the shell o f the nucleus accumbens ( N A c s h e l l )  significantly reduced 

cocaine evoked DA release.
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Acetylcholine (ACh) is a major modulator of DA neurochemistry in the striatum and 

NAc o f the rat and cholinergic intemeurons have NK-1R on their soma and dendrites. 

Direct intrastriatal administration of WIN SI,708 (Kr’M) caused a complete repression 

of cocaine evoked ACh release in that region in acutely and chronically treated rats. I 

used immunocytochemisty (ICC) to visualize NK-1R on cholinergic interneurons using 

antibodies for choline acetyltransferase (ChAt), an enzyme for the synthesis of 

acetylcholine, and NK-1R antibodies as markers. I found that administration of substance 

P (SP) caused a marked alteration in the pattern of immunoreactivity (IR) consistent with 

receptor internalization. Systemic cocaine administration caused a pattern of IR identical 

to that of the SP perfused animals. Pre-perfusion with the NK-1R antagonist WIN 51,708 

blocked the cocaine evoked receptor internalization. An understanding of the role of 

substance P will help to elucidate mechanisms of cocaine-induced neuroplasticity and 

perhaps other neurochemical substrates of plasticity via peptidergic activity in other areas 

of the CNS.
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C h a p t e r  1
1

INTRODUCTION 

Psychostimulants and the Brain

Psychostimulants reshape brain reward mechanisms in such a way as to increase the 

likelihood of self-administration, and are known to have tremendous addictive potential in 

humans (White, 1996). The majority of the cocaine abusers in the United States are young 

male adults ranging from the age of 18-25 years old. Ten to 15 percent o f people who try 

cocaine become addicted (Letters, 1999). In 1997, 1.5 million Americans were classified as 

chronic cocaine users according to the National Household Survey on Drug Abuse 

(NHSDA). Chronic abuse of cocaine can lead to irritability, gastrointestinal complications, 

increase in blood pressure, heart failure, stroke, psychosis, seizure, and death. In addition to 

these side effects, the lifestyle associated with chronic cocaine use increases the likelihood 

o f the contraction of serious disease including, but not limited to, hepatitis B and C, and 

HIV, the virus that causes AIDS (Word and Bowser, 1997; Molitor et al., 1998). More so, 

chronic cocaine use is invariably connected with the use of alcohol and other illicit drugs.

Cocaine is a potent psychostimulant, which, when taken systemically, causes profound 

neurochemical changes in specific brain regions which lead to increase in the likelihood of 

cocaine self-administration of. Cocaine (FIG.4 ) is part of a class o f drugs referred to as
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2
psychostimulants that include caffeine, nicotine and methamphetamine. Cocaine is 

referred to as an indirect dopamine (FIG.5) agonist because its pharmacological action 

involves the reuptake o f dopamine into the synaptic terminal and thus causes an increase in 

the concentration of synaptic dopamine, which in turn causes an increase in post synaptic 

cellular activity. Cocaine also has a high affinity for serotonin and nor-epinephrine (De 

Felice and Adams, 2001). Cocaine effects on the cardiovascular system are mediated via its 

effects on Na+ channels (Lason, 2001). Blockade o f central Na channels may also have 

effects on centrally mediated plastic effects of cocaine (Cantrell and Catterall, 2001).

It is known that psychostimulant use can cross-sensitize with other drugs o f abuse, in 

particular other psychostimulants (Vanderschuren et al., 1999). Cross-sensitization is the 

phenomenon where chronic use o f a drug results in augmented reaction to the novel drug 

beyond what would be considered a normal acute response for an individual naive to the 

use of that particular agent. It has been shown that in rats, a single administration of a 

psychostimulant such as amphetamine can cause long term sensitization not only to 

amphetamine but also to a challenge dose of cocaine several weeks later (Vanderschuren et 

al., 1999). Multiple drug use is correlated with an increased risk of overdose (Tardiff et al., 

1996). In addition, because o f the culture surrounding illicit drug use, criminality and other 

antisocial behaviors increase significantly with the use of psychostimulants such as 

methamphetamine and cocaine (Bailey and Shaw, 1989; Inciardi and Surratt, 2001). 

Cocaine abuse and addiction have devastating social and financial costs. Addiction to 

psychostimulants poses a massive public health problem. A clearer understanding of the 

neurochemical mechanisms underlying the addictive process and the response o f the basal
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3
ganglia and all relevant brain regions to psychostimulants will help us to better understand 

the phenomenon of addiction and lead to more effective therapies.

Reward and Behavioral Sensitization

Chronic psychostimulant use leads to an increase in likelihood o f self-administration 

(Robinson and Berridge, 1993). In has been proposed that the increase in the rate o f self­

administration resulting from exposure to the drug may be due to an alteration in reward 

mechanisms (Koob, 1996). Using an instrumental conditioning paradigm, where a positive 

reinforcer increases the likelihood o f repeating a behavior that is rewarded, the association 

o f a pleasurable effect with the self-administration of cocaine increases the likelihood o f 

self-administration. However, positive reinforcement is not sufficient to explain the 

intractable problem of drug craving in the face o f the terrible consequences mentioned 

above. One hypothesis is that in addition to being initially pleasurable, psychostimulants 

such as cocaine affect brain regions responsible for ascribing salience to environmental 

stimuli (Robinson and Berridge, 1993). When cocaine is administered chronically at the 

same dose the behavioral response to the same dose increases with time. This phenomenon 

is called behavioral sensitization. Behavioral sensitization is known to engage the circuitry 

o f the basal ganglia (Kalivas and Dufly, 1993a). Basal ganglia circuitry is also known to 

subserve several complex behaviors including but not limited to feeding behavior, sexual 

behavior, and the association of motor programs with salient environmental stimuli 

(GraybieL, 1995). It has been proposed that increased craving for cocaine is related to the 

phenomenon of behavioral sensitization. Moreover, it is possible that chronic exposure to
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4
cocaine can sensitize motivational aspects o f self-administration (Robinson and Berridge, 

1993). One role o f the basal ganglia is to receive inputs from the cortex and process them 

into a coherent signal in order to initiate complex motivational and motor programs. In this 

sense, one o f the roles of the basal ganglia is to ascribe salience or to make certain 

environmental stimuli “standout” with reference to other environmental stimuli in order to 

better utilize sensory input and activate the appropriate motor and motivational program. 

Motivation is a process by which organisms adapt their behavior to control and manipulate 

aspects of the environment related to their needs. A basic aspect of this process involves 

learning the relationship between biologically significant stimuli and otherwise neutral 

stimuli that predict their occurrence. By this process, organisms gravitate towards useful 

goal stimuli, avoid harmful ones and disregard those o f no use. So it can be said that the 

basal ganglia serves to integrate input from the environment, assign such stimuli 

importance or salience by association, and through that association allows them to initiate 

complex behavior patterns to increase the likelihood of the reoccurrence of the desirable 

circumstance which leads to that particular stimulus (Di Chiara, 199S). Because of the 

profound behavioral changes in drug seeking behavior exhibited by subjects addicted to 

cocaine, and the feet that cocaine acts at a site in the brain that is responsible for the 

integration of such complex signal processing involved in motivation and reward, this 

hypothesis is a powerful tool to help us characterize the complexities of the addictive 

process.
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Cocaine and Neurochemistry

Pharmacological and behavioral studies have demonstrated that cocaine administration 

affects both nigrostriatal and mesocorticolimbic systems (Kalivas and Duffy, 1993a, b). 

Our current understanding o f the biological basis of drug induced plasticity that leads to 

addiction implicates the activity of the mesolimbic system in part (Koob et al., 1987). The 

meso limbic pathway emanates from dopamine cell bodies of the ventral tegmental area 

(VTA) and projects to the nucleus accumbens and prefrontal cortex (FIG.7). The 

meso limbic pathway has been implicated in drug reinforcement and reward, and it is 

thought that all psychostimulants with addictive potential effect this circuitry (Self and 

Nestler, 1995). In addition, the nigrostriatal dopaminergic neurons and their targets in the 

striatum (neurons projecting from the striatum to the substantia nigra), are part of the direct 

loop as mentioned above (FIG.7). The striatum is also involved in reward but has a larger 

role in the phenomenon o f behavioral sensitization. Sensitization to psychostimulants 

develops with intermittent or repeated treatment but not with continuous exposure (Post, 

1980). Intermittent treatment causes progressive increases in the behavioral response to 

psychostimulants that can be long lasting. Some studies suggest that this change in 

behavior can be permanent (Paulson and Robinson, 1991). Research in this laboratory 

suggests that these behavioral changes are dopamine dependent (Kraft et al., 2001).
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6
This dissertation focuses on data that elucidate the role o f the neurokinin receptors 

with an emphasis on the NK-1 receptor in the striatum and the N A c s h e l l - In part, our 

behavioral data suggest that these receptors play a critical role in the observed dopamine 

dependant increase in locomotion resulting from non-contingent administration o f the 

psychostimulant cocaine (Kraft et al., 2001). There are three main questions I sought to 

answer with respect to the central question o f cocaine-evoked changes in basal ganglia 

neurochemistry.

1) What is the pattern o f neurotransmitter release in the rat striatum and

N A csh ell  resulting from acute and chronic cocaine administration?

2) What effect does intracranial administration of neurokinin receptor

antagonists have on the pattern o f cocaine-evoked neurotransmitter 

release in the rat striatum and N A c s h e l l ?

3) Using receptor internalization as a marker for neurokinin binding, what

activity o f NK-1 receptors is elicited by the acute administration of 

cocaine and on what subpopulation o f neurons does this occur?

My goal was to determine if the augmented dopamine (DA) release in the striatum and 

N A csh ell  that accompanies acute and chronic administration of cocaine is dependent on 

altered neurokinin receptor activity, and if alteration o f neurokinin receptor activity through 

pharmacological targeting is sufficient to alter patterns o f cocaine evoked dopamine release 

in rats treated acutely and chronically. We examined the effects of systemic administration 

o f cocaine concomitant with intracranial administration o f NK-1 and NK-3 receptor 

antagonists (WIN 51,708, [D-Arg1, D-Pro2, D-Trp7-9, Leu"], L-733,060, SR142801, and D-
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7
Pro2, D-Trp6,8, Nle 10) on cocaine induced alterations in dopamine/acetylcholine 

overflow in the striatum and DA overflow in the N A c s h e l l - Data collected for this thesis 

suggest a relationship between neurokinin receptors in the striatum cocaine-evoked 

dopamine release. The experiments conducted provide evidence implicating the central 

neurokinin system in the modulation of the dopamine/acetylcholine system under 

conditions o f cocaine exposure. Characterizing the role o f neurokinin receptors in the basal 

ganglia will aid in defining a therapeutic target in the treatment o f substance abuse as well 

as help us better understand the mechanisms involved in neurochemical plasticity in the 

central nervous system (CNS).

Basal Ganglia Circuitry

The basal ganglia consist o f several functionally interconnected nuclei that span the 

telencephalon, diencephalon and midbrain (FIG.6). The basal ganglia include deep lying 

structures o f the brain, incorporating the striatum, the pallidum, and the amygdala. The 

primary afferent structure o f the basal ganglia is the striatum. In addition to sensorimotor 

aspects of movement programming, basal ganglia function involves conditional aspects of 

planning movements, program selection, and motor memory and retrieval (Graybiel, 1995). 

Parkinson’s disease, Schizophrenia, obsessive-compulsive disorder, Huntington’s disease, 

and Turret’s syndrome are all disorders related to basal ganglia function (Calabresi et al., 

2000b).
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The current model o f the basal ganglia suggests a cytoarchitecturally and neurochemically 

segregated series o f inputs and outputs. The striatum is the major input area o f the basal 

ganglia and receives significant glutamatergic excitatory input from the cerebral cortex 

(Centonze et al., 1999a). In contrast, the internal segment o f the globus pallidum and the 

substantia nigra reticulata represent major output nuclei o f the basal ganglia. These 

structures exert tonic GABAergic inhibitory influence on the excitatory premotor neurons 

in the thalamic nuclei (Deniau and Chevalier, 1985). Between input and output structures 

o f the basal ganglia there are two major subdivisions, the direct and indirect pathways. The 

direct pathway originates from striatal neurons that contain the classical neurotransmitter 

GABA and the peptides SP and/or dynorphin, and project monosynaptically to the globus 

pallidum interna and substantia nigra reticulata. The indirect pathway consists of striatal 

neurons that contain GABA and enkephalin which, through a series o f connections 

involving the external segment o f the globus pallidum and the sub thalamic nucleus, 

connect to the globus pallidum interna and substantia nigra reticulata. In this pathway 

GABAergic inhibitory projections from the striatum synapse onto the globus pallidum 

externa; inhibitory GABAergic projections from the globus pallidum external synapse onto 

sub thalamic nucleus; and excitatory glutamatergic projections from the sub thalamic 

nucleus synapse onto the globus pallidum interna/substantia nigra reticulata (Chevalier and 

Deniau, 1990).

With reference to the modulatory effects o f dopamine and acetylcholine in the striatum, the 

focus will be on the direct pathway (FIG. 7a).
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High concentrations of neurokinins and NK receptors have been detected in the nuclei o f 

the basal ganglia on cells ideally located to modulate dopaminergic neurochemistry and 

cholinergic intemeuron activity (Elliott et al., 1991; Boix et al., 1994; Steinberg et aL, 

1998). There are three main types o f intemeurons. They are cholinergic, somatostatinergic 

and GABAergic interneurons. All of these intemeuron subtypes are innervated by cortical 

glutamatergic neurons. NK-1 receptors are located on cholinergic intemeurons o f the 

neostriatum (Gerfen, 1991). Because o f this discrete anatomical distribution, studies have 

been performed in an attempt to relate mechanisms involving neurokinins and neurokinin 

receptors to the motor diseases mentioned above (Saria, 1999).

The basal ganglia contains 90 percent o f the dopaminergic projection neurons in the central 

nervous system. Dopamine is synthesized in the projection neurons of the compacta and 

VTA (FIG.8). The majority o f these emanate from the substantia nigra compacta and 

project into the striatum. The other large portion emanates from the ventral tegmental area 

and projects to the nucleus accumbens. The striatum can be divided into two broad 

compartments, the striosomes and matrix. In the rat, these compartments are defined by the 

difference in mu opioid receptor binding (Zhou et al., 2001). The striosomes receive 

cortical afferents from prefrontal and limbic areas while the matrix receives cortical 

afferents from primary motor and somatosensory cortex as well as frontal, parietal, and 

occipital cortex. Striatal efferents from the substantia nigra compacta also appear to be 

different^ distributed to the striatum with different groups o f midbrain dopaminergic 

neurons projecting to striosomes and matrix. These two striatal compartments may be 

linked functionally by intemeurons that contain somatostatin (Testa et al., 1995). Some
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to
striatal neurons also possess dendrites that closely associate on the borders between 

striosomes and matrix suggesting communication between these two compartments. 

Matrix neurons have two subpopulations of neurons; one type contains substance P, which 

projects to the substantia nigra reticulata, while those containing enkephalin project mainly 

to the lateral globus pallidum. The substance P containing projection neurons to the 

substantia nigra also contain GABA (Gerfen, 1991).

Although dopamine is the primary site of action of psychostimulants, (referred to as 

indirect dopamine agonists), the development and expression o f behavioral sensitization is 

likely to involve other systems that are intimately connected with the actions of the 

neurotransmitter dopamine. For example, the neuropeptides substance P, neurokinin A and 

dynorphin are positioned in a pivotal location of the basal ganglia, that is, in projection 

neurons o f the striatum and N A c s h e l l - The fundamental nature o f the central nervous 

system is that it divides its parallel incoming signals in order to combine them in novel 

ways (i.e. convergent and divergent processing similar to that found in the visual system). 

This is called a distributed system. Using a model of feedback mechanisms borrowed from 

engineering, neuropeptides may serve as gain control devices, “adjusting activity levels in 

the basic circuit and its side !oops“ (Graybiel, 1995). Mesencephalic dopaminergic neurons 

are responsive to the application of neuropeptides, which have been shown to augment 

dopamine release and turnover in terminal field areas o f the forebrain including the 

accumbens (Kalivas, 1985). Substance P has been implicated as a modulator of dopamine 

(DA) neurotransmission in the meso limbic DA pathway, a primary pathway implicated in 

the effects of cocaine related to its abuse.
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This high level o f complexity and signal processing make the basal ganglia ideal targets 

for modulation resulting from chronic psychostimulant administration and explains the 

complex array o f behaviors associated with addiction.

Dopamine

Dopamine is the major catecholamine in the central nervous system (de Belleroche and 

Bradford, 1980). The dopaminergic system has been the primary focus o f research in the 

basal ganglia for the past 30 years. Alterations in dopamine neurotransmission are 

involved, directly or indirectly, in several brain dysfunctions including Parkinson’s disease, 

obsessive-compulsive disorder (OCP), and addiction to psychostimulants (Robinson and 

Berridge, 1993; Hyman, 1996). Dopamine, and specifically dopamine receptors, have been 

seen as therapeutic targets for the treatment of several of these pathologies. Unfortunately, 

alterations o f dopamine neurotransmisskm or activity of dopamine receptors can have 

severe side effects. Administration o f L-dopa to patients suffering from Parkinson’s 

disease can lead to psychotic episodes and involuntary movements (Zigmond et al., 1990).

Evidence for dopamine receptors was first found in 1972 (Kebabian et al., 1972). Since 

then, the existence of several different subtypes of dopamine receptors has been confirmed 

(Raevskii et al., 1996). Dopamine receptors are part of a large family o f seven 

transmembrane domain g-protein linked receptors. These receptors are linked through 

guanine-nucleotide binding proteins to effectors that translate activation of a plasma 

membrane receptor into an intracellular response. Of the five different subtypes of 

dopamine receptors found to date, there are two categories: Dl-like receptors and D2-like
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receptors. D1 and D5 receptors are classified as Dl-like because they share high 

sequence homology and similar pharmacology. D2, D3 and D4 receptors are considered to 

be D2-like, for the same reasons. The former causes an increase in adenylate cyclase (AC) 

activity and phospholipase C (PLC) and the latter decreases the activity o f AC, as well as 

closing K+ and Ca2+ channels. So, Dl-like R are considered stimulatory in their effects 

while D2-like R are inhibitory. These two different receptor subtypes act as regulatory 

controls on the release of dopamine.

Dopaminergic neurons are localized mainly in the substantia nigra parse compacta, the 

ventral tegmental area and hypothalamus. There are three defined main pathways, the 

nigrostriatal, the meso limbic and the tubero infundibular. The D1 receptor is the most 

common subtype and is expressed at higher levels than any other dopamine receptor. D1 

mRNA is found in areas known to be under dopaminergic control such as the striatum and 

the nucleus accumbens. Receptor autoradiography has shown the presence o f D1 receptors 

in the globus pallidum and in substantia nigra reticulata, where D1 receptors originate from 

striatal GABAergic neurons that express substance P. It has been demonstrated that 

mRNAs for the D1 and D2 receptors are segregated in substance P and enkephalin 

neurons, respectively, in the striatum and N A c s h e l l  (Le Moine and Bloch, 1995). The D5 

receptor is similar in activity to the D1 receptor but is present at much lower concentrations 

than the D1 receptor, and has a slightly different distribution. The presence of D1 and D5 

receptors seem to be differently distributed (Tarazi et aL, 1998; Filip et al., 2000). 

Localization of D5 is distributed to the soma and proximal dendrites of neurons in 

cerebral cortex, basal ganglia, basal forebrain, hippocampus, and diencephalon. The

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



13
distribution of DS in the CNS is different from that o f other dopamine receptor 

subtypes including the DIR. This distribution supports the idea that the DS receptor 

subtype has a distinct role in dopamine neurotransmission (Ciliax et al., 2000).

The D2 receptor has been found primarily in the striatum, olfactory tubercle and nucleus 

accumbens where they are present on the GABAergic neurons which receive dopaminergic 

input from the midbrain (Gifford and Johnson, 1992). D2 receptors are also found in the 

substantia nigra compacts and in the ventral tegmental area, where they are present on 

dopaminergic projection neurons (Pierce et al., 199S). D2 receptors are found both on pre- 

and postsynaptic regions of projection neurons. D3 receptors are present in the N A csh ell , 

and the olfactory tubercle. The expression of D3 is very low in the striatum. D3 receptors 

also have been found in the substantia nigra compacts, the ventral tegmental area and the 

cerebellum (Schwartz et al., 1998). The distribution o f D3 receptors in the cerebellum is of 

some interest and will be discussed below. D4 receptors are present in very low levels in 

the basal ganglia. Of all receptors, D4 has the lowest relative abundance. The D4 receptor 

gene displays variations in humans not demonstrated by the other receptor subtypes. In 

these allelic variations, insertions of repeats of 16 amino acids occur in the third 

cytoplasmic loop of this seven transmembrane protein receptor. These indifferent iso forms 

have slightly different pharmacological characteristics. D4 receptors display different 

affinity for the neuroleptic clozapine. However, these isoforms do not seem to be related to 

pathologies of the dopaminergic system such as schizophrenia (Jaber et al., 1996).
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D1 and D2 receptors were cloned in 1990 (Jaber et al., 1996). The sequence homology 

between D1 and D2 receptors is 29 percent throughout the entire protein and 44 percent in 

the transmembrane domains. The D1 and D5 receptors share high sequence homology. 

D1 and DS receptors have similar pharmacological profiles. The D5 receptors have a 

tenfold higher affinity for dopamine than D1 (Filip et al., 2000). All dopamine receptors 

share a high degree o f sequence homology within their transmembrane domains. Members 

o f the dopamine receptor sub-families such as D1 and D5 receptors have up to 78 percent 

serial homology (46 percent for D2 and D3; S3 percent for D2 and D4).

As mentioned previously, dopaminergic projection neurons are found primarily in the 

substantia nigra compacta, the ventral tegmental area. D1 receptors are the most common 

receptor subtype and are expressed at very high levels in the striatum and nucleus 

accumbens (Dearry et al., 1990). D1 receptors are also present in areas where no D1 

mRNA is detected. This suggests that Dl receptors in these areas are only present on 

projections where there are no cell bodies. This is the case in the substantia nigra reticulata 

where Dl receptors originate from striatal GABAergic neurons that co-express substance P 

(Aubert et al., 2000). The D5 receptor is present at much lower levels than Dl receptors 

and a has a different distribution (Filip et al., 2000). Dl and D2 receptor mRNAs are 

present on separate neuronal populations in the rat neostriatum. Dl receptors are present 

on striatonigral substance P projection neurons, and striatopallidal neurons expressing 

enkephalin contain D2 receptors. D2 receptors are also located on cholinergic intemeurons 

(Harsing and Zigmond, 1998). This is important because it shows a direct DA inhibitory 

input on these cholinergic intemeurons.
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Psychostimulants such as cocaine and methamphetamine increase dopamine by 

increasing the release o f dopamine or by blocking the activity o f the dopamine transporter. 

In the case of cocaine, this molecule binds to the dopamine reuptake carrier causing an 

increase in synaptic dopamine. This increase in synaptic dopamine increases post synaptic 

activity. Methamphetamine both blocks the dopamine reuptake carrier and causes an 

increase in the release o f dopamine, also increasing postsynaptic activity in addition to 

increasing acetylcholine (ACh) release (Ricaurte et al., 1982; Taguchi et al., 1998). Chronic 

administration of psychostimulants has profound effects on dopamine neurochemistry in 

the striatum. This alteration in dopamine neurochemistry is dependent on the activity of 

neurokinin receptors in the striatum (Gygi et al., 1993).

The dopamine hypothesis has dominated the theoretical outlook o f the causes of addiction 

for years (Melichar et al., 2001). Understanding the basic dopaminergic circuitry in the 

basal ganglia will help us to elucidate the mechanisms o f many different pathological states 

including addiction.

Acetylcholine

Acetylcholine neurotransmission in the striatum has a major influence on the control of 

movement, learning and motivation (Boix et al., 1994). Striatal cholinergic activity plays a 

major role in the acquisition and early maintenance stages o f learned behaviors where the 

the mere presence of a stimulus is sufficient to elicit a learned response (Calabresi et al., 

2000b; Pisani et al., 2001). Striatal dopaminergic activity influences memory consolidation
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in the striatum. Tonically active neurons (TAN) correspond to the giant aspiny 

cholinergic intemeurons, which take up approximately 5 percent of the rat striatum (Pisani 

et al., 2001).

The striatum has one o f the highest levels of acetylcholine, muscarinic receptors, and other 

acetylcholine related markers in the central nervous system. Acetylcholine has been 

implicated in the pathology o f Parkinson’s disease (Calabresi et al., 2000a). Early on 

acetylcholine receptor antagonists were used as therapies for Parkinson’s disease (Carlsson 

and Carlsson, 1990). Parkinson’s disease is marked by significant loss o f dopaminergic 

input into the striatum. The theory states that the underlying defect is an imbalance between 

dopamine and acetylcholine release in the striatum (Zigmond et al., 1990). Dopamine 

exerts an inhibitory effect on the release of acetylcholine in the striatum (Blanchet et al., 

2000). Therefore, it is suggested that this decrease in dopamine causes an unchecked 

release o f acetylcholine in the striatal compartment, which leads to the behavioral effects of 

Parkinson’s disease. Since the striatum is the main afferent structure o f the basal ganglia 

and since the small percentage o f cholinergic intemeurons cover large areas o f the striatum 

through extensive dendritic arborizations, cholinergic activity in the striatum may modulate 

inputs from various areas o f the cortex, prefrontal cortex and extrapyramidal regions o f the 

basal ganglia. The striatum receives a significant amount o f glutamatergic input from the 

cortex (Hanania and Johnson, 1999).

Alterations in dopaminergic neurotransmission can also lead to significant changes in 

glutamate release in the striatum (de Belleroche and Bradford, 1980). Glutamatergic inputs
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synapse onto striatal cholinergic intemeurons (Smith and Bo lam, 1990). So it seems that 

ACh may have its effects in the striatum by modulating inputs from both glutamatergic 

cortical inputs and nigral dopaminergic inputs (Calabresi et al., 2000a). Stimulation o f Dl 

receptors increases the release o f striatal acetylcholine (Anderson et al., 1994). Stimulation 

o f D2 receptors inhibits release o f striatal acetylcholine (Acquas and Di Chiara, 1999). The 

D2 receptors have been localized on cholinergic intemeurons in the striatum (Gifford and 

Johnson, 1992). However, Dl receptors seem to act indirectly on ACh intemeurons 

(Steinberg et al., 1998). Activity o f substance P efferents from the striatum to the 

substantia nigra may be responsible for the indirect effect o f Dl agonists.

Although there are two different classes o f ACh receptors, nicotinic and muscarinic, the 

effects of acetylcholine on striatal dopamine are mediated mainly through the activity of 

muscarinic receptors because atropine affects dopamine release but pimepidine does not 

(Harsing and Zigmond, 1998). There are five different subtypes o f muscarinic receptors. 

Each receptor shares common features including specificity o f binding for the agonists 

acetylcholine and carbamylcholine and the classical antagonists atropine and 

quinuclidinyl benzilate. Each receptor subtype couples to a second messenger system 

through an intervening G-protein. Activation of M„ M, and M, receptors by acetylcholine 

stimulates phosphoinositide metabolism. When the receptor is activated the enzyme 

increases splitting of phosphatidylinositol polyphosphates of the cell membrane into 

(mainly) inositol-1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). IP3 is water- 

soluble and contains three charged phosphate groups. It is released into the interior of the 

cell and acts on IP3 receptors on the surface of the endoplasmic reticulum (ER), which
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causes an increase in the release o f Ca2+ from the ER. Increased cytosolic Ca2+ is part 

o f the intracellular message from ACh at the surface membrane. Another part o f the 

transduced message from ACh at the cell surface is DAG. Because DAG is lipid soluble 

it remains in the cell membrane. Its presence in the membrane, along with increased 

intracellular Ca2*, activates a protein kinase, protein kinase C (PKC). PKC in turn is 

involved in regulating a number o f other enzyme activities while M, and M, receptors 

inhibit adenylate cyclase. The tissue distribution differs for each subtype. M, receptors 

are found in the forebrain, especially in the hippocampus and cerebral cortex. Mz 

receptors are found in the heart and brainstem while M, receptors are found in smooth 

muscle, exocrine glands and the cerebral cortex. M, receptors are found in the 

neostriatum and M, receptor mRNA is found in the substantia nigra, suggesting that M, 

receptors may regulate dopamine release at terminals within the striatum.

Substance P terminals make contacts with cholinergic intemeurons in the striatum 

(Bolam 1986). These projection neurons have excitatory Ml receptors on their soma 

(Calabresi et al., 2000a). Moreover, it has been established that NK-1 receptors, the 

preferential receptor for substance P, are present on cholinergic intemeurons (Anderson 

et al., 1994). Taken together, these data suggest the presence o f a “loop”, which includes 

striatal substance P/GABA projection neurons to the substantia nigra and dopaminergic 

projection neurons from the substantia nigra to the striatum. This loop is involved in 

modulating the activity o f the cholinergic intemeurons (Anderson 1994).
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Neurokinin Receptors and Peptides

Like many peptides, the tachykinins were not originally discovered in the central nervous 

system. Substance P was discovered in 1931. Mammalian tachykinin peptides consist of 

the neuropeptides substance P (SP), neurokinin A (NKA) and neurokinin B (NKB) and 

share the amino acid carboxyl terminal sequence -Phe-X-Gly-Leu-Met-NH2 (FIG.3). These 

peptides are derived from two genes: the preprotachykinin A and preprotachykinin B 

genes. The neurokinin 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 (Angulo and McEwen, 1994).

The presence of multiple neurokinins and the fact that they have different actions suggest 

the existence of multiple neurokinin receptors. Three types o f neurokinin receptors, 

neurokinin-1 (NK-1), neurokinin-2 (NK-2), and neurokinin-3 (NK-3), have been identified 

(Lee et aL, 1986; Mantyh et aL, 1989; Helke et aL, 1990). These are part of a G-protein 

family of metabotropic receptors. The binding of neurokinins to their receptors involve the 

activation of phospholipase C, with the subsequent breakdown o f phosphatidylinositol 4,5- 

bisphosphate and consequent production o f inositol 1,4,5-triphosphate (IP3) and 

diacylglycerol. IP3 mobilizes intracellular calcium from the endoplasmic reticulum which 

then plays a role in the regulation o f Ca-calmodulin kinases. Diacylglycerol activates 

specific isoforms o f protein kinase C. The receptor is activated with the binding of the
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endogenous ligand, inducing a conformational change that results in GTP binding to the 

GDP or unbound heterotrimeric G-protein complex, with the subsequent dissociation of 

this complex from the receptor and its dissociation o f the a-subunit from its Pycounterpart. 

Due to intrinsic GTPase activity, possibly along with GTPase activation proteins, the 

activity o f Ga is reduced and it is able to re-associate with free G^ subunits. Upon binding 

to its receptor, the ligand forms a complex with the receptor which in turn causes an event 

in which the receptor/ligand complex is transported to the cytoplasm for processing, There 

the ligand is separated from the receptor and the receptor is recycled back to the membrane 

(FIG.10a,b). This receptor internalization can be used to visualize the activation o f the 

receptor. It is also an indirect marker for substance P release (Michael-Titus et al., 1999).

Based on the binding affinity, substance P, neurokinin A and neurokinin B selectively bind 

to NK-1, NK-2 and NK-3, respectively. Affinity for substance P is 100 times higher for the 

NK-l receptor than for NKA. At the NK-3 receptor, affinity for NKA is twice that o f SP 

although the highest affinity is for NKB. It is important to note that all tachykinins can 

interact with each receptor type. Therefore, the presence o f any of the receptors in areas of 

tachykinin

implies functional relevance (Dam et al., 1990).

Areas rich in NK-1 receptors include the striatum, the nucleus accumbens, the 

hippocampus, the lateral nucleus of the hypothalamus, the habenula, the intrapeduncular 

nucleus, the nucleus of the tractus solitarius, the raphe nucleus, and the medulla oblongata.
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The cloned human and rat NK-1 receptor show about 95 percent serial homology. 

Twenty-one out o f407 amino acid residues differ between these two species. The majority 

o f these residues are localized at the C-terminal and N-terminal ends o f the receptor 

protein. Only six amino acids in the transmembrane segments differ between these two 

species. The guinea pig tachykinins NK-1 receptor is 97 percent homologous to the human 

NK-1 receptor (Saria, 1999). The transmembrane segments are 100 percent identical in 

guinea pigs and humans. Variation of specific amino acid residues is not crucial for agonist 

binding. However, the effect of antagonists is highly variable depending on residue 

differences.

Receptor autoradiography and lesion studies indicate that both neurokinin-1 and 

neurokinin-3 receptors are located in intrinsic striatal neurons whereas in the substantia 

nigra neurokinin-receptors are located in dopaminergic projection neurons (StoessL, 1994). 

NK-2 receptors are widely distributed in the peripheral nervous system. In the striatum 

substance P (NK-1) receptors are expressed by a large number o f cholinergic intemeurons 

(Gerfen, 1991), and activation of NK-1 receptors in the striatum elicits a dose-dependent 

increase in ACh release (Anderson et al., 1994). Activation o f neurokinin receptors in the 

VTA causes an increase in striatal DA as well as behavior ambulation (Elliott et al., 1991).

The neurokinin peptides SP and NKA are located in the direct striatonigral pathway (FIG. 7a). 

Both in vivo and in vitro studies indicate that exogenous SP and NKA can elicit dopamine 

release in the substantia nigra and striatum (Baruch et al., 1988), suggesting that both 

neuropeptides may act as neuromodulators in the direct striatonigral pathway. Although
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there is a prominent SP and NKA containing projection from the striatum to the 

substantia nigra (Smith and Bo lam, 1990), the substantia nigra contains almost 

undetectable levels o f NK-1 and NK-2 receptors (Mantyh et al., 1989). When considering 

this apparent mismatch one must take into account that there is significant crosstalk 

between the three different receptor subtypes. This suggests there is functional activity with 

the presence of any given receptor colocalized with any given ligand of the same 

tachykinin class. In addition, techniques have become increasingly sensitive and with 

increased sensitivity, the characterization o f distribution has changed accordingly, 

suggesting that some putative mismatches may be due more to technological limitations 

than to a paucity o f any given receptor or ligand. In feet, it has recently been postulated that 

there may be two different isoforms o f the NK-1 receptor in the rat striatum (Mantyh et al., 

1996). Given the location of neurokinin efferents, SP and NKA may act on the NK-3 

receptors expressed on the midbrain dopamine neurons to regulate dopamine release. One 

can speculate that there may be a causal relationship between striatal-nigral neurokinin 

peptide efiiision and the neural adaptation underlying augmented dopamine release in 

response to cocaine administration. This dissertation shows compelling evidence linking 

the activity o f substance P receptors with the persistent changes in the pattern o f dopamine 

and acetylcholine release resulting from cocaine administration.

Mammalian substance P derives from the pre-protachykinin-A gene that originates from a 

common ancestral gene by duplication (Angulo and McEwen, 1994). The PPT-A gene 

encodes neurokinin A  neuropeptide K and Neuropeptide y. Alternative RNA splicing of
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the PPT-A gene transcript results in three distinct mRNAs (aPPT-A, 0PPT-A and yPPT- 

A) All three encode for the substance P precursor sequence. The NKA precursor sequence 

is present only on aPPT-A and p PPT-A mRNAs. aPPT-A is for more abundant in the 

CNS. Synthesis of substance P occurs in the ribosomes. Substance P is then packed into 

vesicles and axonally transported to terminal endings for final enzymatic processing 

(Harrison and Geppetti, 2001). Extracellular hydrolysis o f neuropeptides is accomplished 

by a limited number of peptidases, which, by acting in concert can terminate the biological 

activity of these peptides. All o f these enzymes are metalopeptidases. Endopeptidases are 

anchored to the membrane and are non-specific with regard to particular peptides. There 

are several enzymes involved in substance P metabolism. These include neutral 

endopeptidase (NEP) substance P degrading enzyme (SP-DE EC.3.4.24), angiotensin- 

converting enzyme (ACE: EC.3.4.15.1) dipeptidyi aminopeptide IV (DPIV: EC.3.4.21.26) 

cathespin-D (EC.3.4.3.23) and cathespin-E (EC.3.4.23.34). Although all of these enzymes 

have an established enzymatic activity in vitro, NEP is the most probable candidate for 

metabolism of substance P in the CNS, although ACE has been found in the substantia 

nigra (Harrison and Geppetti, 2001). NEP can hydrolyze cholecystokinin, enkephalin, as 

well as tachykinin (Hooper and Turner, 198S). NEP is present in high concentrations in the 

striatum and the substantia nigra and has been colocalized with sites o f neurokinin release 

(Zhou et al., 2001). This is a promising avenue of inquiry for elucidating the complex 

mechanisms that may be involved in extra-synaptic neuropeptide regulation.

Substance P
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Substance P and its C-terminal sequence have reinforcing properties when injected 

systemically or centrally and is know to increase dopamine release in the striatum (Boix 

1994). Approximately 90 percent o f the cells present in the striatum are GABAergic 

medium-sized spiny neurons. These GABAergic neurons consist o f two major efferent 

pathways that project to the substantia nigra reticulata and the globus pallidum externa. 

These GABAergic neurons receive major dopaminergic input from the substantia nigra 

compacta (Anderson and Reiner, 1991). GABAergic spiny projection neurons are targets 

for cholinergic intemeurons. Acetylcholine release acts primarily on muscarinic receptors 

located on projection neurons, which stimulate dopamine release (Calabresi et al., 2000a). 

GABA inhibits striatal cholinergic intemeurons whereas acetylcholine exerts both 

excitatory and inhibitory control on GABAergic activity through the activity o f the 

different classes of muscarinic receptors (Harsing and Zigmond, 1998).

Substance P release leads to release in dopamine outflow in striatal slices. Ml and M2 

have opposing influences on striatal dopamine release (Khan et aL, 2000). The modulatory 

effect of substance P on striatal dopamine release depends upon the activity o f Ml and M2 

receptors. 6-OHDA lesions show that a significant proportion of striatal muscarinic 

receptors may be located on nigrostriatal afferents (Calabresi et al., 2000a). These 

presynaptic receptors may be activated by acetylcholine release in the terminals. The 

presence o f Ml receptors on dopamine terminals has been established (Raiteri 1982). 

Muscarinic receptors are also found on substance P containing striatal neurons (Calabresi et 

al., 2000a). The modulation of dopamine release by substance P appears to be determined 

ultimately by the balance between the activity o f Ml and NK-1 receptors. This suggests
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that the modulatory effects o f neurokinins on dopamine outflow in the striatum depend 

upon muscarinic receptors and are limited by M1/M2 receptor balance. Substance P 

increases dopamine release via activation o f cholinergic cells via Ml receptors, however, 

the effects appear to be self-limiting, as high concentrations of acetylcholine may trigger 

activity o f M2 receptors and the subsequent inhibition o f dopamine.

Tachykinins are involved in the central control o f stress (Vassout et al., 2000). Antagonists 

for the NK-1 receptor also facilitate defensive rage behavior in cats induced by stimulation 

o f the amygdala. The substance P antagonist MK-869 is effective in alleviating depression 

and anxiety in patients with major depressive disorder. The fact that MK-869 is an NK-1 

receptor antagonist with an IC 50 in the 0.1 nanoM range and has no significant affinity for 

monoamine receptors and reuptake sites suggests a whole new mechanistic approach to 

alleviate depression and associated anxiety disorders (Lieb et al., 2000; DeVane, 2001). 

The site o f action o f substance P antagonists with respect to the mediation o f emotional 

disturbances in humans is unknown. However, NK-1 receptors are highly expressed in the 

striatum, amygdala, septum, hippocampus, hypothalamus, reticulopontine nucleus and 

periaqueductal gray (Saria, 1999). These are areas associated with the processing of 

emotions as well as stress. Direct central injection o f substance P C-terminal sequence 

produce place aversion in rats (De Araujo et aL, 2001). Remarkably, substance P and its C- 

terminal sequence have reinforcing properties when injected directly into the striatum 

(Boix 1994). Substance P antagonists resemble antidepressant and anxiolytics drugs and 

are able to inhibit neonatal distress vocalizations in guinea pig pups separated from their 

mother and littermates. Systemic administration o f substance P antagonists abrogate
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cocaine induced behavioral sensitization. (Kraft et al., 2001). Local application o f NK-3 

neurokinin receptor antagonist in the substantia nigra and VTA regions o f the basal ganglia 

enhance release o f dopamine and acetylcholine in the striatum and nucleus accumbens, 

suggesting a positive link between the NK-3 receptors and striatal neurotransmitter activity 

(Marco et al., 1998).

Dopamine/Acetylcholine Coupling

Cholinergic inter-neurons represent less than 5% of the neuronal population o f the rat 

striatum (Gerfen and Young, 1988; Gerfen, 1991). These neurons receive input from both 

dopaminergic neurons o f the substantia nigra and collaterals o f striato-nigral neurons that 

release substance P as well as receive significant glutamatergic input from the cortex and 

prefrontal cortex (Kaneko et al., 2000). Histological analyses demonstrate that these 

cholinergic intemeurons display extensive dendritic arborizations, which span large areas 

o f the striatum and the N A c s h e l l ,  placing them in an ideal position to modulate 

neurotransmitter response to cocaine (Gerfen, 1991). A significant percentage o f these 

intemeurons express the mRNA for both NK-1 and D2 receptors (Jaber et al., 1996). Direct 

administration of the D2 agonists cause a dose dependant decrease in the 

methamphetamine-induced release of acetylcholine (DeBoer et al., 1996). Direct 

administration o f Dl agonists increases the release of acetylcholine (Steinberg et al., 1998). 

This increase may result from indirect excitation via the Dl receptors on the GABAergic 

substance P releasing neurons whose collaterals synapse onto cholinergic intemeurons and
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which project to the SN (FIG.7a,bXSteinberg et al., 1995). Data shown in this thesis 

suggest that the neurokinin class o f receptors play a pivotal role in cocaine-induced 

alterations in dopamine release as well as behavioral response. Since NK-1 receptors are 

found primarily on cholinergic intemeurons, it suggests that the pattern o f acetylcholine 

release may also be altered in the basal ganglia as a result of cocaine administration.

A significant portion of the striatal medium spiny neurons are GABAergic projection 

neurons. There is the possibility that non-synaptic mediated intracellular communication 

might occur in the striatum through gap junctions. Dopamine may exert its physiological 

role by modulating the electrical coupling among sets of striatal neurons (Onn and Grace, 

1994). Dopamine exerts a prominent inhibitory eflect on the release o f acetylcholine 

within the striatum. This is consistent with the dopamine/acetylcholine balance hypothesis 

and is mediated via D2R. The loss o f dopaminergic nerve terminals causes hyperactivity in 

cholinergic neurons that leads to an abnormal striatal output to the globus pallidum and the 

substantia nigra (Pisani et al., 2001). This is common in pathological states o f the striatum 

such as Parkinson's disease.

Acetylcholine mediated innervation is thought to have a primary role in determining the 

final activity o f striatal neurons that project to the output structures o f the basal ganglia 

such as the substantia nigra and the ventral tegmental area. However, recent findings have 

challenged this hypothesis. The activity o f different dopamine receptor subtypes can elicit 

opposite effects of acetylcholine release in the striatum, suggesting that the loss of 

dopaminergic nerve terminals interferes with the activity of cholinergic neurons in a less
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pronounced manner than proposed in the past. Traditionally, neuroanatomical and 

functional studies demonstrate that de-innervation of dopaminergic neurons leads to major 

changes in striatal neurotransmitter activity (Nikolaus et al., 1997). The specific 

mechanisms underlying these adaptations to the cholinergic system remain undefined.

Corticostriatal glutamatergic inputs are considered a major influence on striatal neuron 

activity in the intact animal. In addition, increases in the release of glutamate from cortical 

striatal terminals has been reported in the striatum following dopaminergic neuron de­

innervation (Burrows and Meshul, 1999). This is seen in Parkinson's disease patients. In 

these individuals, there is a significant increase in length o f postsynaptic densities o f the 

corticostriatal synapses suggesting that the synapses are hyperactive (Carlsson and 

Carlsson, 1990). Electrophysiological recordings taken after nigral lesions show a 

prominent enhancement of spontaneous depolarizing glutamate mediated postsynaptic 

potentials (Centonze et al., 1999b). This suggests that excessive glutamate mediated 

neurotransmission may be part of the pathogenesis o f Parkinson's disease. Blockade of 

glutamate receptors stimulate locomotor behavior and potentiate the anti-Parkinson’s effect 

o f levodopa in both animals and individuals. Anti-cholinergic drugs were initially used as 

treatment for Parkinson's disease (Pisani et al., 2001). The efficacy of these drugs might 

be explained by the interaction with glutamatergic transmission.

The intrinsic neural network that comprises intemeurons represents the main source of 

acetylcholine in the striatum. Cholinergic intemeurons are large (20 -SO microns) aspiny 

neurons that account for 1-5% of neurons in the striatum. In spite of their small numbers,
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axonal fields o f the cells are extensive and possess much more widespread trees than that 

o f the medium spiny projection neurons. Cholinergic efferents do not leave the striatal 

compartment and their exclusive role seems to control the modulation o f striatal input and 

striatal neurotransmission. This cytoarchitectural organization suggests that striatal 

cholinergic neurons can integrate synaptic inputs over relatively large regions, and 

influence wide areas o f the striatum. Nevertheless, the majority o f dopaminergic 

projections to the striatum synapse directly onto projection cells o f the striatum (Blanchet 

et a l, 1998). Cholinergic cells receive their main input in the form o f glutamatergic 

thalamic and cortical projections (Christie et al., 1987). The main synaptic targets o f striatal 

cholinergic neurons are projection neurons (Centonze et a l, 1999a). The cells are 

GABAergic medium-sized spiny neurons that constitute the vast majority o f the striatal 

population. Medium spiny neurons receive connections from dense excitatory 

glutamatergic fibers originating from the cortex and thalamus. In addition, there is a close 

association between glutamatergic and cholinergic inputs converging on striatal spiny 

neurons (Blanchet et al., 2000). Glutamatergic nerve terminals make asymmetrical 

synaptic contacts on the heads o f dendritic spines of the cells, whereas cholinergic nerve 

terminals synapse symmetrically on their soma, dendrites and spines. Both cholinergic 

intemeurons and projection cells receive glutamatergic input from the cortex and, in turn, 

cholinergic intemeurons innervate projection neurons to the substantia nigra. Thus, striatal 

cholinergic intemeurons may be involved in mediation of processing input from the cortex 

to projection cells. Studies have also shown that cholinergic neurons may modulate release 

o f other neurotransmitters within the striatum via a presynaptic mechanism, through a non- 

junctional or volumetric mode o f transmission (Contant et al., 1996).

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



[

30

Release o f GABA and glutamate in the striatum is inhibited by the activation of 

presynaptic muscarinic type 2 receptors. The effects o f acetylcholine are mediated 

primarily by activation o f different classes o f muscarinic receptors. Ml receptors are 

coupled negatively to adenylate cyclase activity. In addition, Ml receptors exert both 

presynaptic and postsynaptic effects on striatal cells and mediate opposite effects on striatal 

synaptic plasticity.

Activation of different receptor subtypes effect the release o f acetylcholine variously. Dl 

receptor blockade reduces acetylcholine release while D2 receptor blockade stimulates 

acetylcholine release (Acquas and Di Chiara, 1999). It has been suggested that endogenous 

dopamine controls acetylcholine release in a reciprocally symmetric manner through 

stimulatory Dl and inhibitory D2 receptors (Di Chiara 1994). However, both Dl and D2 

receptor agonists and antagonists cause major changes in endogenous dopamine release 

which might indirectly alter changes in acetylcholine release making it difficult to isolate 

the foundation of this effect. Feedback induced release o f dopamine onto Dl receptors on 

projection neurons to the SN might account for the stimulation of acetylcholine release 

elicited by D2 receptor blockade (Damsma et al., 1991). Similarly, a decrease in dopamine 

release leading to less activity o f D2 receptors has been suggested to account for the 

increase o f acetylcholine release following Dl receptor stimulation (Acquas et aL, 1997). 

Application of agonists for D2 and D3 receptors cause an increase in the release of striatal 

acetylcholine (DeBoer et al., 1996). The application of Dl receptor antagonist causes a 

reduction in the striatal concentration o f acetylcholine which coincides with an increase in
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striatal dopamine (Acquas and Di Chiara, 1999). This could be the result o f the feedback 

stimulation of dopamine release by the Dl receptor antagonist. It seems that endogenous 

dopamine release in response to Dl receptor stimulation counteracts indirect effects of Dl 

receptor blockade on acetylcholine release, suggesting that endogenous dopamine acting on 

Dl receptors control acetylcholine release in a fashion independent from D2 receptors.

Stimulation of Dl receptors increases the release of striatal acetylcholine in vivo but has no 

effect on acetylcholine release in vitro in striatal slices. Stimulation o f D2 receptors 

inhibits the release of striatal acetylcholine both in vivo and in vitro (Anderson et al., 

1994). This effect seems to be direct because D2 receptors have been localized to 

cholinergic intemeurons in the striatum. Dl induced release o f acetylcholine in the 

striatum seems to be indirect because the effect is observed only in vivo and not in striatal 

slices. In addition, Dl receptors have not been found on striatal cholinergic intemeurons. 

The NK system is one possible pathway that mediates the effects o f Dl agonists on 

acetylcholine release. Axon collaterals of striatonigral neurons arise extensively within the 

striatum and substance P containing terminals have been shown to make synaptic contacts 

with cholinergic cell bodies in the striatum. Stimulation of NK receptors by substance P 

has been shown to increase the release o f striatal acetylcholine in vivo (Anderson et al.,

1993) and in vitro (Arenas et al., 1991). Blockade of striatal NK-1 receptors reduces the 

increase of acetylcholine release evoked by striatal Dl stimulation in both intact rats and 

rats with unilateral 6-OHDA lesions o f nigrostriatal pathway (Alberch et al., 1993). NK-1 

receptor antagonists block the Dl receptor related to increase in acetylcholine release 

(Anderson et al., 1994). This is consistent with the hypothesis that Dl receptors mediate
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increases in acetylcholine due to the indirect pathway, which includes the NK-1 

cholinergic receptors. Substance P mediation o f striatal acetylcholine release via Dl 

receptor stimulation provides evidence o f one mechanism to explain interactions between 

Dl and D2 receptors in the basal ganglia at the level o f the striatum. It appears that Dl and 

D2 receptors are differentially expressed on striatal output neurons. Dl receptors are 

primarily located on striato nigral neurons and D2 receptors are localized to striatopallidal 

neurons (Gerfen et al., 1990). This receptor balance in part modulates the interaction of 

substance P, dopamine and acetylcholine release in the striatum.

Stimulation of Dl receptors on striatonigral neurons stimulates the release o f substance P in 

the striatum, which binds to NK-1 receptors on cholinergic neurons and enhances the 

release o f acetylcholine. Acetylcholine in turn may stimulate muscarinic receptors on 

striatopallidal neurons and alter the activity o f the striatopallidal pathway. Release of 

acetylcholine induced by substance P from striatonigral collaterals may serve as a 

functional link between striatonigral and striatopallidal pathways (Gerfen, 1992).

6-OHDA lesions and D2 antagonist induced increases in striatal PPE mRNA were reduced 

by muscarinic receptor blockade, and since D2R are present on PPE postive/pallidal 

projection neurons, this suggests that D2 receptors’ regulation of striatopallidal activity is 

mediated in part through cholinergic intemeurons (Pollack and Wooten, 1992). Dl 

receptor stimulation may influence activity of the striatopallidal neurons indirectly through 

the substance P cholinergic circuit whereas D2 receptors may influence striatopallidal 

neurons directly by stimulation of these receptors located on cholinergic intemeurons.
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Blockade of NK-1 receptors reduces Dl receptor stimulated release o f striatal 

acetylcholine and suggests that increases in acetylcholine concentration induced by Dl 

agonists may be mediated indirectly through the local release o f substance P acting at the 

NK-1 receptors on striatal cholinergic intemeurons. These findings provide evidence for 

the role of substance P in neurotransmission within a local circuit (striatonigral axon 

collateral cholinergic intemeurons) within the striatum.

Pharmacological and lesion studies demonstrate that dopaminergic activity augments 

production of striatal substance P and NKA (Gerfen et al., 1991). There are also high 

levels of expression of protachykinin A mRNA (Gerfen et al., 1991). Increase in 

cholinergic activity results in higher levels of protachykinin A mRNA. Blockade of 

postsynaptic dopamine receptors by neuroleptic drugs reduces concentrations o f substance 

P, NKA and protachykinin A mRNA in the striatum o f the rat (Angulo and McEwen,

1994). 6-OHDA lesions o f nigral dopaminergic neurons results in significant reductions of 

substance P NKA and protachykinin A mRNA (Gerfen et al., 1991), suggesting that 

dopaminergic input has a major influence on SP striatal release. The direct dopamine 

agonist methamphetamine, when injected systemically, elevated striatal protachykinin A 

mRNA levels significantly, further strengthening the supposition that DA is intimately 

involved with SP modulation in the direct loop of the basal ganglia (FIG.7a,b). Concurrent 

administration of either D2 agonists or Dl antagonists blocks this effect (Lindefors, 1992). 

This gives strong evidence that the neurokinin system in the striatum is regulated by the 

interaction of dopamine Dl and D2 receptors. Dl agonists cannot effect changes in striatal 

PTA mRNA levels but can alter activity initiated by D2 receptor activation. This suggests
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that Dl receptor action provides an enabling tone. These results strongly suggest that 

dopaminergic Dl and D2 receptors subserve the regulation of striatal and accumbens 

substance P activity (Angulo and McEwen, 1994). Two separate populations o f medium- 

sized neurons containing substance P immunoreactivity have been described. Substance P 

containing terminals have been reported to synapse onto somatodendritic trees of 

cholinergic neurons (Bolam et a l, 1986) and on the medium-sized neurons (Izzo and 

Bo lam, 1988). In addition, acetylcholine release was elicited from rats’ striatal slices by 

potent NK-1, NK-2 and NK-3 agonists (Arenas et al., 1991).

The cytoarchitectrural organization o f the striatum can be distinguished by its afferent and 

efferent pathways. There are two main populations o f efferent GABAergic neurons in the 

matrix, those that innervate the substantia nigra reticulata and/or the internal globus 

pallidum and contain dynorphin, substance P and NKA, and those that project to the 

external globus pallidum and are positive for enkephalin and NKB. The cell bodies of 

cholinergic intemeurons are also localized to the matrix. These cells are close to the 

striosomes and may innervate both striatal territories, which suggests cholinergic 

intemeurons also play a role in the communication between the two striatal compartments 

(Blanchet et al., 2000).

Striatal intemeurons and projection neurons all possess NMDA receptors that are 

innervated by glutamatergic neurons originating from the cortex and thalamic nuclei 

(Standaert et al., 1996). It is thought that dopamine is involved in inhibitory regulation of 

the evoked release o f acetylcholine under potent stimulation of NMDA receptors. This

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



35
effect is mediated primarily by D2 receptors located on cholinergic intemeurons and 

occurs in both matrix and striosomal striatal compartments (Hanania and Johnson, 1999). 

Neurokinins contribute to dopamine dependent inhibition of acetylcholine release evoked 

by the potent stimulation of NK receptors (Boix et al., 1994). Due to its increased 

inhibitory synaptic effects on evoked release of dopamine release, GABA indirectly 

facilitates the evoked release of acetylcholine in both striatal compartments. Tachykinins 

(substance P and NKA), which are present in GABAergic projection neurons, can be 

released from collaterals of these neurons. However, it cannot be concluded that GABA is 

released as well from GABAergic intemeurons. Through a dopamine dependent process, 

endogenously released GABA tachykinins exert opposite effects on the regulation of 

acetylcholine release from cholinergic intemeurons. While the facilitating effects of 

GABA on acetylcholine release occur under the activity of NMDA receptor activation, 

inhibition by tachykinins seems to occur only under conditions o f intense NMDA receptor 

activation (Blanchet et al., 2000).

Matrix neurons are thought to regulate NMDA evoked release o f acetylcholine in the 

striatum. In the matrix, substance P and NKA exert an inhibitory role on NMDA evoked 

release of acetylcholine due to an indirect effect mediated by dopamine release from nerve 

terminals in the nigrostriatal dopaminergic neurons. Inhibitory processes contribute to the 

regulation of NMDA evoked release o f acetylcholine when NMDA receptors are 

stimulated. Dopamine, primarily through D2 receptors but to a lesser extent through Dl 

receptors, is primarily responsible for this inhibitory regulation. GABA pre-synaptically 

reduces evoked release of dopamine and subsequently the inhibitory dopaminergic
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regulation of acetylcholine release. The blockade o f NK-1 and NK-2 receptors is 

associated with a marked enhancement o f NMDA evoked release of acetylcholine 

(Blanchet 1998).

The data available suggests that dopamine/acetylcholine signaling are mediated through the 

activity of NK-1 receptors on cholinergic intemeurons. These data further support the 

hypothesis that a balance o f the activity o f dopamine and acetylcholine receptor subtypes 

has a major effect on the activity o f the striatum and that the cholinergic intemeurons act as 

a linchpin in modulating the various inputs into the striatum.

Background Data

Previously in our lab, we found that the systemic application of NK antagonists 

significantly altered behavioral response resulting from acutely and chronically 

administered cocaine. Systemic administration of NK-1 antagonists significantly reduced 

acute cocaine-induced hyperlocomotion. In addition, neurokinin-3 antagonists had no 

effect on acute cocaine induced locomotor response but robustly facilitated the 

development and expression o f cocaine induced locomotor sensitization. Chronic systemic 

cocaine administration increased neurokinin mRNA expression but after three days of 

withdrawal, mRNA levels returned to baseline (data not shown here). After chronic 

treatment with cocaine, co-administration o f the NK-1 antagonist seemed to facilitate the 

sensitization with cocaine. Interestingly, chronic administration o f the NK-3 antagonist
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alone had no effect on behavior. When a challenge dose of cocaine was given however, 

the animals behaved as if sensitized. These behavioral data led me to speculate what the 

role of NK receptors in the neostriatum might be on cocaine evoked DA and ACh release. 

To that end, using in vivo microdialysis and histology, I examined the role o f NK-1 and 

NK-3 receptors on altered cocaine evoked neurochemistry in the rat neostriatum.
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C h a p t e r  2

SPECIFIC AIMS

Specific Aim I la the pattern of dopamine end acetylcholine release resulting from 
acute cocaine administration related to the activity of neurokinin receptors?

a) Establish pattern o f dopamine outflow in the striatum and shell o f the NAc 

following acute exposure to cocaine.

b) Establish pattern of acetylcholine outflow in the striatum following acute exposure 

to cocaine

c) Measure effects of local perfusion o f NK-1 and NK-3 antagonists into the striatum 

on dopamine overflow in rats treated acutely with cocaine using three different 

concentrations of the NKR antagonists.

Substance P is present in areas o f the central nervous system including but not limited to 

the neostriatum of the basal ganglia. To determine if substance P may be acting to 

modulate the dopamine response to cocaine we applied the neurokinin receptor antagonists 

directly into the striatum and shell of the nucleus accumbens (NAc) using in vivo 

microdialysis while simultaneously measuring dopamine release in these areas. In vivo 

microdialysis was utilized to assess the effect o f the NK-1 and NK-3 receptor antagonists 

on neurotransmitter release in the dopamine terminal field regions, which contains 

neurokinin receptors.
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Male Sprague Dawley rats (~350gms) had a cannula surgically implanted according to 

coordinates referred to in the Methods section. The animals were given 7 days to recover 

after which treatment was initiated. Approximately 18 hrs before the experiment the 

animals were brought to the procedure room where they were placed in the testing cage to 

habituate. The cannula guidepost was removed and the dialysis probe inserted. Artificial 

CSF (145mM NaCl, 2.7mM K.C1,1.2nM CaCl, ImM MgCl, pH5.2) was then perfused at a 

rate of 0.5 ul/min through the probe overnight. The next day the flow rate was increased to 

1 ul/minute and dialysate was collected every half-hour for 2 hours. Each 1/2-hour sample 

will be assessed for concentrations of dopamine and acetylcholine using HPLC. Animals 

were then injected intraperitoneally with lOmg/kg body weight cocaine dissolved in 0.5 

mis PBS. Samples were collected every half-hour for 2 hours. At the conclusion of the 

experiment the animals were sacrificed in a manner described in the Methods section 

below, the brains removed and examined to verify for probe placement.

Sprague Dawley rats will be treated the same as in Specific Aims la and lb. However, 

after the baseline is established, three different groups of rats were perfused with three 

different concentrations o f the NK-1 antagonist dissolved in CSF for 1/2 hour to allow 

thorough receptor saturation. The rats were then injected intraperitoneally with lOmg/kg 

body weight cocaine dissolved in 0.5 mis of PBS. Samples were collected every half hour 

for two hours. In this manner the optimal dose for the receptor antagonist was 

determined.(Table 1).

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



40
Tablet Treatment Paradigm for acutely treated animals.

Region Antagonist Dose
ImM

Ant/Coke
lOmM

Ant/Coke
IOOmM

Ant/Coke
Cocaine
Alone

Optimal
Concentration

Alone

CSF

Striatum NK-l 8 rats 8 rats 8 rats 8 rats 8 rats 8 rats
NAc NK-1 8 rats 8 rats 8 rats 8 rats 8 rats 8 rats

Striatum NK-3 8 rats 8 rats 8 rats 8 rats 8 rats 8 rats
NAc NK-3 8 rats 8 rats 8 rats 8 rats 8 rats 8 rats

Specific Aim II Is the pattern of dopamine and acetylcholine release resulting from 
chronic cocaine administration related to the activity of neurokinin receptors in the 
basal ganglia?

a) Establish the pattern o f dopamine and acetylcholine release in the striatum and shell 

o f the NAc resulting from chronic treatment with cocaine

b) Measure the effects o f local perfusion o f NK-1 antagonists on dopamine and 

acetylcholine overflow in the striatum and shell of the NAc in chronically treated rats 

using the optimal dose established in Specific Aim lb

Male Sprague Dawley rats (~350gms) had a cannula surgically implanted according to 

coordinates referred to in the Methods section. The animals were given 7 days to recover 

after which treatment began. These animals were then injected once daily (1 Omg/kg of 

body weight @ 10:00am) with cocaine dissolved in 0.5 mis PBS for seven days. On the 

seventh day, dialysate was collected in a manner identical with those treated acutely with 

cocaine (Table 2). After the baseline was established the optimal concentrations o f the NK- 

1 or NK-3 antagonist as determined in Specific Aim Ic were perfused through the dialysis 

membrane for 1 hour to allow thorough receptor saturation in the area of administration. 

The rats were injected intraperitoneally with 1 Omg/kg body weight cocaine dissolved in 0.5
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mb of PBS. Samples were collected every half hour for two hours. After the experiment 

the animal were sacrificed in the prescribed manner. (Table 3).

Table 2 Treatment schedule for chronically treated animals

DAY 1 DAY 2 DAY 3 DAY 4 DAY 5 DAY 6 DAY 7
Injection Injection Injection Injection Injection Injection and 

Habituation
Injection and 
Microdialysis

Table 3 Paradigm for chronically treated animab

Region Antagonist Cocaine
Alone

Optimal
concentration/

Cocaine

CSF

Striatum NK-3 8 rats 8 rats 8 rats
Striatum NK-1 8 rats 8 rats 8 rats

NAc NK-1 8 rats 8 rats 8 rats

Specific Aim III Is Substance P release in the striatum altered as a result of systemic 
cocaine adminbtration?

a) Measure the effects of acute cocaine administration on NK-1 receptor 

internalization in the striatum on cholinergic intemeurons.

b) Determine if the effect b reversible with the administration o f the NK-1 receptor
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antagonist WIN51,708.

The surgical procedure will be the same as in Specific Aims I and II. The animals will be 

given 7 days to recover after which treatment began. These animals were brought to the 

procedure room approximately 18 hrs before the experiment and placed in individual 

testing cages to habituate. The cannula guidepost was removed and the dialysis probe 

inserted. Artificial CSF (145mM NaCl, 2.7mM KCl, 1.2nM CaCl, ImM MgCl, pH5.2) was 

then be perfused at a rate o f 0.5 ul/min through the probe overnight. The next day the rate 

was increased to 1 ul/minute and dialysate was collected every half-hour for 1.5 hours. 

Each 1 /2-hour sample was assessed for concentrations of dopamine and acetylcholine using 

HPLC. Group I animals were injected intraperitoneally with 1 Omg/kg body weight cocaine 

dissolved in 0.5 mis PBS and animals will be perfused with CSF at 1 ul/minute for 15 

minutes, removed for the dialysis apparatus and cage, then deeply anaesthetized with 

isoflourane, put on ice and fixed with 4% formaldehyde/12.5% picric acid. The brain tissue 

was then be subjected to ICC as described in Methods section. Animals in Group II were 

subjected to same treatment as Group I however, they received a saline injection. Group III 

will receive a saline injection, however in this group, substance P was administered via the 

dialysis probe at a concentration o f lO^M. Group IV had the substance P antagonist WIN

51,708 administered via the microdialysis probe for 1 hour and then received an 

intraperitoneal injection o f cocaine. Fifteen minutes later animals in Group IV will be 

deeply anaesthetized and prepared for ICC in the manner described above.
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Table 4 Paradigm for immunocytochemistry

Group I Group II Group III Group IV
CSF perfusion/ 

Cocaine Inj
CSF perfusion/ 

Saline Inj
Sub. P perfusion/ 

Saline Inj
NK-I AntJ  
Cocaine Inj.

NK-1 Striatum 8 8 8 8

In all cases a dose of 10 mg/kg was administered IP because our preliminary behavioral 

data demonstrated this dose was ideal for inducing behavioral sensitization. Higher doses 

were assayed but it was found that anything higher than 1 Omg/kg administered once daily 

induced stereotypy. In order to study the neurochemical underpinnings o f behavioral 

sensitization I found it most effective to use a dose o f cocaine previously administered in a 

behavioral paradigm in which the use of neurokinin antagonists administered peripherally 

had a significant effect in reducing the sensitization response.

My hypothesis is that Neurokinin receptors present on cholinergic interneurons of the 

rat neostriatum play a significant role in the cocaine evoked changes in dopamine and 

acetylcholine concentration in animals treated acutely and chronically.
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MATERIALS AND METHODS 

Stereotaxic Surgery and In Vivo Microdialysis

Dopamine Assay

In vitro recovery experiment

In order to evaluate the efficiency of DA passive diffusion through the microdialysis 

membrane, recovery experiments were performed at room temperature, both in the absence 

and in the presence o f the drugs used in the experiments. The recovery o f DA from the 

dialysis membrane in the absence of drugs was 10-45% (N =6). All the drugs tested did not 

modify DA release recovery.

Dopamine measurement

Microdialysis in awake and freely moving rats was used to determine dopamine content in 

the striatal and NA cshfi i (FIG. 11,12). Rats were deeply anesthetized with isoflourane (5% 

at 0.5 liters 0 2 /minute) and placed in a Kopf stereotaxic apparatus. An incision was made 

in the scalp to expose the saggital, lambdoidal, coronal sutures and bregma. The stainless 

steel outer-housing of the cannula was affixed to the skull with two screws and dental 

cement at the appropriate stereotaxic coordinates (caudate-putamen, A= 1.6 mm, L=2.5mm, 

D=4.5mm; nucleus accumbens, A= 1.6mm, L=0.9mm, D=6mm) (Paxinos and Watson,
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1986). The incision was sutured and treated with topical antibiotic. A steel guard post 

was placed in the guide cannula to prevent dust and pathogens from entering and the 

animal was allowed to recover from surgery for 7 days before psychostimulant treatment. 

Subsequent to implantation of the guide post, animals were single housed to assure that the 

wound would be allowed to heal property. Test subjects were then housed in a modified 

operant conditioning chamber, given food and water ad libidum, and connected to an 

infusion pump (CMA 102) via a double-channel fluid swivel (Instech 375/D/22QE) that 

permitted relatively unrestricted movement (FIG. 13). Artificial CSF (145 mM NaCl/2.7 

mM KC1/1.2 mM CaCfe /I mM MgCl2, pH 5.2) was perfused through the probe at a rate of 

lul/min. The guide post was removed from the animals skull and the microdialysis probe 

(20kDa cut off semi-permeable membrane CMA 14/12 3mm) implanted into the brain and 

the test subject was perfused with artificial CSF overnight at a low flow rate (0.6 

ml/minute) for approximately 18 hours. The next day, at approximately 10a.m. after the 

flow rate had been increased to 1 microliter per minute, fractions of the dialysate were 

collected every 30 minutes in plastic 250 DL vials containing 3.0 Dl of 0.95 M perchloric 

acid solution (containing 500 mg/L EDTA and 500 mg/L sodium metabisulfite) to inhibit 

the degradation of dopamine dissolved in a total o f 1ML solution. Dopamine was measured 

by high-performance liquid chromatography (HPLC) with electrochemical detection using 

a Choulochem II Detctor with a ESA 5020 guard cell set at 300 mV, and a graphite 

coulometric analytic cell (5014b analytic cell with platinum target (electrode 1:-150 

millivolts, electrode 2:200 millivolts)) with a reverse phase sep-stick microbore column. 

lOmicroL samples were taken out o f the 30 microL aliquots with a Waters 717plus 

autosampler. The mobile phase consisted of 9g/L NaH2P04,520 mg/L octane sulfonic acid,
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8% (vol/vol) acetonrtrile, 250 mg/L EDTA, and 175 ul/L triethylamine (modeled after 

Jedema and Moghaddam, 1994). Quantification of the peaks were made using Millennium 

integrating software (Waters Corp.). Concentrations of dopamine were expressed as 

percent of baseline. Probe placement was verified in coronal sections of brain tissue (20 

um) stained with Cresyl violet. Brain dialysate fluid was obtained from the following 

regions and coordinates: caudate-putamen, A= 1.6mm, L=2.5mm, D=4.5mm; nucleus 

accumbens, A= 1.6mm, L=0.9mm, D=6mm (Paxinos and Watson, 1986).

Changes in concentration o f dopamine released between experimental groups were 

expressed as percent change relative to the baseline.

Acetylcholine Assay

In vitro recovery experiment

In order to evaluate the passage of ACh through the microdialysis membrane, recovery 

experiments were performed at room temperature, both in the absence and in the presence 

of the drugs used in the experiments. The average recovery of ACh from the dialysis 

membrane in the absence o f drugs was 20 and 25%, respectively (N =4). None o f the drugs 

tested modified ACh recovery. The ACh values were not corrected for recovery. Changes 

in concentration of acetylcholine were expressed as percent change relative to baseline.

Assay o f ACh

ACh was directly assayed in the dialysate using the HPLC method with post-column 

enzyme reactor and ESA Coulochem II electrochemical detector with a platinum target. 

ACh and choline (Ch) were separated on an ESA ACH-SPR, 70-0640 3cm ACh solid
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phase reactor column kept at 35° C by the Keystone HotPocket column heater. The 

mobile phase consisted o f 100 mM di-Sodium hydrogen phosphate anhydrous Fluka,

Micro select 71639, 250 g 2.0 mM 1 -Octanesulfbnic Acid Acros Organics, 25 g 0.005% 

Reagent MB ESA 70-1025,9 ml Adjust to pH=8.00 Phosphoric Acid Fisher Scientific.

The flow rate was 0.35 plVmin (injection volume lOpL). ACh was hydrolyzed by 

acetylcholinesterase (AChE) to acetate and Ch in a post-column enzyme reactor; Ch was 

oxidized by Ch oxidase to produce betaine and hydrogen peroxide. Hydrogen peroxide was 

electrochemical^ detected by an electrochemical detector (Model 5200A Electrochemical 

Detector) equipped with a cell (M5040 Analytical cell) with a platinum target at +300 

mV.

Determination of AUC

Area under the curve (AUC) of dopamine and ACh concentrations in the dialysate o f 

brain region was calculated by adding total DA release across the 2 hour post- injection 

period in each subject using 4 consecutive 30-min samples. These were then averaged 

and differences in effects o f concentration o f antagonists were examined by two-way 

ANOVA, followed by Newman-Keuls post hoc tests.

Systemic Drug Treatment

Drugs were dissolved in phosphate-buffered saline (pH 7.4) and injected intraperitoneally 

with plastic 1 ml syringes using a 25-gauge 0.5 in. needle. Control animals received saline
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vehicle. Animals received drug or vehicle in a total volume o f 0.5 ml. Cocaine was 

obtained from Sigma Chemical Co. and was administered at a dose o f 10 mg/kg of body 

weight. Animals were weighed daily to ensure proper growth, monitor health and 

determine appropriate dose o f drug.

Intracranial Drag Treatment

After being perfused overnight the flow rate was adjusted to one microliter per minute and 

the microdialysis probe was allowed to equilibrate for approximately 90 minutes. Two 30 

minute baseline samples were collected, then the syringe with artificial CSF was changed 

and replaced with a syringe in which the proper antagonist had been dissolved in artificial 

CSF. Two more 30 minutes samples were collected, then cocaine was administered 

intraperitoneally and four 30 minutes samples were collected.

L-733,060 was obtained from RBI pharmaceuticals and was dissolved in DMSO or in the 

case o f WIN51,708 (FIG. 14), dissolved in the non-toxic solvent 2-HydrocypropyI-B- 

Cyclodextrin (Sigma Chemicals), as a stock o f lOmg/ml. Then, it was diluted to the proper 

molar concentration in aCSF. Substance P was obtained from Sigma Chemical and 

dissolved in H2O as a stock solution. SR142801 was obtained with the permission of 

Xavier Emond-Alt from Sanofi Recherche.
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Immunocytochemistry

Fifteen minutes after systemic cocaine administration the animals were deeply anesthetized 

with isoflourane (5% at 0.5 liters Ch/minute) and perfused intracardially with 200 ml of 0.1 

M PBS followed by 500 ml ofa solution o f 4% formaldehyde and 12.5% picric acid in 0.1 

M PBS. The brain was then removed and post-fixed for 16 hr in the same fixative and 

cryoprotected for 24 hr in 30% sucrose in 0.1 M phosphate buffer. Serial sections, 40-pm- 

thick, were cut with a Vibrotome and collected in TBS to be processed 

immunohistochemically as free-floating sections.

The tissue sections were incubated for 5 minutes in H2O2 to quench any endogenous 

peroxidase activity, incubated for 30 min at room temperature in a protein blocking 

solution o f 1% normal goat serum in PBS, and then incubated for 4 hr at room 

temperature. Tissue samples were then incubated in the primary antiserum (SPR antibody) 

with 0.3% Triton X-100 overnight @ 4°C. SPR was detected with a polyclonal rabbit anti- 

SPR antibody (1:250, Chemicon). ChAt was detected with a monoclonal mouse anti-SP 

antibody (1:1000, Biocare Medical). The incubated sections were washed three times for 10 

min in TBS, incubated in the goat anti-mouse biotinylated secondary antibody solution for 

2 hr at room temperature, and then incubated with a streptavidin-DAB solution for 25 

minutes. The sections were then incubated for 5 minutes in the DAB reactant initiating a 

chromogenic response. The sections were washed three times for 10 min in TBS. Then the 

sections were incubated again in a protein blocking solution of 1% normal goat serum in 

PBS, incubated for 4 hr (ChAt antibody) at room temperature, and then in the primary
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antiserum with 0.3% Triton X-100 overnight. They were washed three times for 10 

minutes and incubated in the goat anti-rabbit biotinylated secondary antibody solution for 2 

hours at room temperature. Alter this, the sections were incubated with streptavidin-ALP 

solution (Biocare Medical) for 25 minutes and then for 5 minutes in the ALP reactant 

(Biocare Medical) in low light conditions for 30 minutes. Sections to be used for 

fluorescence were incubated with both primary antibodies simultaneously (both at a 

concentration of 1:100). Secondary antibodies conjugated to fluorescent markers TRITC 

(used with SPR) and FITC (used with ChAt) were used at 1:600. The slides were washed 

three times in TBS, then once in distilled deionized H20  and finally, mounted on gelatin- 

coated slides, dehydrated via an alcohol gradient (70,90, and 100%), cleared in Histoclear, 

and coverslipped. To confirm the specificity o f the primary antibody, controls were 

generated; omission o f primary antibody in the protocol abolished the staining. Because 

staining intensity might vary between experiments, control sections were included in each 

run ofstaining.

Statistical Analysis

Analysis of variance (ANOVA) was used to analyze drug treatment effects. Newman- 

Keuls test was used for post hoc analysis. Neurotransmitter release was expressed as 

percent change relative to baseline. This was necessitated by the observation that although 

values fall within a certain broad range baseline values are highly variable between 

animals. However, percent differences in neurotransmitter release relative to baseline were
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highly comparable. Thus, I averaged percent values from 10 animals, performed a paired 

Student's t-test, and obtained P values smaller than 0.05. In order to perform comparisons 

between neurotransmitter levels and behavioral scores, I utilized percent changes from 

individual subjects and performed a bifactorial analysis.
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RESULTS

Dopamine 

Effects of Acute Cocaine administration on Striatal Dopamine release

WIN 51,708

In three groups, after the first two initial baseline measurements, artificial CSF with three 

different doses o f the non-peptide antagonist WIN 51,708 (FIG.14) (10*4,10 '5, and 10*6 M) 

was administered in three separate groups of rats. In animals treated with WIN 51,708 

alone, there was no effect on basal release of dopamine in the striatum in individual 

animals for the first hour post-antagonist intracranial administration regardless of 

concentration in all groups. However, when compared to control measures WIN 51,708 

had a significant effect on the reduction of cocaine evoked dopamine release at the highest 

concentration (118.5% o f baseline measure; a non-significant increase compared to basal 

measures o f DA. (N=8, F=1.649; P=.1649;Power.545). In animals treated with WIN

51,708 the animals showed a dose-dependent response to abrogation o f cocaine evoked 

dopamine release in the striatum when compared to groups treated with cocaine alone 

(FIG. 15) (N= 8, F=4.998; P=.0045;Power =.926)
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D-Arg‘, D-Pro2, D-Trp79 L e u 1

After 4 baseline samples were colleced, cocaine was administered intraperitoneally (10 

mg/kg body weight). Samples were collected every half hour for two more hours. Cocaine 

administration alone caused a significant increase in the release o f striatal dopamine in the 

rat neostriatum. The increase in dopamine release in the first half hour time period post­

cocaine injection was more than two-fold (213% of baseline measure; (N=8 P < 0.0001). 

In the other three treatment groups, after the first two half hour baseline measurements 

were collected, artificial CSF with the NK-1 receptor antagonist D-Arg', D-Pro2, D-Trp7’9’ 

Leu11 (FIG.16) was administered in three separate groups o f rats (10 '\ 10*5, and I O'6 M). 

As in the first group, cocaine was administered systemically at 10 mg/kg bodyweight after 

2 hours of samples had been collected. In animals treated with D-Arg1, D-Pro2, D-Trp7’9’ 

L eu", the antagonist alone had no effect on basal release of dopamine in the striatum in 

individual animals for the first hour post-antagonist administration regardless of 

concentration in all groups treated with D-Arg1, D-Pro2, D-Trp7’9’ Leu". However, when 

compared to the control group, D-Arg1, D-Pro2, D-Trp7’9’ Leu" had a significant effect on 

the reduction of cocaine evoked dopamine release at the 10*3M concentration (118% of 

baseline measure; a non-significant increase compared to basal measures of DA. (N=8, 

F=1.672; P=. 1773;Power.501). The intracranial administration of D-Arg‘, D-Pro2, D-Trp7’9’ 

Leu11 elicited a dose-dependent abrogation of cocaine evoked dopamine release (FIG. 17).
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SR142801

Using three different doses of the NK-3 nonpeptide receptor antagonist SR142801, results 

showed no significant dose-dependent response to the abrogation o f cocaine evoked 

dopamine release in the striatum o f the rat (N=8, F=1.693; P= 1659;Power= 522). This 

suggests nonspecific action o f this experimental non-peptide receptor antagonist (FIG. 18). 

However, there was a trend towards an increase in cocaine evoked dopamine release in the 

10'5M concentration.

L733,060

Administration of the NK-1 receptor antagonist L733,060 (FIG. 19), intracranial at a 

concentration of HT*M, caused a significant decrease in cocaine evoked dopamine release 

in the rat neostriatum (FIG.20). Use o f this antagonist was used to establish the specificity 

of the effect with other neurokinin-1 receptor antagonists. The fact that all neurokinin 1 

receptor antagonists had a significant effect on the reduction of cocaine evoked dopamine 

release suggests the mechanism o f cocaine evoked dopamine release is specific to the 

neurokinin receptors (N=8, F=2.366; P=.0345;Power=.824).

D-Pro2, D-Trp68, Nle°

The non-peptide NK-3 receptor antagonist was administered intracranially in the same 

manner described in the methods section above at three different concentrations. In 

animals treated with NK-3 receptor antagonist alone there was no effect on basal release of 

dopamine in the striatum and individual animals the first hour post-antagonist 

administration. When compared to control groups where cocaine alone was administered
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systemically, the NK-3 peptide receptor antagonist had no significant effect on the 

reduction o f cocaine evoked dopamine release, unlike the NK-1 receptor antagonists. 

(FIG.21) (N=9, F=1.677; P=.16lO;Power=.541).

Effects of chronic cocaine administration on striatal dopamine release

WIN 51,708

Rats were treated daily with the same dose (10 mg per kg) of cocaine at the same time each 

day for five days. On the sixth day 10 mg /kg of cocaine was administered systemically 

and 4 hours were allowed to pass. Animals were then transported to the test cages. After 

overnight habituation (approximately 18 hours), animals were treated identically to those in 

acute groups. After chronic treatment with cocaine, rats were subjected to in vivo 

microdialysis and systemic administration of cocaine (10 mg/kg IP) in one group (N=I0, 

F=5.606; P=.0013;Power=.967) and administration of non-peptide NK-1 receptor 

antagonists WIN 51,708 intracranially in another (N=10, P < 0.1677). The non-peptide 

receptor antagonist caused a significant reduction in cocaine evoked dopamine release in 

chronically treated rats with respect to controls (FIG.22).

D-Arg', D-Pro2, D-Trp7'9' L e u 1

Cocaine administration on the seventh day of treatment caused a significant increase in 

dopamine release. Administration o f the peptide antagonist for the NK-1 receptor D-Arg1, 

D-Pro2, D-Trp7’9' Leu11, had limited effect in animals treated chronically with cocaine. 

Administration intracranially o f the NK-1 receptor antagonist did not significantly reduce
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cocaine evoked dopamine release in the striatum in rats treated chronically (FIG.23). 

Although there was a trend toward reduction, this was not enough for a significant effect.

SR142801

Intracranial administration of the experimental NK-3 non-peptide receptor antagonist 

SR142801 reduced cocaine evoked dopamine release in the striatum of the rat significantly. 

This is in contrast to the acute results which showed that the NK-3 receptor antagonist had 

no significant effect on cocaine evoked dopamine release and, in fact, showed a trend 

towards an increase in cocaine evoked dopamine release (FIG.24) (N=10, F=4.102; 

P=. 0312;Power=.526).

D-Pro2, D-Trp68, Nle'°

After chronic systemic administration with cocaine, rats were subjected to in vivo 

microdialysis administration of peptide NK-3 receptor antagonist intracranially in the 

manner consistent with other groups. Data show that the NK-3 peptide receptor antagonist 

had a profound effect on the reduction of cocaine evoked dopamine release. Dopamine 

release was brought to basal levels. However, NK-3 receptor antagonist administered 

alone had no effect on basal dopamine release (FIG.25) (N=10, F=1.606; 

P=.0281 ;Power=.383).

Effects of acute and chronic cocaine administration on nucleus accumbens dopamine 

release
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Effects o f WIN 51,708 on N A c shell  DA release in rats treated acutely with cocaine 

In animals in which the cannula was placed in coordinates consistent with the nucleus 

accumbens shell, the 1(T*M concentration o f WIN 51,708 was used. When NK-1 receptor 

antagonist WIN 51,708 was administered intracranially into the N A c s h e l l ,  systemic 

administration o f cocaine alone caused a significant increase in basal levels o f dopamine. 

Systemic administration o f cocaine caused a significant increase in concentrations of 

dopamine in the first and second half hour time points measured (N=8,F=4.456; 

P=.0018;Power=.970). Co-administration with the antagonist WIN 51,708 at a 10“*M 

concentration caused a reversal of cocaine evoked DA release in the striatum. In fact DA 

was reduced below basal levels (N=8, F=4.162; P=.0023;Power=.926) (FIG.26).

Effects o f WIN51,708 on nucleus accumbens DA release in rats treated chronically with 

cocaine

In rats treated chronically with cocaine, administration on day seven of treatment caused a 

significant increase in the concentration o f DA (F=4.456; P=.0018;Power=.970). 

Intracranial administration o f the NK-1 receptor non-peptide antagonist caused a significant 

decrease in cocaine evoked dopamine release in all half hour time points post-cocaine 

injection. Basal levels of dopamine efflux were suppressed significantly, suggesting tonic 

release of dopamine in the striatum controlled by the NK-1 receptors (FIG.27) (N=7, 

F=4.335; P=.0022;Power=.965).
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Acetylcholine 

Effects of acute and chronic cocaine administration on striatal acetylcholine release

Effects o f WIN51,708 on rats treated acutely with cocaine

Animals were perfused for two hours prior to sample collection with the 

acetylcholinesterase inhibitor neostigmine (FIG.28) at a concentration of InanoM. Acute 

systemic cocaine administration caused a significant increase in acetylcholine 

concentration in the rat striatum at all time intervals post-cocaine administration (N=7, 

F=6.417; P=.0053;Power=.937). The administration of the non-peptide antagonist WIN

51.708 caused a significant treatment effect in the rat neostriatum. Administration of WIN

51.708 alone had no significant effect on basal acetylcholine concentrations in the rat 

striatum. In comparison to animals with systemic administration o f cocaine alone, NK-1 

receptor antagonist WIN 51,708 caused a decrease in cocaine evoked acetylcholine release 

in the rat striatum. In fact, intrastriatal administration of WIN 51,708 brought acetylcholine 

concentrations in the striatum down to basal levels in rats treated with systemic cocaine 

(FIG.28) (N=10, (F=481; P= 7852;Power=. 139).

Effects o f WIN51,708 on rats treated chronically with cocaine

In rats treated with a challenge dose o f cocaine after chronic administration there was a 

significant and profound increase in basal concentration of acetylcholine. This increase 

was reduced significantly with the intracranial application o f the NK-1 receptor non­

peptide antagonist WIN 51,708 at 10"*M (N=6, F=2.502; P=.0440;Power=.749XFIG.30). 

The antagonist alone had no effect on basal acetylcholine levels.
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AUC measures 

Dose response to application of WIN 51,708 on striatal cocaine evoked DA release

When areas under the curve (AUC) were added together for all dopamine measures post­

cocaine administration within each group, the dose response to the WIN 51,708 became 

very apparent. The lO^M concentration had no effect on striatal cocaine evoked DA 

release while the 10~SM showed a trend towards reduction. The only significant reduction 

in total cocaine evoked DA release occurred with the 10“*M concentration o f WIN 51,708 

(FIG.31)(N=10P< 0.0001).

Dose response to application of D-Arg1, D-Proz, D-Trp7,9’ Leu11 on striatal cocaine 

evoked DA release

AUC measures indicate that the administration o f the peptide antagonists D-Arg1, D-Pro\

7 9 I tD-Trp ' '  Leu caused a dose dependant reduction in cocaine evoked striatal DA release. 

The two highest concentrations ( 10*SM and 10*3M) caused significant reductions in total 

post injection DA release. The KT*M concentration was used for chronically treated 

animals because it had the most profound effect (FIG.32) (N=8 ,F=1.672; 

P=. 1773;Power.501)
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Dow raponw to application of SR142801 on striatal cocaine evoked DA release

AUC measures show that the non-peptide antagonist SR142801 data do not vary 

significantly with respect to cocaine evoked striatal dopamine release at any concentration. 

In fact, the middle dose caused a trend towards an increase in striatal dopamine release at 

the 10*SM concentration (F=5.181; P=.0015;Power =.978)(FIG.33).

AUC of acute vs. chronic striatal dopamine release

AUC measures demonstrate a significant increase in cocaine evoked dopamine release in 

the striatum resulting from chronic cocaine administration. Although both acute and 

chronically treated animals showed a significant increase in cocaine evoked dopamine 

release in the striatum, chronic administration caused a significantly larger increase in 

evoked dopamine release, indicating neurochemical sensitization (FIG.34)(N=10 P < 

0.009).

AUC of acute vs. chronic striatal ACh release

AUC measures were taken of acetylcholine release resulting from systemic cocaine 

administration. Both acute and chronic systemic cocaine administration caused significant 

increases in striatal acetylcholine concentrations. However, chronic administration caused 

a significantly higher concentration of striatal acetylcholine (FIG.3S). This shows clearly
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that cholinergic neurotransmission was altered with chronic systemic cocaine 

administration (N=10 P < 0.012).

Immunocytochemistry 

NK-IRIR in the striatum

Please note that all results and immunohistological micrographs attained here were from 

rats treated acutely (refer to methods section).

Rats were injected with 10 mg/kg body weight of cocaine. Ten minutes subsequent to 

injection, rats were perfused and sacrificed. Brains were removed and sections (40 

microns) were made and subjected to ICC analysis.

Effects of aCSF perfusion on the pattern of NK-1 R IR in the rat striatum

In the first group, rats were treated by being perfused intracranially with artificial CSF. In 

these groups, tissue was treated using NK-1 receptor monoclonal antibody using DAB as a 

chromogenic marker. Note that in both magnifications the pattern of immunoreactivity 

(IR) is consistent with the presence o f NK-1 receptors on the surfaces o f the cells and 

dendrites (FIG.36b). These sections show cytoarchitecture consistent with the presence of 

large aspiny cholinergic intemeurons. Note the presence of large areas of the striatum
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devoid o f any patterns o f immunoreactivity roughly oval in shape (FIG.36a). Higher 

magnification in the same section shows cells with a distinct morphology characteristic of 

aspiny cholinergic intemeurons (FIG.38). Both cytoarchitectural and morphological 

analysis provide strong evidence in identifying these neurons as cholinergic interneurons 

(FIG.37a,b).

Effects of substance P perfusion on the pattern of NK-IR IR in the rat striatum

Rats were perfused intracranially with the peptide substance P (lO^M). In these rats the 

pattern o f immuno react ivity in the same brain region showed a significant alteration in 

dendritic and somal distribution o f NK-1 receptor patterns o f immunoreactivity. Substance 

P perfusion caused an increase in the phenomenon of receptor internalization that can be 

readily identified and is characterized by a “beads on a string” morphology o f dendrites, 

and radical change in distribution o f NK-1 immunoreactivity on the soma (FIG.39). The 

internalization response to substance P administration is complete throughout all quadrants 

o f the striatum. With administration o f substance P, I was unable to detect soma or 

dendrites without the pattern of immunoreactivity consistent with receptor internalization 

(FIG.40).

Administration o f cocaine caused a  radical change in the pattern of immunoreactivity 

compared with rats treated with artificial CSF alone. Similar to subjects treated with 

substance P intracranially, cocaine caused a significant increase in the pattern of
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immunoreactivity consistent with receptor internalization in the rat striatum (FIG.41). 

This effect was complete throughout areas o f the striatum examined, and was 

indistinguishable from rats perfused intracranially with substance P (FIG. 42).

Immunofluorescence 

Effects of aCSF perfusion on the pattern of NK-IR IR in the rat striatum

In rats treated with aCSF perfused intracranially, a pattern of NK-1 receptor IR was 

consistent with morphological and histological landmarks suggesting cholinergic 

intemeurons. Note the pattern of IR suggests an even distribution across the dendrites and 

soma o f large (20-50 microns) neurons (FIG.43a,b). These neurons also had one to three 

dendrites that exhibited extensive arborizations throughout areas of the striatum (FIG.44). 

37 lc). Note the tubular, almost three-dimensional effect of the pattern o f IR

Effects of substance P perfusion on the pattern of NK-IR IR in the rat striatum

Rats were perfused intracranially with substance P at a concentration of lO^M for fifteen 

minutes. This time point was used because the half-life o f the internalization event is such 

that animal tissue must be fixed shortly after administration otherwise the effect cannot be 

observed. Animals were treated as mentioned in the methods section above. Note the 

radical change in the pattern of IR and the apparent shift in morphology. This suggests the 

phenomenon o f receptor internalization that is consistent with the binding o f substance P
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with its endogenous receptor, the NK-IR. These micrographs show that this effect is 

specific to cholinergic intemeurons (FIG.44a,b,c).

Effect of systemic cocaine administration on the pattern of NK-IR IR in the rat 

striatum

This group of rats was perfused with artificial CSF alone and injected with 10 mg/kg of 

cocaine. Within fifteen minutes, there was a radical shift in the pattern o f IR consistent 

with receptor internalization. When compared with rats perfused with substance P, the 

extent and pattern o f IR throughout the striatum is similar. Cocaine administration caused 

a pattern o f IR consistent with receptor internalization. This phenomenon was found 

throughout the entire striatum (> 95% of neurons which showed positive IR for the NK-IR 

showed a pattern consistent with receptor internalization) (FIG.45a,b,c).

Effects of systemic cocaine administration and WIN 51,708 on the pattern of NK-IR 

IR in the rat striatum

Subjects were perfused with the NK-IR antagonist WIN51,708 30 minutes prior to 

systemic cocaine administration. Cocaine was then administered systemically. Note that 

the distribution of NK-1 IR is consistent and similar to those o f control animals. This 

suggests a total blockade o f NK-1 receptor binding induced internalization. Ninety-five 

percent o f cells in the area surveyed show the blockade of NK 1 receptor internalization
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patterns of IR (FIG.46a,b,c). These cells and the morphology of the area were 

indistinguishable from controls.

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



CONCLUSIONS

Addiction is a behavioral phenomenon that is characterized by uncontrolled self- 

administration of known drugs of abuse. There are three facets o f addiction that define it: 

tolerance, dependence, and sensitization. Tolerance is defined as the diminished effect o f a 

given substance with chronic intermittent administration. Since the primary hedonic effect 

o f the substance is reduced in the phenomenon o f tolerance, this may lead to increased self- 

administration simply to maintain the initial effect (Berridge and Robinson, 1998). When a 

substance is administered chronically and then removed, it can lead to behavioral and 

hedonic depression. This is the hallmark o f dependence (Di Chiara, 1995). Sensitization, 

also known as reverse-tolerance, is defined as an increase in behavioral or neurochemical 

effect of a drug with chronic administration. It has been postulated that this sensitization 

extends to motivational aspects of drug taking and drug seeking and is a crucial mechanism 

for the maintenance of addiction when the hedonic aspects o f drug taking have a minimal 

impact (Berridge and Robinson, 1998). Intermittent systemic administration of cocaine 

causes a progressive increase in behavior resulting from the neurochemical effects of 

cocaine with each administration (Post, 1980). Since the half life o f cocaine in the rat is 

approximately one half hour, these alterations in cocaine evoked behavior must be due to 

constitutive changes in the neurochemistry of the animal. Administration o f NK-1 non­
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peptide receptor antagonist causes an abrogation o f this cocaine evoked behavioral 

response (Kraft et al., 2001). I sought to elucidate the underlying neurochemical changes 

that subserve this behavioral phenomenon. Neurokinins and their receptors are present on 

centrally located, functionally relevant cells (cholinergic intemeurons) which effect 

dopaminergic tone in the striatum. I conducted this investigation to elucidate the underlying 

mechanisms leading to alterations in the rat neostriatum in order to characterize the 

relationship of the activity o f NK receptors on cholinergic interneurons and their role in 

cocaine evoked neurotransmitter release.

Behavioral Sensitization

Dopamine is considered the driving force behind behavioral sensitization (Kalivas and 

Duffy, 1993a). It is also assumed to be the essential neurotransmitter responsible for 

changes in neurochemistry and the driving force o f neurochemical changes in this part of 

the brain leading to addiction. However, it seems that dopamine alone cannot be 

responsible for the behavioral output that leads to the addictive state. Although dopamine 

release is directly related to increases in behavior resulting from cocaine administration in 

the early stages of the development o f behavioral sensitization, we have found that in the 

period o f abstinence following chronic exposure, an increase in dopamine is not necessary 

for the sensitization phenomenon to occur (Zhang et al., 2001).

Acetylcholine and its markers are present throughout the striatum at very high levels 

(Angulo and McEwen, 1994; Calabresi et al., 2000a). Most importantly, cholinergic 

intemeurons seem to be ideally placed to modulate inputs from several distinct brain
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regions including but not limited to the cortex, thalamus, hippocampus, and the striatum 

(Calabresi et aL, 2000b). The interplay between acetylcholine and dopamine may elucidate 

discrete circuitry in the basal ganglia and will help us to better understand the 

neurochemical changes subserving addiction and other pathological states.

Basic Structure of Basal Ganglia

The striatum is a functionally and morphologically heterogeneous nucleus of the basal 

ganglia. It can be separated into two gross morphological regions: the matrix and the 

striosome. Both contain the projection neurons (Blanchet et al., 1998). Our histological 

data show clearly the distinct distribution of NK-1 positive cholinergic intemeurons with 

respect to these two striatal territories (FIG. 36a). The functionally relevant circuit that we 

are examining is the direct loop of the basal ganglia. This consists of the set of functionally 

interconnected nuclei that are striato-nigral and nigro-striatal. The striatum contains 

approximately 90% medium spiny neurons; of these, there is a population of SP/GABA 

positive neurons that project to the substantia nigra reticulata. Dopaminergic neurons from 

the substantia nigra compacta project to the striatum onto SP/GABA positive neurons. 

They also make connections with the cholinergic intemeurons that synapse with the 

SP/GABA positive neurons that in turn project to the SN. Substance P projection neurons 

have collaterals that also make connections with cholinergic intemeurons (Gerfen, 1991). 

This circuit is referred to as the direct loop.
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Cholinergic Intemeurons

There are three different types o f intemeurons in the striatum. They are somatostatin 

intemeurons, GABA intemeurons, and cholinergic intemeurons. Somatostatin is found in 

the neostriatum in high concentrations and is synthesized in medium-sized aspiny 

intemeurons (Di Figlia and Aronin,1982; Chesselet and Graybiel, 1982; Galarraga et al., 

1993). Striatal somatostatin modulates GABA release in the neostriatum (Meyer et al., 

1989). If this action occurs through a direct action on spiny neurons, it may have a role in 

regulating motor functions (Aronin et al., 1983). However, direct actions of somatostatin 

on striatal neurons are not well characterized. GABA intemeurons receive input from the 

cortex and may effect release o f ACh in this brain region via the GABAa receptors present 

on cholinergic intemeurons (Calabresi et al., 2000a). The cholinergic intemeurons are of 

greatest interest in this investigation because o f the presence of NK-1 receptors on their 

soma and dendrites, and because they make synaptic connections with the medium spiny 

projection neurons to the midbrain nuclei that contain SP, dynorphin and GABA (Arenas et 

al., 1991). In addition, these intemeurons receive dopaminergic input from nigral projection 

neurons. Cholinergic intemeurons are ideally placed to modulate the interactions between 

cortical inputs and the direct loop o f the basal ganglia. The major neurotransmitter in terms 

o f the modulation of cholinergic tone seems to be substance P since NK-1 receptors are 

present primarily on the surfaces o f cholinergic intemeurons (Arenas et al., 1991). 

Cholinergic intemeurons also contain glutamate receptors, Dl receptors, in addition to NK- 

1 receptors (Steinberg et al., 1998). The presence o f these neurokinin receptors on 

cholinergic intemeurons and their relationship with release o f acetylcholine and 

dopaminergic input from substantia nigra is o f primaiy interest.
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The presence of D2 receptors on the cholinergic intemeurons and muscarinic receptors on 

the SP positive projection neurons suggests a functional link between these three neuronal 

subpopulations. At low concentrations, release of DA inhibits the release of ACh via the 

D2 R present on cholinergic intemeuron soma (Calabresi et al., 2000a). ACh release can 

also mediate the effects of DA by indirect action on the striatal projection neurons (de 

Belleroche and Bradford, 1980). My hypothesis is that neurokinin receptor activity 

modulates the activity o f the direct loop because of the presence of neurokinin receptors on 

cholinergic intemeurons, the presence of muscarinic receptors on substance P projection 

neurons to the substantia nigra, and the presence of D1 and D2 receptors on substance P 

projection and cholinergic neurons respectively. This functional interaction provides ideal 

location for neurokinin receptor modulation of dopaminergic and cholinergic transmission.

Discussion

Previous data collected in this laboratory suggest that striatal neurokinin receptors play a 

major role in behavioral alterations resulting from cocaine administration in rats (Kraft et 

aL, 2001). Using highly specific peptide and non-peptide receptor antagonists, I sought to 

elucidate the neurochemical mechanisms underlying this plasticity. An examination of 

neurokinin receptor pharmacology in the striatum helped to characterize the role o f NK-1 

and NK-3 receptors in acute and chronic cocaine evoked neurotransmitter release in the rat 

neostriatum. Use of histology helped to establish locale of this effect on a neuroanatomical 

level and was beneficial in informing the current proposed model of the activity of NK-IR
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activity on cocaine evoked DA release. The data presented here implicate the neurokinin 

receptors as major intermediaries in cocaine evoked changes in striatal neurochemistry.

Acute systemic cocaine administration caused a 213% increase in extra striatal dopamine 

concentration in the first half hour after systemic cocaine administration. Intracranial 

administration of the non-peptide NK-1 receptor antagonist WIN 51,708 reduced cocaine- 

evoked dopamine release by 95%. The two other concentrations, 10'SM and lO^M, showed 

a trend toward reducing dopamine efflux, but did not have as profound an effect as the 

highest concentration of WIN 51,708. AUC was used to determine the effects of the 

antagonists on total cocaine evoked DA and ACh release in the striatum post injection. This 

measure gives us a clearer view of overall neurotransmitter release and the effects of 

antagonists on striatal neurochemistry without the higher temporal resolution of the 30 

minute measures and the concomitant fluctuations in measurememts. When total dopamine 

efflux over the two-hour period following post cocaine injection was measured, the lowest 

concentration had no effect on cocaine evoked dopamine release while the next highest 

concentration showed a trend toward reducing total post cocaine injection dopamine 

release. This was in contrast to the results using the NK-1 peptide receptor antagonist D- 

Arg1, D-Pro2, D-Trp7’9, Leu"

It is of note that administration o f the non-peptide antagonist alone had no significant effect 

on DA release.

Similar to the result of the non-peptide antagonist, D-Arg1, D-Pro2, D-Trp7,9, Leu11
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administered at the highest concentration (10'3) had the most profound effect on cocaine 

evoked dopamine release in the striatum and reduced dopamine efflux by 95%. The lowest 

concentration, 10^M, had absolutely no effect on cocaine evoked dopamine release. At the 

middle concentration, 10*SM, D-Arg1, D-Pro2, D-Trp7'9, Leu11 reduced dopamine efflux 

significantly. AUC measures were used to show effects of treatment on total DA and ACh 

release in the brain regions assayed. AUC measures showed total post injection dopamine 

efflux was brought to basal levels with the highest concentration of the peptide antagonist, 

while the lO^M of D-Arg1, D-Pro2, D-Trp7’9, Leu11 concentration had no effect. In acutely 

treated animals, the peptide antagonist was slightly less effective at the highest 

concentration in reducing dopamine efflux resulting from systemic cocaine administration. 

Intracranial administration o f the non peptide antagonist L733,060 at a concentration of 10* 

4M also showed a significant reduction in cocaine evoked dopamine efflux in the striatum. 

This confirmed our results that effects were specific to the NK-1 receptors in this region. 

Intracranial administration of the NK-3 non-peptide antagonist SR142801 resulted in an 

inverted U-shaped response to concentration of antagonist used in AUC measures 

(FIG.32). At the highest and lowest concentration, 1(T*M and lO^M respectively, they had 

no effect on cocaine evoked dopamine release. However, in the middle dose, intracranial 

perfusion caused a non-significant increase in the effect of cocaine evoked dopamine 

release. When the highest concentration of SR142801 was administered intracranially to 

rats treated chronically with systemic cocaine, SR142801 application caused an 88% 

reduction in cocaine evoked DA release in the first half hour post cocaine injection 

(FIG. 18). AUC measures showed that the highest and lowest dose had similar effects on
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cocaine evoked dopamine release and both measures of total dopamine release were 

higher than in the animals treated with cocaine alone. This is an interesting contrast with 

the NK-3 peptide receptor antagonist D-Pro2, D-Trp6'8, Nle10 which had no significant 

effect on cocaine evoked dopamine release at a dose of 10*SM in animals treated acutely 

with cocaine (FTG.21). However, chronically, this peptide antagonist reduced cocaine 

evoked dopamine release 157% in the rat striatum. These results show that NK-1 and NK- 

3 receptors may have differential effects and counterbalance each other in their activity in 

the rat striatum. The peptide antagonist data is especially interesting when contrasted to 

the non-peptide antagonist data. The peptide antagonist is not as effective as the non­

peptide antagonist when administered chronically. I hypothesize that this difference in 

efficacy is due to endopeptidase activity which increases with chronic stimulation of 

neurons in the brain regions I examined (Zhou et al., 2001). This increase in 

endopeptidase activity effected the efficiency of the peptide antagonist, but had no effect on 

the non-peptide antagonist. This may be a fruitful avenue for further investigation as well 

as another target for therapeutic intervention.

Systemic acute administration of cocaine caused a significant increase in cocaine evoked 

dopamine efflux in the N A c s h e l l - There was a 30% increase in the first half hour time 

point and a 40% increase in the second half hour period. By the end of the sample period 

dopamine had returned to normal levels. Unlike the effects of antagonists in the striatum, 

administration of the nonpeptide antagonist WIN 51,708 directly into the N A c s h e l l  caused 

a significant reduction in basal dopamine levels (FIG.26). In addition, levels were kept 

below baseline even after cocaine injection. In chronically treated animals, challenge dose
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on day seven of administration caused a significant but small increase in cocaine evoked 

dopamine release (FIG.27). However, the non-peptide antagonist alone had no effect on 

basal levels of dopamine release in that area. In addition, after cocaine administration in 

animals intracranially perfused with antagonists, dopamine levels were brought below 

baseline in a manner similar to those animals treated acutely.

Systemic acute administration of cocaine caused a significant increase in evoked striatal 

acetylcholine content. Using a InM concentration of neostigmine (FIG.28) to eliminate the 

effects of acetylcholine transferase, systemic cocaine administration caused a 300% 

increase in acetylcholine efflux. Administration of the WIN compound at 10"* M caused a 

250% reduction in cocaine evoked acetylcholine release (FIG.29). Levels were brought 

down to basal concentrations. The antagonist had a profound effect on suppression of 

acetylcholine release in this brain region. A challenge dose administered to animals treated 

chronically with cocaine caused a 400% increase in cocaine evoked acetylcholine efflux 

(FIG.30). Administration o f the WIN compound caused a complete reversal of this effect 

and brought levels down to basal concentrations as in the acutely treated animals. AUC 

measures showed that total acetylcholine efflux over the two-hour period post-cocaine 

injection was significantly higher in chronic than in acutely treated animals, suggesting a 

neurochemical sensitization of the cholinergic system in this brain region (FIG.35).

Histology
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Using antibodies for makers o f cholinergic intemeurons NK-1 receptor antibodies, I 

found that there where a great deal of NK-1 positive neurons associated with strio somes o f 

the striatum. I administered substance P into the striatum to establish if this administration 

could cause an internalization event. 1 then administered cocaine at the same dose that was 

used for the microdialysis and found that administration caused a profound internalization 

response that was indistinguishable from animals perfused with substance P. This 

established the effect. Since it was important to establish what population of neurons was 

undergoing internalization, I used a double label. Using confocal microscopy to visualize 

the sections, I double labeled tissue for NK-1 and ChAt. I found the same results, a 

population of intemeurons labeling positive for both NK-1 and ChAt, the rate-limiting 

enzyme for ACh synthesis. These cells had extensive dendritic arborizations and were the 

appropriate size and shape. Application of SP caused a profound change in the pattern o f 

immunoreactivity consistent with receptor internalization. Systemic administration o f 

cocaine caused the same response showing that cocaine did indeed effect NK-1 receptor 

activity. I then pre-perfiised animals in the same manner as in the microdialysis 

experiments with the WIN compound. The application of WIN to the striatum before 

cocaine administration caused a radical reduction in receptor internalization, 

indistinguishable from controls. With the dose used in this series of experiments the 

response was complete. The tissue showed complete internalization with the administration 

of substance P and cocaine, or the morphology was indistinguishable from control.
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Implications

Several factors make the findings presented in this thesis significant with respect to the 

effects of cocaine on the cholinergic and dopaminergic system. One of the factors that 

stands out most is that with systemic administration of cocaine whether this administration 

is acute or chronic has no effect on basal extra-synaptic concentrations o f DA or 

acetylcholine. This suggests that collaterals from SP/GABA positive projection neurons are 

not releasing SP at basal levels of activity thus blockade of NK-1 receptors has no 

significant effect on the circuit at basal levels of activity.

The direct loop of the striatum is mainly inhibitory (Deniau and Chevalier, 1985; Chevalier 

and Deniau, 1990). Tonic release of ACh and DA in the striatal compartment causes a tonic 

GABAergic signal to be released onto dopaminergic projection neurons in the substantia 

nigra (Blanchet et al., 2000). This GABAergic input may keep the dopamine projections 

neurons from becoming too active. Tonic release of ACh onto the terminals of SP 

projection neurons activates Ml and M2 receptors on the soma of the substance P 

projection neurons (Arenas et al., 1991; Galarraga et al., 1999). Depending on the 

concentration of the ACh this modulated the response of SP positive projection neurons. At 

low levels, the Ml receptors have the most significant effect. This causes an increase in the 

release of GABA onto DA neurons in the SN, with which these SP/GABA positive neurons
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make synaptic connections (Deniau and Chevalier, 1985). This in turn keeps DA release 

in the terminal field regions of the striatum within a normal basal range that we measured 

using in vivo microdialysis.

In order for substance P to be released from projection neurons, there must be intense 

sustained stimulation of these neurons. It is at this high level of stimulation that the direct 

loop goes from being a primarily inhibitory to an excitatory projection. This occurs at 

several points. Within the striatum, the main transmitter, GABA, ceases to have the 

primary effect on cholinergic interneurons that contain GABAa receptors. Substance P 

release onto cholinergic intemeurons causes ACh to be released by cholinergic 

intemeurons (Steinberg et al., 1995; Blanchet et al., 2000). With the initial increase in SP 

release the primary effect of SP is to inhibit the ACh release (Boix et al., 1994). This may 

be due to the tonic release of GABA from SP/GABA collaterals onto GABA R on ACh 

intemeurons. Increased stimulation o f the projection neurons causes SP to be release in the 

striatal compartment via the SPergic collateral contained within the striatal compartment 

(Anderson et al., 1994). The release o f substance P onto cholinergic intemeurons causes an 

increase in ACh release(Arenas et al., 1991). This acts as a small feed forward loop causing 

the increase of the activity of the SP projection neurons. SP is also release in the substantia 

nigro onto SNr and VTA neurons that have functional neurokinin receptors. The SNc 

extends mossy fibers into the SNr compartment that allow these two compartments to 

communicate (Arenas et al., 1991). This causes an increase in the activity o f the projection 

neurons that in turn increases the release of both ACh and DA in this brain region. At basal 

levels this circuit is inhibitory, however with the administration of cocaine, this inhibition is 

overridden and excitatory SP activity takes over via the neurokinin receptors.

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



78

What are the implications of this activity? It has been established that novel stimulus causes 

an increase in the release of DA and ACh (Steele et al., 19%; Wu et al., 1999). The 

activation o f this initially inhibitory feed forward loop and its conversion to an excitatory 

loop may in part explain the activation motivational aspects of drug addiction. The 

activation of this loop that engages aspects o f the basal ganglia responsible for some of the 

complex behaviors that subserve addiction may help inform our present model o f addiction 

and define clear therapeutic targets.

The alteration in the pattern of cocaine evoked neurotransmitter release combined with the 

histological evidence implicates the neurokinin system as an important modulatory 

mechanism of psychostimulant induced changes in neurotransmitter release. These results 

characterize substance P, ACh and DA as a triumvirate of neurotransmitters presiding over 

neurochemical alterations in the rat neostriatum resulting from systemic cocaine 

administration, and point to a potentially fruitful avenue for the development of treatments 

for addiction and other diseases of the basal ganglia.
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FIG.6 Schematic of the basal ganglia. Note the substance P projection neurons from the nucleus 
accumbens (NAc) and the caudate putamen (CPu). Areas shown include: Thalamus (Th), Ventral 
tegmental area (VTA), Substantia nigra reticulata (SNr), Substantia nigra compacta (SNc), Caudate 
putamen (CPu), Nucleus accumbens (NAc), Globus pallidum (GP), Sub-thalamic nucleus (STN) 
(Angulo and McEwen, 1994). The boxes with dotted lines denote nuclei that are merged and treated as 
one in figures 7a and 7b.
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and SP/GABA neurons in a quiescent circuit. j
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Microdialysis Setup

syringe pump

HPLC
FIG. 13 Microdialysis configuration. Animals are awake and freely moving, with open access to food and water as they are perfused in 
the modified operant conditioning chamber. Samples are collected and subjected to HPLC analysis.
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FIG.IS Effect of the NK-1 receptor antagonist WIN 51,708 on cocaine evoked release of 
DA from the striatum of intact and freely moving rats. WIN 51,708 (10“*, 10 5, and 10"6 M) 
was perfused locally through the microdialysis probe for 180 minutes (as indicated by the 
rectangle), administration of compound cause a dose-dependent decrease in cocaine 
evoked dopamine release Arrow indicates time of systemic cocaine administration. 
Dopamine levels are expressed as percent of baseline. *P < .05 compared to baseline by 
two factor analysis of variance with repeated measures and Fishers post-hoc analysis
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FIG.17 Effect of the NK-1 peptide receptor antagonist Arg1, D-Pro2, D-Trp7,9, Leu" on the 
cocaine evoked release of DA from the striatum of intact awake and freely moving rats. 
Three different doses of Arg1, D-Pro2, D-Trp7’9, Leu" (10'\ 1 0 \ 10-6) were perfused 
intracranially through the microdialysis probe for 180 minutes (as indicated by the 
rectangle). And the highest concentration compound reduced cocaine evoked dopamine 
release significantly in the first 30 minutes post injection. Arrow indicates administration of 
systemic cocaine. Dopamine levels are expressed as percent of the average baseline 
dopamine release. *P.05 compared to baseline by two factor ANOVA with repeated 
measures and Fishers post-hoc analysis.
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(as indicated by the rectangle). Arrow indicates administration of systemic cocaine. 
Dopamine levels are expressed as percent of the average of the first three baseline samples 
collected. Administration of the compound had no significant effect on cocaine evoked 
dopamine release at any time point.*P.05 compared to baseline by two factor ANOVA with 
repeated measures and Fishers post-hoc analysis.
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FIG.20 Effect of the NK-1 non-peptide receptor antagonist L733,060 on the cocaine evoked 
release of DA from the striatum of intact awake and freely moving rats. A 10'4M L733,060 
aCSF solution was perlused intracranially through the microdialysis probe for 180 minutes (as 
indicated by the rectangle). Arrow indicates administration of systemic cocaine. Compound 
significantly reduced cocaine evoked dopamine release. Arrow indicates administration of 
systemic cocaine.Dopamine levels are expressed as percent of the baseline. *P.05 compared to 
baseline by two factor ANOVA with repeated measures and Fishers post-hoc analysis.
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F1G.22 After seven days of treatment with systemic cocaine, the effects of the NK-1 non­
peptide receptor antagonist WIN 51,708 on the cocaine evoked release of DA from the striatum 
of intact, awake and freely moving rats. A 10"*M aCSF solution was perfused intracranially 
through the microdialysis probe for 180 minutes (as indicated by the rectangular box) 
Compound brought cocaine evoked dopamine release down to basal levels. Arrow indicates 
administration of systemic cocaine. Dopamine levels are expressed as percent of baseline 
samples. *P.05 compared to baseline by a two factor ANOVA with repeated measures and 
Fishers post-hoc analysis.
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F1G.23 After seven days of treatment with systemic cocaine, the effects of the NK-1 peptide 
receptor antagonist Arg', D-Pro2, D-Trp7,9, Leu" on the cocaine evoked release of DA from the 
striatum of intact, awake and freely moving rats. A 104M Arg1, D-Pro2, D-Trp7’9’ Leu" aCSF 
solution was perfused intracranially through the microdialysis probe for 180 minutes (as 
indicated by the rectangular box). Peptide antagonist had no significant effect on cocaine evoked 
dopamine release. Arrow indicates administration of systemic cocaine.Dopamine levels are 
expressed as percent of baseline samples collected. *P.05 compared to baseline by a two factor 
ANOVA with repeated measures and Fishers post-hoc analysis.
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F1G.24 After seven days of treatment with systemic cocaine, the effects of the NK-1 peptide 
receptor antagonist SR142801 on the cocaine evoked release of DA from the striatum of 
intact, awake and freely moving rats. A lO^M aCSF solution was perfused intracranially 
through the microdialysis probe for 180 minutes (as indicated by the rectangular box) 
Although there was a non-significant reduction in dopamine efflux, the compound had no 
significant effect on cocaine evoked dopamine release. Arrow indicates time of systemic 
cocaine administration. Dopamine levels are expressed as percent of the average of the first 
three baseline samples collected. *P.05 compared to baseline by a two factor ANOVA with 
repeated measures and Fishers post-hoc analysis.
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F1G.2S After seven days of treatment with systemic cocaine, the effects of the NK-1 peptide 
receptor antagonist D-Pro1, D-Trp6,8, Nle18 the cocaine evoked release of DA from the 
striatum of intact, awake and freely moving rats. A 10'3M aCSF solution was perfused 
intracranially through the microdialysis probe for 180 minutes (as indicated by the 
rectangle). Administration compound reduced cocaine evoked dopamine release to basal 
levels. Arrow indicates time of systemic cocaine administration. Dopamine levels are 
expressed as percent of baseline dopamine release. *P.05 compared to baseline by a two 
factor ANOVA with repeated measures and Fishers post-hoc analysis.
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FIG.26 Effect of the NK-1 non-peptide receptor antagonist WIN 51,708 on the cocaine 
evoked release of DA from the nucleus accumbens of intact awake and freely moving 
rats. A  10~*M aCSF solution was pertused intracranially through the m icrodialysis 
probe for 180 minutes (as indicated by the box) Arrow indicates administration of 
systemic cocaine. Arrow indicates time of systemic cocaine administration Compound 
significantly reduced cocaine evoked dopamine release to below basal levels. 
Dopamine levels are expressed as percent of baseline dopamine release. *,# P<.05 
compared to baseline by a two factor ANOVA with repeated measures and Fishers 
post-hoc analysis in animals treated with cocaine alone(*) and 10'4WIN51,708(#).
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FIG.27 After seven days of treatment with systemic cocaine, the effects of the NK-1 peptide 
receptor antagonist WIN 51,708 the cocaine evoked release of dopamine from nucleus 
accumbens of intact, awake and freely moving rats. A lO^M aCSF solution was perfused 
intracranially through the microdialysis probe for 180 minutes (as indicated by the 
rectangle). Compound significantly reduced cocaine evoked dopamine release to below basal 
levels. Arrow indicates time of systemic cocaine administration. Dopamine levels are 
expressed as percent of baseline dopamine release. *,# P<.05 compared to baseline by a two 
factor ANOVA with repeated measures and Fishers post-hoc analysis in animals treated with 
cocaine alone(*) and lO^WlNSlJOSf#).
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FIG.29 After single treatment with systemic cocaine, the effects of the NK-1 peptide receptor 
antagonist WIN 51,708 on cocaine evoked release of Acetylcholine from striatum of intact, 
awake and freely moving rats. A 10"*M WIN 51,708 aCSF solution was perfused 
intracranially through the microdialysis probe for 180 minutes (as indicated by the 
rectangular box). Administration of compound kept acetylcholine release down to basal 
levels. Arrow indicates time of systemic cocaine administration. ACh levels are expressed as 
percent of the baseline average. *P<.05 compared to baseline by a two factor ANOVA with 
repeated measures and Fishers post-hoc analysis

s



R
eproduced 

with 
perm

ission 
of the 

copyright 
ow

ner. 
Further 

reproduction 
prohibited 

w
ithout 

perm
ission.

900

800

700

U 600

|  500 
m
2  400

S 300

200

100

0

•100

------------------------------------------------------------- *------------ ------------------

•
♦ ”

1L....... I
1................ i.............. ( i

__  V S. .
BL 1+2 -60 min -3H min +30 min +60 min +90 min +120 min

- • — CHRONIC

■■■■WIN

F1G.30 After seven days of treatment with systemic cocaine, the effects of the NK-1 
peptide receptor antagonist WIN 51,708 the cocaine evoked release of Acetlycholine from 
striatum of intact, awake and freely moving rats. A 104M aCSF solution was perfused 
intracranially through the microdialysis probe for 180 minutes (as indicated by the 
rectangular box). Administration of compound kept acetylcholine release marginally above 
basal levels, but not significantly. Arrow indicates time of systemic cocaine administration. 
ACh levels are expressed as percent of baseline average. *P<.05 compared to baseline by a 
two factor ANOVA with repeated measures and Fishers post-hoc analysis
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FIG.31 Area Under the Curve. This shows the total release of dopamine over a 4 hour 
period in all treatment groups.Administration of WIN 51,708 caused a dose dependant 
decrease in cocaine evoked total dopamine release over a 4 hour time span. Highest 
concentration of WIN compound administration brought total DA release to basal levels. 
*P<.05 compared to baseline by a two factor ANOVA and Fishers post-hoc analysis.
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FIG.32 Area Under the Curve. This shows the total release of dopamine over a 4 hour period 
in all treatment groups. Administration of Are1, D-Pro2, D-Trp7,9, Leu11 caused a dose 
dependant decrease in cocaine evoked total dopamine release over a 4 hour time span. Highest 
concentration of Arg1, D-Pro2, D-Trp7,9, Leu11 brought total DA release to basal levels. 
*P<.05 compared to baseline by a two factor ANOVA and Fishers post-hoc analysis.
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FIG.33 Area Under the Curve. This shows the total release of dopamine over a 4 hour 
period in all treatment groups. Administration of SR142801 had no effect on evoked total 
dopamine release over a 4 hour time span. The 10-5M concentration of SR142801 actually 
potentiated total DA release with respect to basal levels. *P<.05 compared to baseline by a 
two factor ANOVA and Fishers post-hoc analysis.
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F1G.34 Total DA release comparison in the rat neostriatum. The data here are the mean 
area under the curve for the 120 minutes following systemic acute and chronic cocaine 
administration IP (lOmg.kg body weight). *P<0.05 compared to baseline by 2-way 
ANOVA.
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F1G.3S Total ACh release comparison in the rat neostriatum. The data here are the mean 
area under the curve for the 120 minutes following systemic acute and chronic cocaine 
administration IP (lOmg.kg body weight). *P<0.05 compared to baseline by 2-way 
ANOVA.
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FIG-36 atdigitized light microgragh of striatum showing NK-I receptor
itive neurons. All cells labeled are large aspiny neurons. Neurons

FlG.37a.b)Close-uD digitized light microgragh of rat striatum showing NK- 
I immunoreactive neurons. All labeled are large aspiny neurons. Neurons 
were labeled with DAB. All immunoreactivity is on the membrane surface.
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the rat striatum.
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FIG.39 Digital photomicrogragh of DMCpu of rat perfused with I0*3M 
substance P. Pattern of NK-1 immunoreactivity is consistent with receptor 
internalization. Black arrows indicate border of striosome.

FIG.40 Close-up of digital photomicrogragh of striatum of rat perfused with 
10~3M substance P. Pattern of NK-1 receptor immunoreactivity is consistent 
with receptor internalization. Black arrows indicate endosomal bulges on 
dendrites.
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F1G.41 Digital photomicrogragh of striatum of rat injected IP with 
lOmg/kg cocaine. Pattern o f NK-1 immunoreactivity is consistent with 
receptor internalization. Black arrows indicate dendrites with endosomal 
activity.

FIG.41 Close-up of Digital photomicrogragh of striatum of rat injected IP 
with lOmg/kg cocaine. Pattern of NK-1 immunoreactivity is consistent with 
receptor internalization. Black arrows indicate border of striosome.
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FIG.43 Digitized confocal image of immunofluorescent double labeling 
showing distribution of choline acetyhransferase and NK 1 receptor 
immunoreactivity. 60 Micron sections were taken from the medial caudate 
putamen. Read channel shows distribution of neurokinin 1 receptors green 
channel shows distribution o f ChAt. In the overlay, yellow areas show co­
distribution.

FIG.44 Digitized confocal image of effects of substance P infusion. 
Substance P was administered intracranially for fifteen minutes rats were 
then sacrificed and tissues removed. Immunofluorescent double labeling 
showing distribution of choline acetyhransferase and NK 1 receptor 
immunoreactivity. 60 Micron sections were taken from the medial caudate 
putamen. Red channel shows distribution of neurokinin 1 receptors, green 
channel shows distribution of ChAt. In the overlay, yellow areas show co- 
distribution. Note in the red channel the different distribution of 
immunoreactivity.
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F1G.4S Digitized confocal images o f the effects of systemic cocaine 
administration, cocaine was administered systemically at a dose of lOmg. 
Kg IP. Rats were then sacrificed and tissues removed. Immunofluorescent 
double labeling showing distribution of choline acetyltransferase and NK 1 
receptor immunoreactivity. 60 Micron sections were taken bom the medial 
caudate putamen. Red channel shows distribution of neurokinin 1 receptors, 
green channel shows distribution o f ChAt. In the overlay, yellow areas show 
co-distribution. Note in the red channel the different distribution of 
immunoreactivity. This pattern suggests substance P release.

FIG.46 Digitized confocal images of the effects of systemic cocaine 
administration. Cocaine was administered IP (lOmg/kg). fifteen minutes Prior 
to systemic administration of cocaine the substance P antagonist WIN 57,108 
was administered intracranially. Rats were then sacrificed and tissue 
removed. Immunofluorescent double labeling showing distribution of choline 
acetyltransferase and NK-1 receptor immunoreactivity. 40 Micron sections 
were taken from the medial caudate putamen. Red channel shows 
distribution of neurokinin 1 receptors, green channel shows distribution of 
ChAt. In the overlay, yellow areas show co-distribution. Note in the red 
channel the different distribution o f immunoreactivity. This pattern suggests 
that the NK 1 receptor antagonist blocked receptor internalization.
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