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The prefrontal cortex (PFC) is known to modulate mesolimbic dopamine (DA) activity

and has also been implicated in drug abuse.  The present study demonstrated that

blockade of DA D1 receptors in the PFC had a delayed effect on mesolimbic DA

activity and cocaine self-administration.  Using in vivo microdialysis, nucleus

accumbens (NAcc) DA was found to be elevated 24 hours, but not immediately

following intra-PFC infusion of the D1 antagonist SCH 23390, but not the D1 agonist

SKF 38393.  Tyrosine hydroxylase (TH), phospho-TH, and dopamine transporter (DAT)

levels were unchanged one and 24 hours following intra-PFC SCH 23390 or SKF 38393

in the ventral tegmental area (VTA) and NAcc.  Neither intra-PFC SCH 23390 nor SKF

38393 had an immediate effect on cocaine self-administration on a progressive ratio

(PR) or fixed ratio (FR) of reinforcement.  SCH 23390 produced a delayed lowering of

breakpoints for 0.25 mg/kg, but not 0.75 mg/kg cocaine on a PR schedule and had no

effect on responding for 0.25 mg/kg cocaine on an FR schedule.  The present study

demonstrates that PFC D1 receptors modulate mesolimbic activity and sensitivity to the

reinforcing properties of cocaine.
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CHAPTER 1.  INTRODUCTION AND LITERATURE REVIEW

1-1. General Introduction

The study of interactions between brain regions is critical for not only for appreciating

the normally functioning brain, but also for understanding pathologies of the brain.  For

example, an insult to a particular brain region (i.e. ischemia) or neurotransmitter system

(i.e. drug-taking) can have effects that not only reflect a primary effect of the insult, but

also effects that later emerge as a result.  Drug addiction is prevalent in society and is

characterized as a series of pharmacological (and in some instances, toxicological)

insults to the brain.  Psychostimulants are a particularly insidious class of drug that have

such a high potential for abuse that the National Institute on Drug Abuse claims that

“Once having tried cocaine, an individual cannot predict or control the extent to which

he or she will continue to use the drug” [244].  The dangerous nature of

psychostimulants is also reflected in statistics: in a 2002 survey, an estimated 33.9

million Americans had at least one experience with cocaine and two million were

regular users of cocaine.  One reason that psychostimulants are suspected to have such

strong reinforcing properties is due to their direct mechanism of elevating dopamine

(DA) at the terminal regions of the mesocorticolimbic dopamine system.  While

activation of the mesocorticolimbic system is a common feature of most drugs of abuse,

psychostimulants have the most direct actions on mesocorticolimbic DA [381, 385].

In addition to having strong acute effects, psychostimulant use results in myriad

neuroadaptations, including changes in the structure [289-291], gene expression [191,

246, 247], electrophysiology [131], and neurochemistry [374] of neurons.  The majority
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of these neuroadaptations occur in the mesocorticolimbic system, and are thought to

contribute to the high rate of relapse among psychostimulant users [190, 368].

1-2. Elements of the Mesocorticolimbic Pathway

1-2.1. Prefrontal Cortex

1-2.1.1 Circuitry

The PFC receives afferent projections from cortical and subcortical brain regions [349].

Cortical afferents are glutamatergic and arise from the contralateral PFC [44, 54, 349].

The major subcortical input is also glutamatergic and arises from the mediodorsal (MD)

thalamus [210, 271].  Other major subcortical inputs include glutamatergic afferents

from the hippocampus [43, 181] and amygdala [141, 195, 349], and both dopaminergic

and GABAergic afferents from the ventral tegmental area [5, 42, 103, 328, 342, 343,

358].  Other subcortical inputs utilize several transmitters and arise from many

structures.  The prefrontal cortex receives noradrenergic projections from the locus

coeruleus [99, 348, 349], serotonergic projections from raphe nuclei [91, 249, 356], and

cholinergic projections from the basal forebrain [91, 393], as well as peptidergic

afferents [91, 329].

Output from the PFC arises primarily from pyramidal excitatory amino acid (EAA)

neurons located in the deep layers [46, 50, 125, 126, 329], although there are also

cholinergic efferents projecting to the mesopontine laterodorsal nucleus [298, 329].  The

predominant output is a reciprocal EAA connection with the MD thalamus [141, 197,

329].  Additionally, there are EAA projections to the nucleus accumbens, ventral
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tegmental area, amygdala, ventral pallidum, dorsal raphe, lateral hypothalamus, and

locus coeruleus [42, 46, 185, 270, 308, 309, 329].

GABAergic interneurons have a prominent role in shaping prefrontal neurotransmission

and receive glutamatergic [164], dopaminergic [42, 311], serotonergic [317], cholinergic

[162], and neurotensinergic [29] inputs [259, 279, 284].  Additionally, cholinergic

interneurons contribute to the intrinsic circuitry of the PFC [16, 56, 162].

1-2.1.2 Physiology

Although the PFC receives afferents from dopaminergic, serotonergic, glutamatergic,

cholinergic, and peptidergic neurons, DA and glutamate (in addition to intrinsic

GABAergic transmission) appear to the most important in the shaping synaptic

responses within the PFC [349].  In particular, DA is characterized as shaping

glutamatergic and GABAergic inputs onto pyramidal efferents of the PFC [129],

although it doesn’t appear to consistently have a positive or negative modulatory effect

on either type of transmission [349].  The modulatory effects of dopamine appear to

arise from an anatomical organization where DA and glutamatergic terminals form

paired synapses onto identical spines of pyramidal neurons and interneurons, an

arrangement termed “synaptic triads” [127, 129].  The effects of DA within the PFC are

likely mediated primarily by D1-like receptors (here forward also referred to as D1

receptors), as there are approximately 20-fold more D1-like than D2-like receptors in the

PFC [128, 129, 214].  Adding to the elusive role for prefrontal DA is that D1 receptors

are located on both pyramidal neurons and interneurons [104, 242].  On pyramidal cells,

D1 receptors are localized to distal dendrites and spines [104, 242].  On interneurons,
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stimulation of D1 receptors has opposite effects on fast-spiking versus non-fast-spiking

interneurons.  Specifically, DA acting via D1 receptors depresses fast-spiking

interneurons that strongly inhibit PFC output, while stimulation of D1 receptors on non-

fast-spiking interneurons enhances inhibitory transmission of these neurons [104, 107,

242].  While the localization of D1 receptors may seem paradoxical, a circuit model has

been proposed to explain the function of the arrangement [242].  In this model,

pyramidal output is tuned by input from the cell’s own distal spines as well as inhibitory

input from interneurons.  As a result, both hyper- and hypo-stimulation of D1 receptors

leads to depressed output from pyramidal neurons – a phenomenon consistent with data

demonstrating that both excessive and subnormal PFC D1 stimulation lead to deficits in

working memory [205, 305, 376, 400].

1-2.2. Ventral Tegmental Area

1-2.2.1 Circuitry

The ventral tegmental area receives a variety of cortical and subcortical inputs [46, 299].

Cortical inputs are especially important in modulating VTA neurons, and these EAA

afferents synapse on mesocortical dopamine neurons as well as GABA projection and

interneurons [46].  The amygdala and bed nucleus of the stria terminalis also send

excitatory projections to the VTA, while the nucleus accumbens, ventral pallidum, and

lateral habenula provide GABAergic input [42, 46, 51, 250, 299].  The lateral dorsal and

pedunculopontine tegmental nuclei send both glutamatergic and cholinergic projections

to the VTA [52, 55, 90, 208, 251].  Other afferents of the VTA include serotonergic

fibers from the dorsal and other raphe nuclei, as well as catecholaminergic projections
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from several mesencephalic nuclei, the locus coeruleus, and nuclei of the medulla [250].

Less prominent afferents include fibers from preoptic and hypothalamic nuclei [250,

299].  Finally, there is peptidergic input to the VTA utilizing opioids, substance P,

neurokinin-A, and neurotensin [299].

 The VTA projects primarily to the prefrontal cortex, nucleus accumbens, and to a lesser

extent, the striatum, hippocampus, olfactory tubercle, septum, and habenula [42, 46, 91,

250, 270, 357].  The dopaminergic pathways to the PFC and NAcc are widely known as

the mesocortical and mesolimbic DA pathways, respectively.  In addition to the DA

efferents, the VTA sends GABAergic projections to the PFC and NAcc [45, 46, 270,

356, 357].

The VTA has a unique intrinsic circuitry.  In addition to GABAergic interneurons [46,

250, 357], the dendrites of projection neurons are localized within the VTA and

contribute to the intrinsic circuitry of the VTA by releasing DA [48, 112, 204].

Dendritically released DA acts upon D2-type autoreceptors to provide negative feedback

upon the cell itself [2, 371] and upon D1 on afferent glutamatergic and GABAergic

terminals [309, 328] to facilitate transmitter release [38, 189, 327].

1-2.2.2. Physiology

Mesolimbic and mesocortical neurons have their cell bodies located in the ventral

tegmental area.  The majority of VTA neurons switch between tonic and phasic firing

patterns, which are quantitatively and qualitatively different states of transmission [131-

133, 372].  During the tonic pattern, VTA neurons fire at approximately 4 Hz and DA
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levels at the terminal regions are low; tonic DA in the NAcc has been estimated to be 4-

40 nM [131, 261, 375].  In contrast, transition into the phasic firing pattern results in

rapid firing of approximately 2-10 spikes and NAcc DA concentrations up to hundreds

of uM, although these excessive levels are promptly vanquished by reuptake [97, 109,

131].

The physiological relevance of VTA tonic activity is thought to be permissive in

preparing an organism to respond appropriately to environmental cues previously

associated with reward, as exposure to cues predicting reward increase DA spillover in

the NAcc [62, 266, 302].  Additionally, interruption of DAergic or cholinergic activity

within the VTA activity disrupts appetitive behaviors [168], and stimulation of DA

receptors in NAcc facilitates conditioning to appetitive stimuli [269].

Phasic activity of the VTA is also significant and serves a discrete purpose from tonic

activity.  Extensive research from the lab of Wolfram Schultz has indicated that neurons

of the VTA encode reward-relevant learning information and are thought to provide a

teaching signal to help predict future rewards [93, 302].  Phasic activity of VTA neurons

is activated both by rewards, such as food and water, as well as stimuli that predict

rewards [93, 268, 303], and their firing rate is directly influenced by the probability of

the reward.  Specifically, the firing rate of most neurons is highest with maximum

uncertainty about reward availability and declines proportionately as the probability of

getting the reward deviates from 50% [93].
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Transition from the tonic to phasic firing pattern of VTA neurons is believed to be

controlled by glutamatergic afferents [196].  Glutamatergic inputs from the prefrontal

cortex [108, 347] and subthalamic nucleus [196, 318] have been implicated, but recent

research points to the pedunculopontine tegmental nucleus (PPTg) as being a crucial

modulator of tegmental bursting activity [97].  PPTg afferents are both cholinergic and

glutamatergic [52, 90, 208, 251], and acetylcholine (ACh) and nicotine excite VTA

neurons and induce bursting [37, 138].  Furthermore, lesions to the PPTg impair

associations with conditioned stimuli [170].

1-2.3. Nucleus Accumbens

1-2.3.1. Circuitry

The nucleus accumbens is a primary target of dopamine-releasing neurons from the

VTA, a pathway known as the mesolimbic DA system [59, 270, 354, 372].   The NAcc

is also a point of convergence for glutamatergic neurons from the amygdala,

hippocampus, prefrontal cortex, entorhinal cortex, and the midline and intralaminar

thalamic nuclei [102, 142].  Additionally, the NAcc receives GABAergic input from the

VTA [45], noradrenergic input from the nucleus of the solitary tract [142, 151], and

serotonergic input from the dorsal raphe [356].

Efferents of the nucleus accumbens project to numerous targets.  The major projection

of the NAcc is to the ventral pallidum (VP) [238, 333] and is GABAergic in nature [186,

334].  Other efferents of the NAcc, also GABAergic, project to the globus pallidus,

ventral tegmental area, substantia nigra, substantia inominata, lateral preoptic area, and
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hypothalamus, as well as the retrorubral area and the caudal mesencephalic tegmentum

[25, 142, 276, 367, 372, 397].

The NAcc is principally comprised of approximately 95 percent medium spiny neurons

(MSNs), 1-2% large aspiny (cholinergic) interneurons, and the remainder are medium

aspiny cells, thought to use somatostatin as their neurotransmitter [236, 265, 366].

Medium spiny neurons communicate with each other by way of axon collaterals

projecting to neighboring cells and gap junctions [236, 253].  Additionally, MSNs have

large dendritic fields which allow them to integrate a vast array of inputs [236], while

the cholinergic aspiny neurons provide extensive modulation of MSNs [6, 68, 173].

Medium spiny neurons contain high levels of DA receptors in a fairly distinct manner

[383].  Dopamine D1-like receptors (D1 and D5) are primarily localized to neurons that

express dynorphin and substance P, which project to the zona reticulata of the substantia

nigra [114].   Dopamine D2-like receptors (D2-4) are primarily localized to neurons that

express enkephalin and project to the pallidum [114].  More recent studies using

confocal imaging and physiological measures [4], and measurement of mRNA [332]

have demonstrated that nearly all medium spiny neurons contain both D1-like and D2-

like receptors, although the aforementioned generalizations still apply.

1-2.3.2. Physiology

Medium spiny neurons of the NAcc and striatum have been shown to exhibit bistability

[155, 377].  In the up-state, the cell is more depolarized (approximately –55 mV), and

stimulation of D1-like receptors potentiates excitatory input by means of prolonged
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subthreshold depolarizations and increased duration of action potentials [155].  In the

down-state, the cell is in a more hyperpolarized state (approximately –80 mV) and

stimulation of D1-like receptors inhibits activity of the cell, presumably by enhancing

inward rectifying K+ currents [260] and depressing Na+ currents [155, 331].  Transition

to the up-state requires strong glutamatergic input, but once a cell is promoted to the up-

state, it is thought to recruit neighboring cells into the up-state by means of gap junctions

[253].  The hippocampus is thought to provide the strong glutamatergic input necessary

for the transition, which has been proposed to serve a gating function for PFC input

[252]. This idea is supported by the fact that PFC stimulation only leads to firing of

action potentials in NAcc neurons when they are in the up-state [252].

1-3. Behavioral Pharmacology of the Mesocorticolimbic System

The mesocorticolimbic dopamine system has been implicated in reinforcement for

several decades [91, 254].  After the original finding of Olds and Milner [254] that

animals would self-administer electrical stimulation of certain areas of the brain,

investigators pinpointed brain regions that strongly supported this intra-cranial self-

administration (ICSS) and implicated NAcc dopamine to be an integral factor in the

reinforcing properties of ICSS [94, 105, 106, 115, 379, 389, 396].  Later studies showed

that eating [22, 92, 153, 154] and copulating [60, 92] lead to increased NAcc dopamine

levels.  Additionally, drugs of abuse with different mechanisms of action were found to

have activation of the mesolimbic pathway in common [382, 388].  Ethanol [74, 202,

296], opiates [137, 326], psychostimulants [154, 380, 387], nicotine [117], and the
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dissociative anesthetics ketamine [171, 227] and phencyclidine [152, 229] have all been

shown to increase DA levels in the NAcc.

1-3.1. Self-Administration and the Mesocorticolimbic System

As reviewed in the previous section, numerous studies demonstrated that drugs of abuse

with different mechanisms of action shared the ability to elevate NAcc dopamine.  These

studies implicated NAcc DA as being important to their reinforcing properties, and self-

administration (SA) paradigms demonstrate that disruption of normal neurotransmission

within the mesocorticolimbic circuit modifies the reinforcing properties of drugs and

natural reinforcers.  Animals will self-administer most drugs of abuse, typically by

learning to press a lever in order to receive an intravenous dose [11, 172, 304, 384].  In

general, as the dose of a drug goes down, so does the responding for that drug.  The

exception is seen when, using a fixed ratio schedule of reinforcement, the drug dose gets

particularly high, responding will decline – leading to an inverse U shaped curve.

Pretreatment with DA receptor-blocking drugs decreases the self-administration of food

[390, 394], water [113], cocaine [35, 121, 267],  and heroin [326].  Additionally,

blockade of DA transmission decreases the reinforcing efficacy of ICSS [378].

Interruption of dopamine D1 signaling in specific brain regions provides additional

evidence for the entire mesocorticolimbic system contributing to the reinforcing

properties of cocaine.  D1 antagonists infused into the NAcc [233], PFC [234], or VTA

[281] all reduce cocaine self-administration under a progressive ratio schedule of

reinforcement, and intra-NAcc infusion of D1 antagonist increased responding for

cocaine on a fixed-ratio 5 (FR-5) schedule, also consistent with a reduction in the

reinforcing value of cocaine [224].  Selective lesion of DAergic neurons using 6-
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hydroxy-dopamine (6-OHDA) yields similar results.  Roberts and Koob showed that 6-

OHDA infused into the VTA led to dramatic reductions in cocaine self-administration,

while apomorphine self-administration was unaltered [288].  6-OHDA lesions also

disrupt self-administration of nicotine [73], cocaine [116], ethanol [282], and food [36].

While destruction of DA neurons clearly disrupts many appetitive behaviors, the effects

of mesolimbic 6-OHDA lesions on opiate self-administration are less clear.  DAergic

lesions have been reported to either have no effect on [264] or attenuate heroin self-

administration [116].  Additionally, Dworkin et al. found that 6-OHDA lesion of the

NAcc had no effect on morphine self-administration [86], although kainic acid lesion of

the accumbens attenuated morphine self-administration [87].

1-3.2. Intra-Cranial Drug Self-Administration

Studies using intra-cranial self-administration of drugs have enhanced our understanding

of both anatomical loci and biochemical elements that contribute to the coding of

reinforcement [122, 124, 383].  Consistent with studies demonstrating the importance of

mesolimbic dopamine transmission on the reinforcing properties of drugs, many drugs

of abuse are self-administered directly into the individual sites comprising the

mesocorticolimbic system.

1-3.2.1. Ventral Tegmental Area

The ventral tegmental area supports self-administration of several drugs of abuse, as

well as other pharmacological agents not typically abused.  Animals will self-administer

mu-and delta-opioid receptor agonists directly into the VTA [30, 72, 267, 370], as well

as the acetylcholine analog carbechol and the acetylcholinesterase inhibitor neostigmine
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[169].  Similarly, GABAergic antagonists are self-administered into the VTA [64, 167].

While the diversity of the pharmacological agents that support self-administration may

seem confusing, elevation of NAcc DA results from all of these treatments [91, 166,

225].

1-3.2.2. Nucleus Accumbens

The nucleus accumbens also supports self-administration of a variety of drugs.  Agents

that directly elevate NAcc DA, such as amphetamine [159], nomifensine [40], and

cocaine [40] are self-administered.  Additionally, the combination of D1- and D2-like

agonists will support SA, although neither agonist alone is self-administered [165].

Morphine [63, 255] and met-enkephalin [120], as well as the NMDA antagonists

phencyclidine (PCP), MK-801, and 3-((+/-)2-carboxypiperazin-4yl)propyl-1-phosphate

(CPP) [41] are also self-administered into the NAcc.  Presumably, the reinforcing

efficacy of intra-NAcc infusions relies on the ability to depress medium spiny neuron

output; DA and opiate agonists do this directly, while NMDA antagonists act indirectly

by suppressing excitatory input [383].

1-3.2.3. Prefrontal Cortex

Like the VTA and NAcc, the prefrontal cortex supports SA of a variety of drugs.  The

NMDA antagonists PCP, MK-801, and CPP are self-administered [41], as is cocaine

[122, 123], but not amphetamine [119].  Although the intra-PFC SA of cocaine but not

amphetamine might suggest the anesthetic properties of cocaine being involved in

maintaining intra-PFC SA, equimolar infusion of lidocaine did not maintain intra-PFC

SA [119].  While cocaine is capable of elevating levels of all monoamines and could

also have downstream effects on other transmitter systems, blockade of beta-
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noradrenergic or muscarinic ACh receptors had no effect on intra-PFC cocaine SA, but

pre-treatment with sulpiride decreased intra-PFC cocaine SA [119].

1-3.3. The Prefrontal Cortex Modulates Mesoaccumbens Activity

The mesoaccumbens dopamine pathway is part of the neural circuit thought to mediate

natural and drug-induced reward [200, 287, 386].  Anatomical and physiological

evidence supports the notion that the mPFC is an important regulator of dopamine

transmission in the NAcc [50, 150, 182, 188, 283, 346].

1-3.3.1. Anatomical Evidence

Anatomical studies demonstrate two primary systems by which the mPFC can control

NAcc DA: a direct glutamatergic pathway from the PFC to the NAcc and an indirect

pathway, where prefrontal efferents synapse within the VTA [42, 46, 50, 309].

The cortico-accumbal pathway is a direct pathway, where excitatory amino acid-

releasing (EAA) cells from the prefrontal cortex synapse upon cells in the NAcc.  The

direct pathway is thought to modulate mesolimbic DA via metabotropic glutamate

receptors [335].

The second pathway is the cortico-meso-accumbal pathway.  This pathway involves

EAA projections from the mPFC synapsing onto non-dopaminergic cells in the VTA,

many of which are GABAergic neurons that project to the NAcc [46].  The cortico-

meso-accumbal pathway is indirect, but there is evidence that it is more involved in the

mPFC’s ability to modulate accumbal dopamine levels [150].  For instance, the major

excitatory input to the VTA appears to from the mPFC [188, 372], and excitatory amino
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acid projections from the prefrontal cortex play an important role in regulating the

activity of VTA neurons, as local blockade of AMPA receptors elevates NAcc DA [46,

108, 130, 337].

1-3.3.2. Physiological Evidence

Stimulation of the PFC has long been thought to increase NAcc DA [399] by acting at

metabotropic glutamate receptors in the NAcc (direct pathway) [336] and

AMPA/kainate receptors within the VTA (indirect pathway) [335].  More recently, it

was demonstrated that at physiologically relevant stimulating frequencies (10 Hz), PFC

stimulation depresses NAcc DA [174].  Moreover, stimulation of the amygdala only

increases NAcc DA when PFC activity is suppressed, further supporting the idea that the

PFC provides tonic inhibition on NAcc DA [175].  The PFC also plays a key role in

behavioral sensitization (see next section).  When the PFC is inactivated by

glutamatergic antagonists or ibotenic acid lesion, expression of behavioral sensitization

and the accompanying neuroadaptations (namely subsensitivity of mesolimbic

autoreceptors and supersensitivity of NAcc D1 receptors) are abolished [212].

1-3.3.3. Behavioral Evidence

The emerging picture is that the PFC primarily regulates the mesolimbic DA pathway

during stimulated activity.  In particular, the dopamine system of the PFC appears to be

a central determinant of PFC output (see section on PFC physiology).  For example,

DAergic depletion of the PFC enhances the mesolimbic response to rewarding stimuli

[237], induces expression of the behavioral and neurochemical adaptations present in

psychostimulant-induced sensitization [18] (see The Mesocorticolimbic Circuit and

Cocaine for full discussion) and enhances stress-induced increases in NAcc DA [71].
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Behavioral studies further demonstrate that PFC DA activity has an inhibitory effect on

the mesolimbic DA system.  Prefrontal infusion of the mixed D1/D2 antagonist cis-

flupenthixol potentiates conditioned place preference produced by VTA electrical

stimulation, and enhances amphetamine-induced hyperlocomotion [83].  Moreover,

infusion of cis-flupenthixol into the NAcc had diametrically opposite effects, supporting

the inverse relationship between prefrontal and accumbal DA transmission.  Prefrontal

DA depletion was also shown to increase cocaine SA at low doses [232, 301] and

increase locomotor activity during performance of alternation tasks in a maze [33].

The majority of the dopamine’s effects appear to be mediated by D1 receptors.  There

are approximately 20-fold more D1 than D2 receptors within the PFC [128, 214].

Prefrontal D1 receptors have been localized on pyramidal cells projecting to the VTA

[42, 46, 220] and NAcc [42, 110], as well as non-pyramidal cells [65], including GABA

interneurons [1, 242].  Additionally, some of the effects of DA depletion, such as

enhanced stress-induced elevation of NAcc [71], and induction of behavioral

sensitization [18], are mimicked by D1 receptor blockade [76, 324].  Intra-NAcc

amphetamine-induced hyperlocomotion is potentiated by antagonism of PFC D1, but not

D2, serotonergic, or noradrenergic receptors [361].  Furthermore, stimulation of the PFC

DA system by local infusion of amphetamine blocks the hyperlocomotion caused by

intra-NAcc amphetamine [361].
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As with locomotor activity, reinforced behaviors can also be altered by PFC

manipulation.  Disruption of the prefrontal dopaminergic system by 6-OHDA lesions

increases the rewarding efficacy of low doses of cocaine [232, 301], but not

amphetamine [209] as measured by self-administration.  D1 receptor antagonism in the

PFC lowers brain stimulation thresholds with VTA intracranial self-stimulation both

immediately and 24 hours following infusion [81].  Additionally, intra-PFC infusion of

D1 antagonist has been shown to lower breakpoints for high doses of cocaine [234], an

effect similar to pretreatment with drugs that elevate mesolimbic DA [245, 315, 340,

391].

1-4. Plasticity of the Mesocorticolimbic System

1-4.1. Electrophysiological Measures

Electrophysiological studies demonstrate that cells in the PFC, VTA, and NAcc are

capable of exhibiting cellular forms of plasticity: long-term potentiation (LTP) and/or

long-term depression (LTD).  Stimulation of the subiculum can generate LTP in

pyramidal and interneurons of the PFC [58, 144, 179, 180, 207], which is modulated by

DA, as complete expression of LTP is dependent on the mesocortical dopamine system

[144].  PFC neurons that are the target of hippocampal afferents can also display LTD

[338] and depotentiation of prior LTP [34].  Cells in the NAcc are capable of LTP and

LTD as well.  Stimulation of cortical [263] or hippocampal [24] afferents can produce

potentiation of medium spiny neurons, although there is conflicting data as to whether or

not LTP in the NAcc is modulated by mesolimbic DA [97, 178, 263, 345].

Psychostimulant use can also induce cellular forms of plasticity.  Long-term cocaine
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administration has been shown to induce LTD in medium spiny neurons and decrease

miniature excitatory post-synaptic currents (mEPSCs) at cortico-accumbal synapses

[344].  Incredibly, a single in vivo exposure to cocaine has also been shown to trigger

LTP in dopaminergic cells of the VTA [355].

1-4.2. Anatomical Measures

Anatomical studies illustrate structural plasticity that can occur within the prefrontal

cortex and nucleus accumbens.  Several studies have shown that enriching an animal’s

environment can change neural morphology in many cerebral regions (for review, see

[199]).  Likewise, housing in a complex environment has more recently been shown to

increase dendritic arborization in the NAcc [198].  Robinson and his colleagues have

described changes in morphology of pyramidal cells in the mPFC and NAcc following

self-administration of cocaine or chronic treatment with cocaine or amphetamine [289-

291].  These changes involve increased changes in dendritic connectivity, which can

persist for at least one month following cessation of drug administration, and are thought

to contribute to the changes underlying behavioral sensitization [161, 291].  Chronic

cocaine [291], amphetamine [290, 291], morphine [292], and self-administration of

cocaine [289] alter patterns of synaptic connectivity within the PFC and NAcc as

measured by an increase in dendritic branching or the density of dendritic spines.

Furthermore, cocaine self-administration resulted in misshapen apical dendrites within

in the PFC and increased connectivity within the NAcc, changes that have been

speculated to contribute to prefrontal dysfunction and increased incentive motivational

value, respectively [289].
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1-4.3. Biochemical and Physiological Measures

Biochemical studies demonstrate that long-term psychostimulant use alters levels of

certain proteins involved in DA/glutamate interactions as well.  In rats, long-term

psychostimulant administration leads to several maladaptations in the prefrontal cortex.

Dysfunction of the PFC DA system is reflected by lower amounts of cocaine-stimulated

DA within the PFC, an effect thought to contribute to behavioral sensitization and

psychostimulant-induced psychoses [274, 353].  AMPA subunit expression is altered in

both the mPFC and NAcc following repeated amphetamine treatment [218] and

inhibitory G-protein subunit (Gi) levels are depressed in the NAcc and VTA of rats

receiving repeated cocaine treatment [248].  Additionally, there is a decrease in

prefrontal dopamine transporters (DATs) in human cocaine users [157, 306] and in rats

receiving daily injections of cocaine [158].  Human cocaine users also have fewer

orbitofrontal cortex (comparable to rat prefrontal cortex) dopamine D2 receptors and a

decline in orbitofrontal glucose metabolism, effects which persist for three to four

months following abstinence [364, 365].

Similar to drugs of abuse, repeated treatment with pharmaceuticals can lead to plasticity

within the mesocorticolimbic DA pathway.  Chronic treatment with the tricyclic

antidepressant imipramine depresses activity of tyrosine hydroxylase (TH) in the PFC,

VTA, and NAcc, an effect mediated by decreased levels of phosphorylated TH [295].

Both the typical and atypical neuroleptics haloperidol and clozapine increase expression

of the GluR1 subunit of AMPA receptors within the PFC, while chronic treatment with
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the D1 antagonist SCH 23390 decrease levels of GluR1 in the PFC [95].  Additionally,

haloperidol induces expression of the chronic Fos-related antigen delta-FosB in the PFC

[10].

Like psychostimulants, long-term ethanol treatment alters levels of several proteins

consistent with a general increase in the state of activation of VTA neurons [257].

Chronic ethanol leads to increased levels of TH, and NMDAR1 and GluR1 subunits of

glutamate receptors, as well as decreased levels of the alpha1 subunit of GABA-A

receptors in the ventral tegmental area [257].

Nestler and his colleagues found that chronic unpredictable stress induces several of the

adaptations that chronic ethanol, morphine, or psychostimulant treatment leads to; TH

levels are increased in the VTA, and NAcc protein kinase A (PKA) activity is increased

and expression of dopamine D2 receptors is reduced [15, 257, 258, 341].  Additionally,

expression of dopamine transporter (DAT) mRNA [314] and tyrosine hydroxylase [15,

320] are both elevated in cells of the VTA after repeated cocaine and DAT mRNA is

elevated in rats 3 and 14 days after repeated amphetamine treatments [219].

1-4.4. The PFC and Plasticity of the Mesoaccumbens DA Pathway

Behavioral sensitization to psychostimulants is characterized by morphological and

physiological neuroadaptations within the mesocorticolimbic pathway that lead to

exaggerated activity of the mesoaccumbens DA cells in response to a psychostimulant

challenge (for review, see [270, 373]).  There is strong support for the collapse of the
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PFC DA system being involved in this phenomenon.  While repeated cocaine leads to

elevated cocaine-stimulated dopamine in the NAcc, prefrontal cocaine-stimulated

dopamine is lowered [273, 321, 323].  Opposing the effect of lowered PFC DA by

infusing amphetamine [273] or the D1 agonist SKF 81297 [324] into the PFC blocks

expression of cocaine-induced behavioral sensitization.  Depleting prefrontal dopamine

potentiates the development of behavioral sensitization to amphetamine [12].  Further,

lesions of the PFC prevent the induction of cocaine sensitization and inhibit some of the

associated neuroadaptations – namely induction of VTA D2 receptor subsensitivity and

supersensitivity of NAcc DA D1 receptors. [213].

Blockade of prefrontal D1 receptors has been demonstrated to have a delayed effect that

may reflect plasticity occurring within the mesolimbic DA system.  Vezina, et al. found

that 48 hours following intra-PFC SCH 23390, hyperlocomotion induced by intra-NAcc

amphetamine was depressed and hyperlocomotion induced by intra-NAcc SKF 38393

was enhanced, while neither effect was present seven days following infusion [362].

This delayed effect was specific to blockade of PFC D1 receptors, as PFC administration

of amphetamine or sulpiride had no delayed effects on intra-NAcc amphetamine [362].

Maximal DA-stimulated adenylate cyclase activity in the NAcc was also increased two,

but not seven days following intra-mPFC SCH 23390 treatment, a result the authors

interpreted as an upregulation of D1 receptors [362].  Additionally, intra-PFC treatment

with a low dose of SCH 23390 lowers intra-VTA ICSS thresholds 24 hours following

infusion [81].
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1-5. The Mesocorticolimbic Circuit and Cocaine

Cocaine is known to block the activity of DA, serotonin (5-HT) and norepinephrine

(NE) transporters and thus elevate levels of all of these neurotransmitters [201].

Although all the monoamine neurotransmitters are affected, there is substantial evidence

that the reinforcing properties of cocaine are critically dependent upon its ability to

increase dopaminergic transmission [286, 398].  Pretreatment with the mixed D1/D2

dopamine receptor antagonist alpha-flupenthixol leads to increased cocaine SA with low

doses, but high doses of the DA antagonist abolish responding for cocaine [89].

Additionally, pretreatment with GBR 12909, a selective inhibitor or the dopamine

transporter, reduced cocaine self-administration, while pretreatment with sub-toxic doses

of norepinephrine transporter (NET) or serotonin transporter (SERT) inhibitors had no

effect on cocaine self-administration [340].

1-5.1. The PFC and Sensitivity to Psychostimulants

Long-term administration of psychostimulants leads to a reverse tolerance, or

sensitization, to the motor-activating effects of the drug [270, 329] – an effect first

reported in 1932 [79].  This behavioral sensitization is accompanied by several

neurochemical changes that result in enhanced mesolimbic DA transmission, and is

thought to underlie the enduring nature of craving associated with drug abuse (for

review, see [270, 329, 374]).  While the VTA, NAcc, and PFC have all been studied in

regards to stimulant-induced sensitization, the PFC appears to be crucial for the

development and expression of sensitization [329].
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Destruction of PFC glutamatergic neurons with ibotenic acid prevents the behavioral and

neurochemical sensitization following repeated cocaine, and this effect can be replicated

by intra-PFC blockade of NMDA receptors [213].  Similarly, excitotoxic lesion of the

PFC with quinolinic acid blocks the expression of behavioral sensitization [350].  While

these studies demonstrate that output from the PFC is crucial for expression of

behavioral sensitization, they do not address the potential role of other transmitter

systems in shaping prefrontal output.

The GABAergic system of the PFC is one potential target for alterations in

mesocorticolimbic signaling following repeated psychostimulant treatment.  Intra-PFC

infusion of the GABA-B agonist baclofen blocks the motor-stimulating response of

acute cocaine [329], and there is conflicting data regarding whether or not the PFC

GABA system is altered by psychostimulant use [118, 143, 322, 401].  It is possible that

effects of altered GABA transmission act in concert with DA, as systemic baclofen has

been shown to block stress-induced elevations in PFC DA [78].  The serotonin (5-HT)

and norepinephrine (NE) systems are also potential targets for neuroadaptations

involved in sensitization.  Psychostimulants elevate levels of both these transmitters in

addition to elevating DA levels [280, 286, 325].  Indeed, repeated cocaine leads to

decreased 5-HT transmission within the PFC [57], and serotonergic lesions of the raphe

nuclei enhance cocaine-induced hyperlocomotion [241], although decreased PFC 5-HT

activity is known to elevate local DA levels [101].  Intra-PFC blockade of alpha1-

adrenergic receptors by prazosin blocks increases in locomotor activity and NAcc DA

following amphetamine treatment [23, 61].  Additionally, systemic prazosin has been
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shown to block initiation and expression of sensitization to cocaine and amphetamine,

although these effects cannot be attributed to prefrontal adrenergic receptors per se [80].

While the aforementioned studies suggest that manipulation of noradrenergic

transmission can change the expression of psychostimulant sensitization, there currently

are no reports that repeated psychostimulant treatment alters prefrontal NE transmission,

although stress-induced sensitization is associated with elevated NE and DA levels in

the PFC [139, 183].

There appears to be a distinct contribution of impaired prefrontal DA function on

psychostimulant sensitization.  In rats, repeated cocaine leads to a decline in cocaine-

stimulated prefrontal DA levels [321, 323], and mimicking this effect by 6-OHDA

lesion of the PFC DA system results in a sensitized chemical and behavioral response to

cocaine in drug-naïve animals [18].  Further, expression of cocaine sensitization can be

prevented by intra-PFC administration of the full D1 agonist SKF 81297 [324].

In humans, long-term cocaine use leads to physiological dysfunction of a human

counterpart to the rat PFC – the orbitofrontal cortex [26, 157], including changes in D2

receptor [363] and DAT levels [293, 306], and the degree of DAT loss correlates to the

persistence of psychiatric symptoms [306].  Furthermore, one group imaged the brains

of long-term cocaine users with magnetic resonance and revealed a loss of 5-11% gray

matter in the orbitofrontal cortex [100].  Prefrontal dysfunction manifests as deficits in

decision-making and judgment [14, 26], and has been shown to be as severe in long-

term amphetamine users as in patients with focal lesions (i.e. ischemias) to the
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orbitofrontal cortex [293].  Additionally, deficits in executive function are correlated to

the degree of psychostimulant use [27], and impaired executive functions (vis-à-vis

decision-making) is likely to perpetuate the cocaine addiction [26].

1-5.2. The PFC and Reinstatement of Cocaine-Seeking Behavior

Relapse to cocaine and other drugs of abuse is studied using animals in a model of drug

relapse termed reinstatement [69, 190, 230, 312, 313].  In this model, animals are trained

to self-administer the drug of interest for an extended period of time (typically by

pressing a lever), and during the extinction phase, the drug is not delivered following

lever pressing and the lever-pressing behavior is extinguished.  Reinstatement occurs

when the animal returns to the lever and resumes pressing, and this reinstatement occurs

following exposure to stimuli that are common triggers for relapse in humans [312].  For

example, specific relapse and reinstatement triggers are stress [3, 88, 217, 312],

exposure to the drug of abuse [176],  and drug-related cues [49, 82].

The prefrontal cortex has been implicated in both relapse in humans and reinstatement in

animals.  In humans, exposure to cocaine-related cues results in activation of several

brain regions, in particular the prefrontal cortex [28, 222], and the degree of activation of

the PFC has been correlated with the degree of craving [136].  In animals, cocaine-

and/or stress-induced reinstatement can be blocked by inactivation of the PFC via

GABA agonists [231] or tetrodotoxin [39] and intra-PFC infusion of D1 antagonist can

suppress stress- and cue-induced reinstatement [297] (although see [39]).  Further

support for a specific role of the PFC in reinstatement comes from a study demonstrating
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that glutamate levels in the NAcc were sharply elevated during cocaine-primed

reinstatement, while glutamate levels in yoked animals remained the same [231].

Additionally, both reinstatement and the corresponding elevation in glutamate were

abolished by GABAergic inactivation of the PFC [231].

1-6. Perspectives

There is numerous data that support an integral role of PFC function in the maintenance

and relapse of psychostimulant use.  In humans, this brain region is known to suppress

inappropriate behaviors and contribute to the comprehension of long-term consequences

of decisions.  This area is particularly damaged by psychostimulant use, and deficits in

decision-making are common to long-term users of psychostimulants [14, 26, 100].

Additionally, the prefrontal cortex modulates the mesolimbic DA system, and

compromise to the normal function of the PFC likely contributes to the anhedonia

experienced by abstinent psychostimulant users and further contributes to drug use [111,

203, 206, 223, 369].  While there have been studies that address acute or delayed effects

of perturbing prefrontal DA function, very few of these address both acute and delayed

effects.  For example, NAcc recording of DA release altered by mPFC DA receptor

blockade has been investigated using in vivo voltammetry and in vivo microdialysis, but

none of the studies specifically addressed manipulation of prefrontal D1 receptors, nor

did they investigate longer-lasting effects of the infusions [177, 216].  Data in Chapter

Two elucidates the specific contribution of prefrontal D1 receptors on accumbal DA

levels and extended the time of measurement to 24 hours following infusion [256].
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Studies have demonstrated that intra-PFC infusion of dopamine D1 antagonist can lead

to delayed effects on behaviors thought to be reflective of mesolimbic DA activity [81,

256, 362].  To date, there has been no investigation as to what effects intra-PFC SCH

23390 may have to produce a delayed alteration in mesolimbic DA activity.

Experiments in Chapter Three investigate the effects that intra-PFC D1 agonist and

antagonist have on tyrosine hydroxylase and dopamine transporter within the VTA and

NAcc one and 24 hours following infusion.

DAergic lesions of the PFC have been used to model compromised prefrontal function

on cocaine self-administration, but there is extensive evidence that these lesions alter

mesolimbic DA function [47, 147, 277, 278, 339] and can affect initiation of movement

[148].  Further, studies using these lesions do not address the influence of different DA

receptor subtypes, although the D2-like receptors are much less prevalent than D1-like

receptors [128, 214].  The role of prefrontal D1 receptors in cocaine self-administration

has been examined using the D1 antagonist SCH 23390 [234].  This study showed that

intra-PFC SCH 23390 dose-dependently increased cocaine responding on an FR1

schedule and dose-dependently decreased breakpoint on a PR schedule of reinforcement.

Three important differences exist between this and the proposed experiment.  First, the

animals were tested within 5 min of receiving the intra-PFC infusion of SCH 23390.

While the effect reported was relative to infusion of vehicle, it is possible that the SCH

23390 may have interacted with an effect of stress associated with the infusion process.

Additionally, the doses of SCH 23390 used are 2-8 fold greater than the level sufficient

to alter NAcc DA signaling in a delayed manner [256].  This high dose of SCH 23390
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increases the likelihood of the drug exerting antagonist activity at serotonergic or

adrenergic receptors [20, 21, 156].  Lastly, the aforementioned study did not address

examine delayed effects of intra-PFC infusion on cocaine self-administration.  Data in

Chapter Four examines the immediate and delayed effects of compromised prefrontal

DAergic function on cocaine self-administration in the rat.

1-7. Specific Aims

The hypothesis of this project was that the prefrontal cortex dopamine system modulates the

mesolimbic pathway and sensitivity to the reinforcing properties of cocaine.  The overall

goals of this project were to examine the effects of disrupting PFC DA transmission on 1)

Nucleus accumbens dopamine, 2) Levels of the dopamine-regulating proteins dopamine

transporter (DAT) and tyrosine hydroxylase (TH), as well as the phosphorylation state of

TH, and 3) sensitivity to the reinforcing effects of cocaine.  These goals were met through

the following specific aims:

1-7.1. Specific Aim 1:

To measure immediate and/or delayed changes in NAcc DA levels following

dopaminergic manipulation of the PFC.  This aim used in vivo microdialysis to measure

NAcc DA levels following infusion of D1-acting drugs directly into the prefrontal

cortex.  Dialysis samples were collected over one-hour time periods immediately before

and after intra-PFC infusions, as well as 24 hours following infusion.

1-7.2. Specific Aim 2:

To investigate changes in the dopaminergic system within the VTA and NAcc at

different times following dopaminergic manipulation of the PFC.  This aim used
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Western blotting to identify adaptations in expression of proteins in the VTA and NAcc

following manipulation of PFC D1 receptors.  Data in Chapter two demonstrated that

mPFC D1 blockade has no immediate effect on NAcc DA, but leads to an elevation in

NAcc DA 24 hours after infusion [256].  The lack of an immediate effect suggests that

delayed changes, such as changes in protein expression, take place between one and 24

hours within the cortico-mesolimbic circuit.  Two candidate proteins, tyrosine

hydroxylase (TH) and dopamine transporter (DAT) were chosen due to their regulatory

effects on DA levels – controlling synthesis (TH) and regulating uptake from the

synaptic cleft (DAT).  TH, phospho-TH, and DAT were quantified one and 24 hours

following manipulation of PFC D1 receptors as performed in the experiment in Chapter

One.

1-7.3. Specific Aim 3:

To determine if dopaminergic agents administered to the PFC affect cocaine

reinforcement.  This aim was designed to assess the immediate and delayed impacts of

altered mPFC dopaminergic activity on the reinforcing value of cocaine in rats.  D1

agents were infused into the mPFC and responding on progressive ratio (PR) and fixed

ratio-3 (FR-3) of reinforcement were measured at different time points following

infusion.
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Figure 1-1: Potential mechanisms by which the PFC can modulate mesolimbic DA.

A schematic diagram of prefrontal efferents and their interaction with the mesolimbic
DA system.  Due to volume transmission within the NAcc and pre-synaptic receptors for
glutamate and GABA, both transmitters can influence DA release from mesolimbic
terminals.  PFC: prefrontal cortex, VTA: ventral tegmental area, NAcc: nucleus
accumbens, MSN: medium spiny neuron, AChI: cholinergic interneuron.
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CHAPTER 2.  MEDIAL PREFRONTAL CORTEX MODULATION OF
NUCLEUS ACCUMBENS DOPAMINE LEVELS

2-1. Introduction

The mesoaccumbens dopamine pathway is part of the neural circuit thought to mediate

natural and drug-induced reward [200, 287, 386].  There is both anatomical and

physiological evidence that supports the medial prefrontal cortex (mPFC) acting as an

important regulator of DA transmission in the NAcc [50, 182, 188, 283].  Anatomical

studies demonstrate two primary systems by which the mPFC can potentially control

nucleus accumbens (NAcc) dopamine (DA): the cortico-accumbal pathway and the

cortico-meso-accumbal pathway [46, 309]. The cortico-accumbal pathway is a direct

pathway, where excitatory amino acid-releasing (EAA) cells from the prefrontal cortex

synapse upon cells in the NAcc. Stimulation of these EAA cells leads to increases in

NAcc DA [182]. The second pathway is the cortico-meso-accumbal pathway.  This

pathway involves EAA projections from the mPFC synapsing onto non-dopaminergic

cells in the ventral tegmental area (VTA), many of which are GABAergic neurons that

project to the NAcc [46]. The cortico-meso-accumbal pathway appears to play an

important role in modulating accumbal dopamine levels [150]. Medial prefrontal cortical

neurons provide a major excitatory input to the VTA [188, 372] and have been shown to

influence the activity of VTA neurons [46, 108, 130].

There is also evidence that dopamine D1 receptors are involved in prefrontal modulation

of accumbens DA levels.  Cells in the mPFC are targets of extensive dopaminergic

terminal fields [316, 358], and these cells contain approximately 20-fold more D1- than



31

D2-like receptors [128, 214].  Dopamine terminals synapse directly onto pyramidal cells

retrogradely labeled from the NAcc [42], and dopamine D1 receptors have been

localized on pyramidal cells projecting to the VTA [110, 219] in addition to non-

pyramidal cells [65], including GABA interneurons [1, 242].

It has also been shown that manipulation of dopaminergic receptors in the mPFC has

both immediate and delayed effects on behavioral activities thought to be mediated

through the mesoaccumbens pathway [19, 83, 361]. Amphetamine-stimulated

hyperlocomotion is significantly enhanced by intra-mPFC infusions of a D1 antagonist,

SCH 23390 [361] and the D1/D2 antagonist cis-flupenthixol [84]. Likewise, cocaine-

stimulated hyperlocomotion is immediately blunted by intra-PFC infusions of the D2-

like agonist quinpirole, but not the D1 agonist SKF 38393 [19]. mPFC DA

manipulations can elicit lasting effects on the mesoaccumbens pathway, as demonstrated

by the potentiation of VTA electrical stimulation-induced conditioned place preferences

[84] and the exaggerated lowering of VTA self-stimulation thresholds [81] 24 hours

after intra-mPFC infusion of D1 or D1/D2 antagonists.  Delayed effects of

pharmacological manipulation have been observed as much as 48 hours after mPFC

SCH 23390 infusion, the timepoint at which intra-NAcc D1 agonist-induced enhanced

hyperlocomotion was observed [362].  In addition, mPFC lesions which are performed

from 2 to 4 weeks prior to testing, resulting in enhancement of both spontaneous

locomotion [33, 47, 187, 277] and amphetamine-stimulated hyperlocomotion [277, 319].
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 A diverse collection of evidence supports the notion that the mPFC acts as a regulator

of DA transmission in the NAcc [33, 50, 150, 182, 188, 216, 283], but these studies do

not address the specific contribution of D1 receptors in this regulation.  Some data

indicate that mPFC D1 receptor blockade influences NAcc DA activity [75, 81, 362],

although a direct link between mPFC D1 receptor activity and NAcc DA transmission

has not been established. Therefore, the aim of this experiment was to measure NAcc

DA levels following mPFC D1 receptor stimulation or blockade. Further, due to the

enduring nature of changes produced by PFC dopamine receptor blockade previously

demonstrated [81, 84, 362], this experiment was designed to characterize both

immediate and delayed effects of mPFC D1 stimulation (SKF 38393) or blockade (SCH

23390). The present experiment was performed to test the hypothesis that altering D1

receptor activity in the prefrontal cortex would produce changes in NAcc DA levels.

Specifically, the behavioral evidence discussed above led us to expect that intra-mPFC

SCH 23390 would result in elevated NAcc DA immediately and 24 hours following

infusion. The D1 agonist SKF 38393 was also used to compare the effects of D1

stimulation to D1 blockade, though evidence supporting the notion of an opposing effect

(e.g. a D1 agonist-induced attenuation of NAcc DA) is indirect [324].

2-2. Materials and Methods

2-2.1. Subjects

Male Sprague-Dawley rats (Animal Resources Center, University of Texas at Austin)

weighing 300-400 g at the time of the experiment (approximately 10 weeks old) were

used.  Animals were group-housed and handled for at least 10 days prior to surgery, and
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individually housed thereafter in a temperature controlled (23o C) environment with a

reversed light/dark cycle.

2-2.2. Surgical Procedure

Rats were anesthetized with Nembutal (50 mg/kg, i.p.) and chloral hydrate (80 mg/kg,

i.p.).  Atropine sulfate (250 ug/rat, s.c.) was given prophylactically to remedy respiratory

congestion.   Bilateral mPFC cannulae and a single NAcc cannula (22 and 21 g,

respectively; Plastics One, Roanoke) were implanted and secured with dental acrylic.

The following stereotaxic coordinates were used: with the incisor bar 5.0 mm above

zero, mPFC = AP:+4.5 mm, ML:± 0.7 mm, DV:-3.1 mm;  NAcc = AP:+3.0 mm,

ML:±1.7 mm, DV:-2.5 mm. Stainless steel obturators were placed into the cannulae and

rotated daily to prevent obstruction.  Animals were allowed to recover at least one week

prior to experimentation.

2-2.3. Intra-Prefrontal Cortex Injections

Equimolar solutions of SCH 23390 and SKF 38393 (RBI, Natick) were dissolved into

artificial cerebrospinal fluid (ACSF; 128.3 mM NaCl, 2.68 mM KCl, 1.35 mM CaCl2, 2

mM MgCl2, pH 7.3).  Doses of SCH 23390 and SKF 38393 fell within ranges previously

shown to affect D1-dependent behaviors when infused into the PFC [77, 81, 135]. SCH

23390 (n=7), SKF 38393 (n=8), or ACSF (n=5) were bilaterally infused into the mPFC

through an assembly of 26 gauge infusion needles (Plastics One, Roanoke) and PE 50

tubing.  Infusions (0.5 µl volume) were given over a 30-90 sec period and verified by

movement of an air bubble across a set distance.  Infusion needles were left in place for

2 min after the end of the infusion to allow diffusion of the solution.
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2-2.4. Microdialysis Procedures

2-2.4.1. Probes and in vitro calibration

Dialysis probes of concentric design were constructed in-house using PE 20 tubing as

the inlet and fused silica (75 um ID) within a 26 gauge shaft (Plastics One, Roanoke),

with a 2 mm active membrane (m.w. cutoff = 13 kD; Spectrum, Houston). Prior to

dialysis probe recovery, all probes were flushed with nanopure water.  Hamilton

syringes were filled with freshly prepared filtered Ringer’s solution, and pumped

through the probe at 1.63 ul/min, with the probe tips in a beaker containing the Ringer’s

solution containing ascorbate (1 %), and 20 nM DA maintained at 37° C.  Ten-min

dialysis samples from each probe were then collected, and dialysate was assayed by

HPLC with electrochemical detection (HPLC-EC).  Probe recovery was calculated by

comparing the peak heights of each dialysate and those from a standard (5 nM DA).

Probe recoveries ranged from 13.7 – 22.7%.

2-2.4.2. Implantation

Probes were implanted into isoflurane or halothane anesthetized rats 12-15 hours before

the experiment began and secured with dental acrylic.  ACSF was perfused at 1.63

ul/min during implantation and sampling. After implant and between dialysis sampling

intervals, perfusion rate was lowered to 0.2 ul/min.

2-2.4.3. Experimental Procedures

Immediately following implantation of the dialysis probe, rats were placed into a black

Plexiglas chamber (27.6 L x 27.6 W x 31 H cm) with bedding, food and water.

Collection of baseline samples began 12-14 hours following implantation of the probe.

Dialysate flow rate was increased one hour before samples were collected. After
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Baseline sample collection (six 10-min replicates), intra-mPFC infusion occurred.  Two

minutes later, the first of six more 10-min replicates were taken (0-hour test).  Twenty-

four hours following infusion, six 10-min replicates were again taken (24-hour test).

The specific testing procedure commenced as follows: after baseline samples were

collected, drug or vehicle solution was injected into the PFC as described. Two minutes

after removing the infusion needles, 0-hour test samples were collected, and the flow

rate was subsequently returned to 0.2 µl/min.  The next day, the flow rate was increased

one hour before dialysate collection.  24-hour test sampling began exactly 24 hours

following the intra-PFC drug infusion.

2-2.4.4. Analysis of Dopamine

Dialysis DA content was determined by reverse phase HPLC with electrochemical

detection (ESA Model 5200 Coulochem II).  Fourteen ul samples were injected

immediately following collection onto a C-18 column (150 x 3 mm, 3 µm particle size,

ESA, Chelmsford) and compared to fresh standards of DA-HCl (Sigma, St. Louis).

Flow rate of mobile phase (82.4 mM dibasic sodium phosphate, 2.23 mM EDTA, 0.92

mM octanesulfonic acid, 7.6% acetonitrile, pH 5.45) was 0.5 ml/min delivered by an

ESA model 420 dual piston HPLC pump.  Dopamine was detected using a Model 5014

2-channel analytical cell (ESA, Chelmsford) with the reducing potential set to –150 mV

and the oxidizing (recording) potential set to 20 mV.  The amount of dopamine within

each sample was determined by comparison with standards prepared and analyzed on

the day of sample analysis.
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2-2.4.5. Histology

After the experiment was completed, animals were given a lethal dose of chloral hydrate

and perfused with 10% formalin.  Brains were removed and put into a sucrose/formalin

solution (30%/10%) until sectioning.  Sections (60 um) were mounted onto slides and

stained with Crystal Violet (J.T. Baker, Philipsburg). Figure 2-2A represents the

placement of the PFC cannula injector tips.  Figure 2-2B represents the location of the

active surface of the probes found to be within the NAcc.  Only animals with both

cannulae and probe placements verified within the PFC and NAcc were included in the

data analyses.

2-2.4.6. Statistical Analysis

Two-way ANOVA (Group x Time) with repeated measures on the Time factor was

performed on adjusted dopamine content (nM dopamine multiplied by the inverse of

each probe’s in vitro probe recovery rate) represented as a percentage of mean baseline.

Post-hoc tests (Fisher’s LSD) were used to detect significant differences within- and

between-groups across time-matched samples.

2-3. Results

Figure 2-1 shows the effect of mPFC infusion of SCH 23390, SKF 38393, or ACSF on

relative dopamine levels in the NAcc.  Two-way ANOVA showed no significant group

effects (F(2,17)=0.24; n.s.) or interaction effects (F(34,289)=1.17); n.s.).  However,

there was a significant effect of time (F(17,289)=4.67, P<0.0001). Post-hoc analyses

revealed no significant differences among the three groups during baseline or

immediately following infusion. However, 24 hours following infusion, SCH 23390-
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treated rats showed significant elevations in accumbal dopamine on 5 of 6 time-matched

samples compared to vehicle-infused rats (P<0.05), and compared to order-matched

within-group baseline levels (P<0.01). Immediately after, and 24 hours post-infusion,

rats receiving infusion of SKF 38393 showed no significant differences in NAcc

dopamine compared to groups receiving ACSF, and also showed no significant changes

from their own baseline NAcc DA levels.
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Figure 2-1: Effects of intra-mPFC infusions of SCH 23390 (0.25 ug, n=7), SKF 38393
(0.23 ug , n=8), or vehicle (n=5) on extracellular DA levels in the nucleus accumbens.

Data points represent percent of baseline means (±SEM) during 10-min sampling
periods.  ** Significant within-groups differences compared to order-matched baseline
samples (P<0.01); +,++ significant differences compared to corresponding ACSF
samples (P<0.05, 0.01, respectively; Fisher’s LSD).
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A.

B.

Figure 2-2: Schematic representation of placement of injector needle tips within the
mPFC (A) and the active surface of dialysis probes within the NAcc (B).

Numbers depicted next to each brain slice indicate the mm anterior to bregma.  Data
from animals with cannulae or probes located outside of the mPFC or NAcc regions,
respectively, were not included in the final analyses.  The diagram was drawn with the
assistance of Paxinos and Watson [262].
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2-4. Discussion

All treatment groups showed a slight, non-significant accumbal DA increase

immediately after intra-PFC infusions. Infusion of either the vehicle or the D1 agonist

into the mPFC had no significant immediate or delayed effects on accumbal DA.

However, infusion of the D1 antagonist resulted in elevated NAcc DA levels 24 hours

post-infusion.  This is a particularly interesting finding since clearance of SCH 23390

from the mPFC occurs within three hours [362].  The time course of DA activity

induced by DA antagonist treatment into the PFC corresponds with previous behavioral

studies showing enhancement of brain stimulation reward [81] and conditioned place

preference [84] 24 hours after similar DA antagonist treatment.  Though SKF 38393 was

included in the study to determine if stimulation of D1 receptors would have an opposite

effect to that of D1 blockade and whether or not it would follow the same time course,

neither of these effects was observed.

In the present experiment, the delayed effect of SCH 23390 suggests that compensatory

neural changes are responsible for the elevated NAcc DA.  For example, the time course

of these effects suggests that changes in transcription levels of one or more factors

mediating accumbens DA levels may underlie the observed elevation.  Indeed, there are

several reports of mesoaccumbens dopaminergic cells undergoing functional adaptations

following various treatment manipulations. For instance, chronic stress increases

expression of tyrosine hydroxylase and glial fibrillary acidic protein in the VTA and in

the decreases expression of inhibitory G-protein subunit, Gi in the NAcc [258].  In

addition, expression of both dopamine transporter (DAT) mRNA [314] and tyrosine
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hydroxylase (TH) [15, 320] are elevated in cells of the VTA after repeated

psychostimulant administration, but not if amphetamine challenge follows a withdrawal

period [320].  Zhang et al. [402] found that repeated methamphetamine led to increased

VTA TH mRNA only following a withdrawal period.

Our findings are relatively consistent with additional physiological and behavioral

evidence showing the significance of the mPFC dopamine system in modulating the

mesoaccumbens DA pathway [33, 47, 50, 182, 188, 216, 277, 278, 283]. In general,

blockade of the mPFC dopaminergic system appears to enhance mesolimbic DA

transmission.  Although there are discrepancies in the time course of these effects, there

appears to be some consistency in the treatments that induce immediate effects and those

in which the effects are delayed.  Generally speaking, immediately after mPFC

manipulation, enhancement is observed in experiments where mesolimbic activity is

stimulated (e.g., via stress [75], amphetamine [84, 361], or VTA electrical stimulation

[81]) concurrently with mPFC DA antagonism.  It is proposed that, as in the present

study, when mesolimbic activity is at basal levels, the effect of interruptions in mPFC

DA transmission on subcortical DA are not instantaneous, but may gradually summate

enough to be observed at a later point in time.  However, since experiments investigating

interactions between cortical and subcortical dopaminergic systems do not routinely

assess behavioral or neurochemical changes at multiple intervals, support for this

hypothesis comes from the compilation of converging data.  For example, immediately

after mPFC D1 receptor antagonism no changes were observed in spontaneous

locomotor activity [361], yet at two [33, 47, 187] and four [278] weeks after mPFC
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lesions, spontaneous activity was enhanced over sham-lesioned animals.  In another

experiment, immediate effects were not assessed, but enhanced stress-induced increases

in NAcc DA utilization were seen two weeks after PFC lesions were produced [71].

Another demonstration of delayed effects was seen two days following intra-mPFC SCH

23390 infusion, when hyperlocomotion induced by intra-NAcc SKF 38393 was

potentiated [362].

As with locomotor activity, reinforced behaviors can also be altered by mPFC

manipulation. Rats with mPFC lesions were impaired in reinforced tasks that required

low rates of responses (e.g., differential reinforcement of low rates, or DRL), indicating

deficits in behavioral inhibition [319].  Similar to previously cited findings of mPFC D1

antagonism decreasing VTA brain stimulation reward thresholds [81], mPFC 6-OHDA

lesions have been shown to increase the rewarding efficacy of self-administered cocaine

[301].  However, such lesions were without effect on amphetamine self-administration

[209] and mPFC injections of SCH 23390 given five minutes prior to cocaine self-

administration sessions appeared to attenuate cocaine reward [234].

In addition to short-term modulation of mesoaccumbens DA transmission, there is

evidence that the mPFC can influence the plasticity of the mesoaccumbens DA pathway.

Behavioral sensitization to psychostimulants is characterized by morphological and

physiological neuroadaptations within the cortico-meso-accumbens pathway that leads

to exaggerated activity of the mesoaccumbens DA cells in response to a psychostimulant

challenge (for review, see [270, 349, 373]).  Amphetamine [273] or the full D1 agonist
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SKF 81297 [324] infused into the mPFC blocks expression of cocaine-induced

behavioral sensitization, and DA depletion of mPFC potentiates the development of

behavioral sensitization to amphetamine [12].  Further, lesions of the mPFC prevent the

induction of cocaine sensitization and inhibit some of the associated neuroadaptations –

namely induction of VTA D2 receptor subsensitivity and supersensitivity of NAcc DA

D1 receptors [213].

It is difficult to determine the precise physiological events responsible for the results of

the present experiment. The most likely scenario is that prefrontal infusion of the

antagonist acts principally on the population of D1 receptors residing on prefrontal

glutamatergic efferents. One population of efferents projects directly onto GABAergic

cells in the VTA [46] and dopamine D1 receptors have been localized on pyramidal cells

projecting to the VTA [219].  Blockade of cortical efferents via D1 antagonism would

decrease stimulation of GABAergic interneurons within the VTA.  VTA GABAergic

transmission inhibits mesoaccumbens DA release [166, 330], therefore the resulting

decrease in GABAergic activity would lead to increased levels of DA in the accumbens.

While these cellular relationships can explain how prefrontal D1 blockade would lead to

increased accumbal DA levels, they do not explain the delayed effect that takes place

after the drug has cleared the mPFC, nor why there were no immediate changes in

accumbal DA.  There are undoubtedly adaptations occurring in the cortico-meso-

accumbal circuit within the 24 hours following infusion. While others have

demonstrated adaptations of the mesoaccumbens DA pathway [213, 270, 373], they are

typically in the context of psychostimulant sensitization.  Whether or not mechanisms of



44

adaptation are similar to those observed in the present experiment remains to be

determined.

Our findings that intra-PFC SKF 38393 had no significant influence on accumbal DA

levels may be considered curious.  However, if the D1 antagonist effects observed here

were the results of NAcc GABA disinhibition, the D1 agonist may have no significant

effect because basal inhibitory input into this region may already be functioning at peak

levels. Another possibility is that, rather than exerting full agonist effects, SKF may be

acting as a partial agonist.  Behavioral and physiological measures reveal that SKF

38393 can act as a partial agonist in some paradigms [145], while acting as a full agonist

in others [135, 392, 404].  In addition, in vitro data shows SKF 38393 increases

adenylate cyclase activity to 68% of dopamine-stimulated activity [9].  In our

experiment, SKF may have been acting as a partial agonist, whereby D1 receptors are

occupied but not maximally stimulated.

Another potential explanation for finding that intra-mPFC D1 antagonist, but not the

agonist, influenced NAcc DA levels is the possible binding of SCH 23390 with other

receptors. In addition to binding to dopamine D1 receptors, SCH 23390 has been

demonstrated to have a weak affinity for 5-HT1, 5-HT2 and α-adrenergic receptors [20,

21, 156]. One study suggests that intra-mPFC SCH 23390 exerts effects on the

mesolimbic DA system independent of actions on 5-HT or adrenergic receptors. Vezina,

et al. [361] found that intra-mPFC SCH 23390 potentiated amphetamine-induced

hyperlocomotion while the use of DA antagonists with higher affinity for dopamine D2,
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serotonergic, or noradrenergic receptors did not.  While our assumption is that delayed

elevation of NAcc DA following intra-mPFC SCH 23390 infusion is due to D1 receptor

blockade, it is possible that the altered function of the 5-HT or adrenergic systems within

the mPFC contributed to the results.

In summary, we demonstrated that intra-mPFC SCH 23390 produces delayed effects on

NAcc DA transmission.  This effect was not seen while the drug was present, nor was it

seen with intra-mPFC infusion of SKF 38393. We posit that the delayed effect of the D1

antagonist is the result of plastic changes occurring within one or more elements in the

cortico-meso-accumbens circuit.  However, additional experiments are needed to fully

detail the role of mPFC D1 receptors in both the delayed and immediate effects of mPFC

DA interruptions on NAcc DA activity.  The present data further support the idea that

the mesocorticolimbic circuit is plastic in nature and that even a single pharmacological

event can lead to potentially long-term neural adaptations.
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CHAPTER 3.  MEDIAL PREFRONTAL CORTEX D1 RECEPTOR
MODULATION OF MESOLIMBIC TYROSINE HYDROXYLASE (TH),

PHOSPHO-TH, AND DOPAMINE TRANSPORTER LEVELS

3-1. Introduction

The mesolimbic dopamine (DA) pathway is part of the neural circuit thought to mediate

natural and drug-induced reward [200, 287, 386].  Dopaminergic neurons within this

pathway originate in the ventral tegmental area (VTA) and terminate in the nucleus

accumbens (NAcc) [91, 250].  There is extensive evidence that the prefrontal cortex

(PFC) modulates the mesolimbic DA system.  The PFC sends glutamatergic efferents to

both the VTA and NAcc [42, 46], and glutamate transmission in both regions alters

mesolimbic dopamine levels [163, 337, 360].  Although a number of studies demonstrate

that electrical stimulation of the PFC leads to an elevation in NAcc DA levels [192, 243,

336, 347], stimulation of the PFC at biologically relevant frequencies (10 Hz) lowers

NAcc DA levels [174].  It appears that, especially during periods of high mesolimbic

activity, prefrontal glutamatergic efferents act to suppress mesolimbic DA [163, 174,

337].

Dopaminergic transmission via D1 receptors within the PFC appears to be crucial for

shaping prefrontal output.  Experiments measuring single cell activity during working

memory support a model of PFC function that shows robust prefrontal output during

optimal stimulation of D1 receptors, which declines with sub- or supra-optimal levels of

D1 stimulation [129, 242].  Intra-PFC treatment with dopaminergic agents affects

behaviors thought to be mediated by the mesolimbic DA system.  Infusion of the mixed

D1/D2 antagonist cis-flupenthixol into the PFC enhances amphetamine-induced
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hyperlocomotion [83].  Additionally, intra-NAcc amphetamine-stimulated

hyperlocomotion is enhanced following intra-PFC D1, but not D2 antagonist, suggesting

that prefrontal effects on stimulated hyperlocomotion are mediated by local D1 receptors

[361].  Intra-PFC treatment with SCH 23390 has been demonstrated to have delayed

effects as well.  While intra-PFC infusion of SCH 23390 rapidly lowers intra-VTA ICSS

thresholds, a lower dose that has no immediate effect produces a marked reduction in

ICSS thresholds 24 hours following infusion [81].  Similarly, hyperlocomotion

stimulated by intra-NAcc D1 agonist (SKF 38393) is enhanced 48 hours following intra-

PFC SCH 23390, although intra-NAcc amphetamine-stimulated hyperlocomotion is

diminished 48 hours post-infusion [362].  Consistent with these delayed effects on

behavior, our laboratory has demonstrated that intra-PFC infusion of SCH 23390

elevates NAcc DA levels 24 hours following infusion without having an immediate

effect on NAcc DA [256].

The purpose of this study was to investigate the potential origins of the delayed changes

previously reported in mesolimbic DA activity following blockade of prefrontal D1

receptors.  To address this question, proteins known to directly influence DA levels,

dopamine transporter (DAT) and tyrosine hydroxylase (TH) were investigated.  DAT

provides a major mechanism of dopamine inactivation by means of rapid removal from

the synapse and extrasynaptic space [134].  TH is the rate-limiting enzyme in

catecholamine biosynthesis, and in addition to being controlled at the level of protein

expression, it’s maximum velocity can be increased by phosphorylation [160, 226].

Tyrosine hydroxylase has three principal phosphorylation sites that are targeted in vivo:
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serines 19, 31, and 40, which are phosphorylated by Ca2+/calmodulin-dependent protein

kinase II (CaMKII), extracellular signal-regulated protein kinases (ERKs), and protein

kinase A (PKA), respectively [91].  Physiological stressors have been shown to regulate

DAT and TH within the mesocorticolimbic pathway.  For example, chronic treatment

with morphine, cocaine, ethanol, or unpredictable stress all elevate levels of TH protein

within the ventral tegmental area [96, 258].  Likewise, long-term stress results in

elevated DAT levels in the NAcc [300] and chronic cocaine leads to reduced levels of

DAT mRNA [211, 395] in the VTA and elevated DAT protein in the PFC [140].

Physiological stressors regulate phospho-TH levels as well.  Acute in vivo exposure to

cocaine dose-dependently lowers levels of TH phosphorylation at all three of the

regulated residues in the NAcc within one hour of treatment [184].

It was hypothesized that the delayed elevation of NAcc DA following prefrontal D1

blockade previously reported [256] was due to an elevated rate in DA synthesis, a lower

rate of reuptake, or both.  To test this hypothesis, Experiment One measured levels of

TH and DAT protein in the ventral tegmental area and nucleus accumbens one and 24

hours following infusion of D1 agonist, antagonist, or vehicle.  Experiment Two

examined levels of phospho-(ser40)-TH relative to total TH in the mesolimbic system at

the same time points to determine if there was a rise in TH activation leading to

increased DA synthesis.
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3-2. Materials and Methods

3-2.1. Subjects

Male Sprague-Dawley rats (Animal Resources Center, University of Texas at Austin)

weighing 300-400 g at the time of the experiment (approximately 10 weeks of age) were

used.  Animals were group-housed and handled for at least 10 days prior to surgery, and

individually housed thereafter in a temperature controlled (23o C) environment with a

reversed light/dark cycle.

3-2.2. Surgical Procedure

Rats were anesthetized with Nembutal (50 mg/kg, i.p.) and chloral hydrate (80 mg/kg,

i.p.).  Atropine sulfate (250 ug/rat, s.c.) was given prophylactically to remedy respiratory

congestion.   Bilateral mPFC cannulae (22 g; Plastics One, Roanoke) were implanted

and secured with dental acrylic.  The following stereotaxic coordinates were used: with

the incisor bar 5.0 mm above zero, mPFC = AP:+4.5 mm, ML:± 0.7 mm, DV:-3.1 mm;

NAcc = AP:+3.0 mm, ML:±1.7 mm, DV:-2.5 mm.  Stainless steel obturators were

placed into the cannulae and moved daily to prevent obstruction.  Animals were allowed

to recover at least one week prior to experimentation.

3-2.3. Intra-Prefrontal Cortex Injections

Equimolar solutions of SCH 23390 and SKF 38393 (RBI, Natick, MA) were dissolved

into fresh artificial cerebrospinal fluid (ACSF; 128.3 mM NaCl, 2.68 mM KCl, 1.35 mM

CaCl2, 2 mM MgCl2, pH 7.3).  SCH 23390 (n=6), SKF 38393 (n=6), or ACSF (n=5)

were bilaterally infused in 0.5 µl of solution into the mPFC through an assembly of 26

gauge infusion needles (Plastics One, Roanoke, VA) and PE 50 tubing.  Infusions were
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given over a 30-90 sec period and verified by movement of an air bubble across a set

distance.  Infusion needles were left in place for 1.5 min after the end of the infusion to

allow diffusion of the solution.

3-2.4. Tissue Collection

Animals were CO2-stunned and rapidly decapitated.  Heads were flash frozen in liquid

nitrogen for 5 seconds (phospho-TH study only), and brains were rapidly removed and

divided into a rostral portion (to verify cannula placement histologically) and a caudal

portion (to section and take punches from NAcc, VTA, and cerebellum).  The rostral

portion of each brain was placed immediately into a sucrose/formalin (30%/10%)

solution for storage until cryosectioning.  The remaining portion of each brain was

dissected on a chilled glass plate.  Approximately 1 mm sections were made from

regions containing NAcc, VTA, and cerebellum (see Figure 3-1).  Punches (1.5 mm

diameter) were taken from these brain regions, immersed in liquid nitrogen, and stored

at –80o C.

3-2.5. Tissue Processing and Analysis

Punches were later homogenized for 30 seconds using a Teflon pestle attached to a

motorized drill.  Homogenization was performed in 0.6 ml microcentrifuge tubes in 50

ul homogenization buffer (320 mM sucrose, 5 mM HEPES, pH 7.4) with either protease

inhibitors (0.5 ug/ml aprotinin, 1 ug/ml leupeptin, 0.5 ug/ml pepstatin) alone or with a

phosphatase inhibitor cocktail (Sigma phosphatase inhibitor cocktail I, 10 ul/ml; Sigma,

St. Louis, MO) in tissue used for analysis of phospho-TH.  After homogenization, a

concentrated solution of sodium dodecyl sulfate (SDS) was added for a final

concentration of 0.5% SDS.  Samples were incubated 10 minutes at room temperature
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and centrifuged at 12,000 rcf for 15 min.  Supernatant was collected and stored at –20o C

until assay.  Sample homogenates (20 ug total protein/lane) were subjected to SDS-

polyacrylamide electrophoresis (SDS-PAGE) on 12.5% Tris-HCl gels with a constant

voltage of 180 volts for approximately 45 min in Tris/glycine/SDS buffer.  Samples

were electrophoretically transferred onto polyvinylidenefluoride (PVDF) membranes for

one hour with a constant voltage of 30 V in Tris/glycine/methanol buffer.  Membranes

were incubated in 7.5% nonfat dry milk in Tris-buffered saline (TTBS; 135 mM NaCl, 5

mM KCl, 50 mM Tris-base, 0.1% Tween 20) to block nonspecific binding sites, then

incubated overnight at 4o C in rabbit polyclonal primary antibody (dopamine transporter,

1:1000, Santa Cruz Biotechnology, Santa Cruz, CA; tyrosine hydroxylase, 1:2000,

Chemicon, Temecula, CA; phospho-(serine40)-tyrosine hydroxylase 1:5000, Chemicon)

in 0.75% nonfat dry milk in TTBS.  The next day, membranes were washed in TTBS

(3x10 min), incubated in secondary antibody (goat-anti-rabbit-HRP, 1:10,000, Santa

Cruz) for one hour, washed in TTBS (3x10 min, then incubated for three minutes with

chemiluminescence solution (SuperSignal West Dura, Pierce, Rockford, IL).  Images

from the chemiluminescent reaction were captured using a Kodak image station

(IS440CF) or developed from film (Hyperfilm ECL, AmershamPharmaciaBiotech,

Birminghamshire, UK) then imaged using the IS440CF.  Densitometric values were

obtained from the Kodak 1D Image Analysis software and samples were compared to

dilutional standards of tissue from the same brain region.  To verify antibody specificity,

cerebellar tissue was used as a negative control for TH, phospho-TH, and DAT.

Additionally, a positive control for phospho-TH was performed by including samples

from an in vitro phosphorylation of tissue from control animals.  Briefly, approximately
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10 ug total protein was incubated in kinase buffer (Cell Signaling Technology, Beverly,

MA) containing adenosine-5’-triphosphate (Cell Signaling Technology) and the catalytic

subunit of protein kinase A (Promega, Madison, WI) at room temperature for 30 min. To

ensure equal loading of samples on each gel, membranes were stripped for 5 minutes

with 200 mM NaOH, then reprobed with a goat polyclonal antibody for actin conjugated

with horseradish peroxidase (1:1,000; Santa Cruz Biotechnology, Santa Cruz, CA).

Imaging for actin immunoreactivity was captured on the Kodak IS440CF and imaged as

described.
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Figure 3-1: Dissected regions for Western blotting.

Shaded regions show where biopsy punches were taken from tissue to include tissue
from NAcc, VTA, and cerebellum.
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3-2.6. Experimental Groups

Intra-PFC infusions of ACSF, D1 agonist, or D1 antagonist were made and tissue was

collected either one or 24 later, leading to the following experimental groups:

1  0.25 µg D1 antagonist (SCH-23390) infusion, 1 hour post-infusion

2 0.25 µg D1 antagonist (SCH-23390) infusion, 24 hours post-infusion

3 0.23 µg D1 agonist (SKF-38393) infusion, 1 hour post-infusion

4 0.23 µg D1 agonist (SKF-38393) infusion, 24 hours post-infusion

5 ACSF infusion (control), 1 hour post-infusion

6 ACSF infusion (control), 24 hours post-infusion

3-2.7. Histology

Rostral portions of brain were taken from the sucrose/formalin storage solution

(30%/10%) and sectioned on a cryostat.  Sections (60 um) were mounted onto slides and

stained with Crystal Violet (J.T. Baker, Philipsburg).  Placement of PFC cannula injector

tips is illustrated for animals analyzed for either phospho-TH or DAT and TH in Figures

3-6 and 3-7, respectively.

3-2.8. Statistical Analysis

3-2.8.1. DAT and TH Levels

Densitometry units obtained from Western visualization were corrected using levels of

actin immunoreactivity and calibrated to a standard curve based on a dilution series from

each brain region.  Calibrated values from all groups were represented as a percentage of

ACSF groups for each corresponding time point.  One-way ANOVA was performed on

the DAT and TH levels represented as group mean percentages.  In comparisons where
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the overall ANOVA was significant, Post-hoc tests (Fisher’s LSD) were used to detect

significant differences between groups.

3-2.8.2. Phospho-TH to Total TH Ratios

Phospho-TH and Total TH were each represented as a ratio to densitometry values of

actin.  Phospho-TH to TH ratios were derived from these corrected densitometry values

and group means were compared by one-way ANOVA.  In comparisons where the

overall ANOVA was significant, Post-hoc tests (Fisher’s LSD) were used to detect

significant differences between groups.

3-2.9. Procedure

Animals were implanted with bilateral mPFC cannulae (see Chapter 2 Materials and

Methods: Surgical Procedure) and allowed to recover one week.  Animals were housed

in the same black chambers as described in Chapter 2 approximately 12 hours before the

experiment began.  Subjects were infused with dopamine D1 agonist, antagonist, or

vehicle and sacrificed 1 or 24 hours after infusion.  Animals were CO2 anesthetized,

decapitated, then tissue was collected and stored until analysis.

3-3. Results

3-3.1. TH and DAT Levels

3-3.1.1. Nucleus Accumbens

Figure 3-2A shows TH levels in the NAcc one and 24 hours following intra-PFC

infusion of D1 agonist and antagonist compared to vehicle infusions.  There were no

significant differences in tyrosine hydroxylase levels among animals treated with either

agonist or antagonist one (F(2,10)=0.56; n.s.) or 24 (F(2,11)=0.55; n.s.) hours following

infusion.  Likewise, there were no significant differences in dopamine transporter levels
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(see Figure 3-2B) among rats receiving either treatment one (F(2,11)=0.75; n.s.) or 24

(F(2,11)=0.67; n.s.) hours post-infusion.
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Figure 3-2: Effects of intra-mPFC infusions of ACSF, SKF 38393 (0.23 ug), or SCH
23390 (0.25 ug) on protein levels in the nucleus accumbens (n=4-6 for each group).

Data are represented as mean percentage of ACSF (±SEM) for tyrosine hydroxylase (A)
and dopamine transporter (B) proteins one and 24 hours post-infusion.  Representative
blots are shown on the right of the graphs.
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3-3.1.2. Ventral Tegmental Area

Figure 3-3A shows TH levels in the VTA one and 24 hours following intra-PFC infusion

of D1 agonist and antagonist compared to vehicle infusions.  There were no significant

differences in tyrosine hydroxylase levels among animals treated with either agonist or

antagonist one (F(2,13)=0.54; n.s.) or 24 (F(2,11)=0.15; n.s.) hours following infusion.

Likewise, there were no significant differences in dopamine transporter levels (see

Figure 3-2B) among rats receiving either treatment one (F(2,13)=0.44; n.s.) or 24

(F(2,11)=0.10; n.s.) hours post-infusion.

3-3.2. Phospho-TH to Total TH Ratios

3-3.2.1. Nucleus Accumbens

 Phospho-TH to total TH ratios in the nucleus accumbens of animals treated with intra-

PFC D1 agonist, antagonist, or vehicle are seen in Figure 3-4.  There was no difference

in phospho-TH to total TH ratios among groups treated with D1 agonist or antagonist

compared to vehicle one (F(2,13)=1.29; n.s.) or 24 (F(2,14)=0.13; n.s.) hours post-

infusion.

3-3.2.2. Ventral Tegmental Area

Figure 3-5 shows phospho-TH to total TH ratios in the ventral tegmental area at

different time points following intra-PFC infusion of D1 agonist, antagonist, or vehicle.

There was no significant difference in phospho-TH to total TH ratios among groups

treated with either D1 agent compared to vehicle one (F(2,14)=2.43; n.s.) or 24

(F(2,14)=1.09; n.s.) hours post-infusion.
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Figure 3-3: Effects of intra-mPFC infusions of ACSF, SKF 38393 (0.23 ug), or SCH
23390 (0.25 ug) on protein levels in the ventral tegmental area (n=4-6 for each group).

Data are represented as mean percentage of ACSF (±SEM) for tyrosine hydroxylase (A)
and dopamine transporter (B) proteins one and 24 hours post-infusion.  Representative
blots are shown on the right of the graphs.
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Figure 3-4: Effects of intra-mPFC infusions of ACSF, SKF 38393 (0.23 ug), or SCH
23390 (0.25 ug) on phospho-TH/total TH ratios in the NAcc (n=5-6 for each group).

Data are represented as mean ratios of Phospho-TH to Total TH immunoreactivity
(±SEM) in the nucleus accumbens one (A) and 24 (B) hours following intra-PFC
infusion.  Representative blots are shown on the right of the graphs.
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Figure 3-5: Effects of intra-mPFC infusions of ACSF, SKF 38393 (0.23 ug), or SCH
23390 (0.25 ug) on phospho-TH/total TH ratios in the VTA (n=5-6 for each group).

Data are represented as mean ratios of Phospho-TH to Total TH immunoreactivity
(±SEM) in the ventral tegmental area one (A) and 24 (B) hours following intra-PFC
infusion.  Representative blots are shown on the right of the graphs.
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Figure 3-6: Schematic representation of placement of injector needle tips within the
mPFC for animals analyzed for TH and DAT levels.

Numbers depicted next to each brain slice indicate the mm anterior to bregma.  The
diagram was drawn with the assistance of Paxinos and Watson [262].
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Figure 3-7: Schematic representation of placement of injector needle tips within the
mPFC for animals analyzed for Phospho-TH levels.

Numbers depicted next to each brain slice indicate the mm anterior to bregma.  The
diagram was drawn with the assistance of Paxinos and Watson [262].
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3-4. Discussion

Experiment One demonstrated that mesolimbic levels of tyrosine hydroxylase (TH) and

dopamine transporter (DAT) protein were unchanged at both time points following intra-

PFC D1 agonist or antagonist.  The experiment was replicated to determine if there were

changes in phospho-TH without changes in total TH.  The second experiment showed no

effect of intra-PFC treatment with D1 agonist or antagonist on phospho-TH levels in

either brain region studied either one or 24 hours following infusion.

It is not surprising that intra-PFC treatment with D1 agents did not alter levels of

tyrosine hydroxylase or dopamine transporter protein, as induction of changes at the

level of gene expression often require chronic exposure to stress or drugs as opposed to a

single treatment [91].  Furthermore, the results of Experiment One do not disqualify the

potential involvement of TH and/or DAT.  One potential mechanism for the increase in

NAcc DA that occurs 24 hours following intra-PFC SCH 23390 [256] is by decreased

dopamine transporter function due to internalization [235, 275].  This translocation from

the plasma membrane is undetectable using the methods employed in Experiment One,

and alterations in DAT trafficking have been reported to occur in vitro following acute

cocaine [193, 215] and ethanol [228] exposure.  Furthermore, in striatal tissue, DAT

transport capacity is regulated by protein kinase C (PKC) [275, 359], mitogen-activated

protein kinase (MAPK) [240], changes in intracellular levels of Ca2+ [352] and possibly

protein kinase A (PKA) [13] - transduction systems that could potentially be modulated

by glutamatergic prefrontal afferents.
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Intra-PFC SCH 23390 could also lead to increased synthesis of DA.  While levels of TH

were not increased, activity of aromatic L-amino acid decarboxylase could have been

elevated, or activity of TH could have been increased by phosphorylation [226], neither

of which wouldn’t have been exposed by the results of Experiment One.  Upon

measuring phospho-TH to total TH ratios, we still found no significant differences

among groups.  Despite the lack of significance, there was a slight decline in phospho-

TH to total-TH ratios in the VTA following intra-PFC SCH 23390 at both time points

studied and potential significance may have been prevented by high variability in the

control groups.  If there was a decline in VTA phospho-TH levels, a likely scenario

involving the VTA could be proposed.  A decline in phospho-TH levels in the VTA

would be expected to decrease local synthesis of DA [226], leading to a decline in local

(dendritic) DAergic signaling.  This decline in DA signaling would decrease afferent

glutamate release [189], which by disinhibition of mesolimbic neurons would result in

elevated NAcc DA [337].

Previous studies have demonstrated delayed effects of PFC D1 blockade on behavior.

VTA intra-cranial self-stimulation thresholds are elevated 24 hours following an intra-

PFC dose of SCH 23390 that has no immediate effect [81].  Vezina and his colleagues

reported delayed effects in stimulated locomotor activity following intra-PFC D1

blockade [362].  In this study, they found that two days following intra-PFC SCH 23390,

hyperlocomotion induced by intra-NAcc amphetamine was decreased, while intra-NAcc

D1 agonist-stimulated hyperlocomotion was increased.  Additionally, they found an
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increase in maximal DA-stimulated adenylate cyclase activity two days following intra-

PFC SCH 23390.  Based on the locomotor and biochemical data, the authors concluded

that the delayed effects observed were likely due to post-synaptic changes in DA

transmission [362].  An important difference between this study and the present one is

that the changes we have previously reported [256] and that we are trying to investigate

are changes in basal dopamine release and/or uptake, not changes in stimulated release

or post-synaptic sensitivity.  Specifically, the present study set out to detect changes

localized to the cell bodies or terminals of mesolimbic neurons, which the Vezina study

did not directly address.  Additionally, while Vezina et al. investigated delayed effects of

intra-PFC D1 antagonist, they measured effects 48 hours following intra-PFC infusion,

while the present study measured 24 hours following infusion.

Depletion of DA in the PFC enhances mesolimbic DA transmission similar to prefrontal

D1 blockade.  Destruction of DA terminals in the PFC increases cocaine-stimulated

locomotor activity and the associated rise in NAcc DA [17].  Similarly, stress- [194],

natural reward- [237], and potassium- [346] induced increases in NAcc DA are also

enhanced by PFC DA depletion.  In addition to stimulated mesolimbic DA activity,

lesion of the prefrontal DA system has also been shown to produce a slight increase in

basal NAcc DA [194] (although see [32]), an effect also seen after prefrontal D1

blockade [256].  Consistent with the present study concerning D1 blockade, 6-OHDA

lesion of the PFC elevates basal NAcc DA [194] but does not alter tyrosine hydroxylase

activity in the VTA or NAcc [294].
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One additional possibility for a lack of effect following intra-PFC SCH 23390 in the

present study is the nature of the dissections employed.  The amount of tissue required in

the assays made the use of a large tissue punch (1.5 mm diameter) necessary.  By using

this punch, we were unable to differentiate the core versus shell within the NAcc, and

VTA samples likely contained small amounts of tissue from the substantia nigra.

Therefore, changes specific to a subregion of the NAcc or the VTA versus the SN may

not have been detected by our assays.  In conclusion, we report that while intra-PFC D1

blockade has a delayed effect on behavior [85, 362] and NAcc DA levels [256], neither

D1 agonist nor antagonist altered levels of TH, phospho-(serine 40)-TH, or DAT in the

mesolimbic pathway.
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CHAPTER 4.  MEDIAL PREFRONTAL CORTEX D1 MODULATION OF THE
REINFORCING PROPERTIES OF COCAINE

4-1. Introduction

 The mesolimbic dopamine (DA) pathway is part of the neural circuit thought to mediate

natural and drug-induced reward [200, 287, 386].  Destruction of mesolimbic dopamine

neurons leads to a severe decline in cocaine self-administration [264], an effect

replicated by high doses of dopamine antagonist infused into the NAcc [89].  The

prefrontal cortex (PFC) sends glutamatergic efferents to both the VTA and NAcc [42,

46], and glutamate transmission in both regions alters mesolimbic dopamine levels [163,

337, 360].  The PFC modulates the mesolimbic DA system via these pathways, and

blockade of PFC DA activity appears to enhance mesolimbic DA.  For instance, six-

hydroxydopamine (6-OHDA) lesion of the PFC has been reported to increase cocaine-

stimulated hyperlocomotion as well as cocaine- and potassium-induced increases in

NAcc DA [17, 346], and dopaminergic lesions increase spontaneous motor behavior and

amphetamine-induced stereotypy [47].

The output of the PFC is strongly determined by activity at D1 receptors [129].

Furthermore, some of the effects of DA depletion, such as enhanced stress-induced

elevation of NAcc [71], and induction of behavioral sensitization [18], are mimicked by

D1 receptor blockade [76, 324].  Stimulation of the PFC DA system by local infusion of

amphetamine blocks the hyperlocomotion caused by intra-NAcc amphetamine [361].

Conversely, intra-NAcc amphetamine-induced hyperlocomotion is potentiated by

antagonism of PFC D1, but not D2, serotonergic, or noradrenergic receptors [361].
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As with locomotor activity, reinforced behaviors can also be altered by PFC

manipulation.  Disruption of the prefrontal dopaminergic system by 6-OHDA lesions

increases the rewarding efficacy of low doses of cocaine [232, 301], but not

amphetamine [209] as measured by self-administration.  D1 receptor antagonism in the

PFC lowers brain stimulation thresholds with VTA intracranial self-stimulation both

immediately and 24 hours following infusion [81].  Additionally, intra-PFC infusion of

D1 antagonist has been shown to lower breakpoints for high doses of cocaine [234], an

effect similar to pretreatment with drugs that elevate mesolimbic DA [245, 315, 340,

391].

Intra-PFC treatment with SCH 23390 has been demonstrated to have delayed effects as

well.  While intra-PFC infusion of SCH 23390 rapidly lowers intra-VTA ICSS

thresholds, a lower dose that has no immediate effect produces a marked reduction in

ICSS thresholds 24 hours following infusion [81].  Similarly, hyperlocomotion

stimulated by intra-NAcc D1 agonist (SKF 38393) is enhanced 48 hours following intra-

PFC SCH 23390, although intra-NAcc amphetamine-stimulated hyperlocomotion is

diminished 48 hours post-infusion [362].  Consistent with these delayed effects on

behavior, our laboratory has demonstrated that intra-PFC infusion of SCH 23390

elevates NAcc DA levels 24 hours following infusion without having an immediate

effect on NAcc DA [256].  The goal of this study was to measure cocaine self-

administration at different time points following infusion of D1 agonist, D1 antagonist,

or vehicle.  We have previously reported that intra-PFC infusion of D1 antagonist

elevates NAcc DA 24 hours following infusion [256].  It was hypothesized that this
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delayed change in basal NAcc DA following intra-PFC D1 antagonist would be

reflected by a change in cocaine self-administration.  Specifically, it was predicted that

the breakpoint would be lowered at this time/treatment point because NAcc DA is

elevated, an effect that would be similar to pretreatment with a drug that elevated NAcc

DA.  Pretreatment with amphetamine [221, 245], GBR 12909 [315, 340], phentermine

[391], and D1 agonist [272] all elevate NAcc levels and all lead to decreased cocaine

self-administration.  In this study, rats were trained to self-administer cocaine on a

progressive ratio of reinforcement, then treated with intra-PFC infusion of D1 agonist,

D1 antagonist, or vehicle.  Cocaine-reinforced responding at different timepoints

following intra-PFC infusion was compared to baseline responding prior to infusion.

4-2. Materials and Methods

4-2.1. Subjects

Male Sprague-Dawley rats (Animal Resources Center, University of Texas at Austin)

weighing 250-300 g (approximately 9 weeks of age) at the time of surgery were used.

Animals were group-housed and handled for at least 7 days prior to surgery, and

individually housed thereafter in a temperature controlled (23o C) environment with a

reversed light/dark cycle.

4-2.2. Apparatus

Operant sessions were conducted in Plexiglas chambers (28 x 22 x 21 cm) within sound-

attenuating boxes (Med Assoc, St. Albans, VT).  Chambers contained a single

retractable lever on the right wall, with a stimulus light directly above the lever and a

house light on the opposite wall.  Locomotor activity was monitored by three
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photobeams one each in the center and 5 cm from each side wall.  Cocaine infusions

were delivered by a syringe pump connected to a single-channel swivel mounted on a

counterbalanced arm above each chamber.  Infusion tubing was connected to the animal

within a coil tether that screwed into the cannula mounted on the animal’s head (Plastics

One, Roanoke, VA).

4-2.3. Operant Training

Following the handling period, animals were food restricted and trained in the operant

chambers to lever press for sucrose pellets (45 mg, P.J. Noyes, Lancaster, NH) on a

fixed ratio-1 schedule of reinforcement (FR-1).  During the session, the house light was

illuminated, and the stimulus lamp flashed after every lever response.  Operant training

continued until each animal pressed the lever at least 40 times in a 10-min period for

four consecutive days.

4-2.4. Surgical Procedure

After completion of operant training, animals were implanted with bilateral mPFC

cannulae and a jugular catheter.  Rats were anesthetized with Nembutal (50 mg/kg, i.p.)

and chloral hydrate (80 mg/kg, i.p.).  Atropine sulfate (250 ug/rat, s.c.) was given

prophylactically to remedy respiratory congestion.   A Silastic catheter (0.625 mm o.d.)

was inserted into the right jugular vein and advanced into the right atrium.  The distal

end of the catheter was connected to a steel cannula (Plastics One, Roanoke, VA), which

was routed subcutaneously along the side of the neck and out to an incision on the head.

Bilateral mPFC cannulae (22 g, Plastics One, Roanoke) and a jugular catheter were

implanted and secured with dental acrylic.  The following stereotaxic coordinates were

used for the mPFC: with the incisor bar 5.0 mm above zero, mPFC = AP:+4.5 mm,
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ML:± 0.7 mm, DV:-3.1 mm.  Stainless steel obturators were placed into the cannulae

and moved daily to prevent obstruction.  On days 1-5 post-surgery, jugular catheters

were flushed daily with 0.1 ml of a saline solution containing 1U/ml heparin and 67

mg/ml of the antibiotic Timentin.  After day 5, catheters were flushed daily with 0.1 ml

saline with 1U/ml heparin.  Animals were allowed to recover at least one week prior to

experimentation.

4-2.5. Drug Self-Administration Sessions

4-2.5.1. Fixed Ratio Training

After recovery from surgery, animals were trained to respond for cocaine reward (0.75

mg/kg/infusion) on an FR-1 schedule of reinforcement.  Each cocaine injection was in a

volume of 0.1 cc infused over 5.5 sec, during which time the stimulus lamp was

illuminated.  After each infusion, there was a 20-sec timeout during which the lever was

retracted.  Self-administration sessions were one hour in length and conducted six days

per week.  The criterion for completion of fixed ratio training was when an animal

received an average of at least 10 infusions per day for three consecutive days.

4-2.5.2. Advanced Ratio Training

After successfully completing fixed ratio training, animals were trained to self-

administer cocaine on either a progressive ratio (Experiment 1) or FR-3 (Experiment 2)

schedule of reinforcement.  The progressive ratio schedule was calculated using the

following formula:

5eik - 5
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Reinforcement Number Number of responses
1 1
2 2
3 4
4 6
5 9
6 12
7 15
8 20
9 25

10 32
11 40
12 50
13 62
14 77
15 95
16 118
17 145
18 178
19 219
20 268

Figure 4-1: Response requirements on the progressive ratio schedule of reinforcement.

The number of responses required to obtain each reinforcement on the progressive ratio
is illustrated.  Values were calculated using the formula in the Methods section.
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where i = reward number and k = a constant, 0.2 for these experiments.  Figure 4-1

shows the number of responses required for each infusion.  Self-administration sessions

were conducted six days per week and were either one (FR-3 training) or two

(progressive ratio training) hours in length.  The criterion for completion of training was

different for FR-3 versus the PR schedule.  Fixed ratio-3 training was completed when

the number of rewards obtained varied by less than 15 percent for three consecutive

days.  Progressive ratio training was completed when the number of breakpoints (the

number of rewards obtained during a session) for an animal varied by less than three for

three consecutive days for a total of no less than 10 total days of progressive ratio

training.  Fixed ratio-3 training was completed when for three consecutive days the

breakpoint varied by less than three rewards or 15%, whichever value was higher.

4-2.6. Intra-Prefrontal Cortex Injections

Equimolar solutions of SCH 23390 and SKF 38393 (RBI, Natick) were dissolved into

artificial cerebrospinal fluid (ACSF; 128.3 mM NaCl, 2.68 mM KCl, 1.35 mM CaCl2, 2

mM MgCl2, pH 7.3).  SCH 23390, SKF 38393, and ACSF were bilaterally infused in 0.5

µl of solution into the mPFC through an assembly of 26 gauge infusion needles (Plastics

One, Roanoke) and PE 50 tubing.  Infusions were given over a 30-90 sec period and

verified by movement of an air bubble across a set distance.  Infusion needles were left

in place for one min after the end of the infusion to allow diffusion of the solution.

4-2.7. Histology

After the experiment was completed, animals were given a lethal dose of chloral hydrate

and perfused with 10% formalin.  Brains were removed and put into a sucrose/formalin

solution (30%/10%) until sectioning.  Sections (60 um) were mounted onto slides and
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stained with Crystal Violet (J.T. Baker, Philipsburg). Figures 4-6 and 4-8 represent the

placement of the PFC cannula injector tips for animals in the progressive ratio and fixed

ratio experiments, respectively.

4-2.8. Data Analysis

Two-way ANOVA (Group x Time) with repeated measures on the Time factor was

performed on the number of reinforcements or loco to breakpoint ratios obtained during

each cocaine self-administration session included in the experiment.  Post-hoc

comparisons (Fisher’s LSD) were used to detect significant differences within- and

between-groups across matched time points.  When there was no overall effect of the

ANOVA on breakpoint data, within- and between-group planned comparisons were

made on the SCH 23390 24 hour group, as previous data suggested that this data point

may be different [256].  Locomotor to breakpoint ratios and breakpoints compared

before and after progressive ratio training (see Figures 4-4 and 4-5) were compared by

paired t-tests.

4-2.9. Procedure

Animals were handled at least one week then trained for operant responding using

sucrose pellets as a reinforcer.  Animals were implanted with bilateral mPFC cannulae

and received a jugular catheter.  After at least a one-week recovery period, fixed ratio-1

(FR-1) training began and lasted 1-2 weeks.  After completion of FR training, rats went

to the advanced training phase, which was a fixed ratio-3 (FR-3) or progressive ratio

(PR) schedule of reinforcement, depending on the experiment.  The advanced training

phase lasted 1-3 or 2-3 weeks, for FR-3 or PR training, respectively.
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4-2.9.1. Experiment 1: Effects of Intra-PFC D1 Receptor Manipulation on Cocaine
Self-Administration under a Progressive Ratio Schedule of Reinforcement

At the onset of PR training, rats were assigned to the experimental group (self-

administering for 0.25 or 0.75 mg/kg cocaine per infusion).  Animals within a particular

group self-administered for the same dose throughout the experiment.  When the

criterion for PR training was met, animals began the experimental phase.  After a stable

baseline from PR cocaine self-administration was established (3 consecutive days where

the breakpoint varied by less than three rewards), animals received an intra-mPFC

infusion of dopamine D1 agonist (SKF 38393, 0.23 ug), D1 antagonist (SCH 23390,

0.25 ug), or vehicle (ACSF).  Immediately following infusion, animals were placed into

the operant chambers and were tested for cocaine self-administration on a PR schedule

of reinforcement.  Data from self-administration (SA) sessions 0, 24 and 48 hours

following intra-PFC infusion were compared to the baseline values derived from the

three SA sessions prior to intra-PFC infusion.  The process was repeated such that three

intra-PFC infusions, one each of D1 agonist, D1 antagonist, and vehicle were given to

each animal.  Infusions were performed no less than one week apart and the order they

were given in was counterbalanced.

4-2.9.2. Experiment 2: Effects of Intra-PFC D1 Receptor Manipulation on Cocaine
Self-Administration under an FR-3 Schedule of Reinforcement

Based on data from Experiment 1, a reinforcement level of 0.25 mg/kg cocaine was

chosen to further investigate the effects of prefrontal D1 receptors on cocaine self-

administration behavior.  When the criterion for FR-3 training was met, animals began

the experimental phase.  After a stable baseline from FR-3 cocaine self-administration

was established (3 consecutive days where the breakpoint varied by less than three
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rewards or 15%, whichever value was higher), animals received an intra-mPFC infusion

of dopamine D1 antagonist (SCH 23390, 0.25 ug) or vehicle (ACSF).  Immediately

following infusion, animals were placed into the operant chambers and were tested for

cocaine self-administration on an FR-3 schedule of reinforcement.  Data from self-

administration (SA) sessions 0, 24 and 48 hours following intra-PFC infusion were

compared to the thee baseline SA values prior to each intra-PFC infusion.  The process

was repeated such that two intra-PFC infusions, one each of D1 antagonist and vehicle

were given to each animal in counterbalanced order.  Infusions were performed at least a

week apart.

4-3. Results

4-3.1. Experiment 1: Effects of Intra-PFC D1 Receptor Manipulation on Cocaine
Self-Administration under a Progressive Ratio Schedule of Reinforcement

4-3.1.1. Self-Administration of 0.25 mg/kg cocaine

Figure 4-2A shows the effects of mPFC infusion of SCH 23390, SKF 38393, or ACSF

on breakpoints for 0.25 mg/kg cocaine.  Two-way ANOVA performed on animals self-

administering 0.25 mg/kg cocaine showed no significant group (F(2,5)=0.69;n.s.), time

(F(5,89)=1.10; n.s.), or interaction (F(10,89)=0.99; n.s.) effects.  Data from Chapter 2

led to a hypothesis that intra-PFC infusion of SCH 23390 would affect cocaine self-

administration 24 hours following infusion; therefore, planned comparisons were

performed on this data point.  Between-groups comparisons at the 24-hour time point

revealed that breakpoint significantly declined compared to rats treated with vehicle

(p<0.05) or SKF 38393 (p<0.05).  Additionally, breakpoint 24 hours following intra-

PFC infusion of SCH 23390 was significantly lower than the same animals on baseline

day 2 (BL2; p<0.01) and 3 (BL3; p<0.05), but not baseline day 1.
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Figure 4-2: Cocaine self-administration on progressive ratio following intra-PFC
treatment with D1-acting drugs.

Data shows daily breakpoint values from animals trained to self-administer 0.25 mg/kg
(A) or 0.75 mg/kg (B) cocaine.  Values are represented as mean (±SEM) for 3 baseline
days (BL1-3) prior to infusion and 0, 24, and 48 hours post-infusion of ACSF, SKF
38393 (0.23 ug), or SCH 23390 (0.25 ug). * significant within- and between- groups
difference (p<0.05.)
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4-3.1.2. Self-Administration of 0.75 mg/kg Cocaine

Figure 4-2B shows the effects of mPFC infusion of SCH 23390, SKF 38393, or ACSF

on breakpoints for 0.75 mg/kg cocaine.  Two-way ANOVA performed on animals self-

administering 0.75 mg/kg cocaine showed no significant group (F(2,5)=1.45; n.s.), time

(F(5,71)=0.55; n.s.), or interaction (F(10,71)=0.53; n.s.) effects.  Planned comparisons

(see previous section) showed no within-groups difference when the 24-hour SCH

23390 data point was compared.  Between groups comparisons showed a difference

between SCH 23390 and SKF 38393 at 24 hours (p<0.05), but not between SCH 23390

and ACSF at the same time point.

4-3.1.3. Locomotor Response to Cocaine During the Experiment Phase

To determine if intra-PFC infusion of SCH 23390 caused a change in the locomotor

response to cocaine that followed the decline in breakpoint, locomotor to breakpoint

ratios were calculated for baseline and post-treatment days.  Figure 4-3 shows locomotor

to breakpoint ratios before and after intra-PFC infusion of SCH 23390, SKF 38393, or

ACSF.  Two-way ANOVA on ratios showed no significant group (F(2,5)=0.22; n.s.),

time (F(5,89)=2.33; n.s.), or interaction effects F(10,89)=0.74; n.s.).  Planned

comparisons showed no significant within-groups or between-groups differences.
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Figure 4-3: Locomotor to breakpoint ratios following intra-PFC treatment with D1-
acting drugs.

Data shows relative locomotor responses per unit dose of cocaine from animals trained
to self-administer 0.25 mg/kg cocaine (breakpoint values seen in Figure 4-2A.)  Values
are represented as mean (±SEM) for 3 baseline days (BL1-3) prior to infusion and 0, 24,
and 48 hours post-infusion of ACSF, SKF 38393 (0.23 ug), or SCH 23390 (0.25 ug).
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4-3.1.4. Locomotor Response to Cocaine Before and After Progressive Ratio
Training

Although the data shown in Figure 4-3 demonstrate a lack of effect of either intra-PFC

D1 agent on locomotor response to cocaine self-administration, they do not address

whether changes in the locomotor response to cocaine is altered with increased cocaine

history.  Figures 4-4 and 4-5 show self-administration data from animals early in

progressive ratio (PR) training compared to after PR training.  Mean locomotor to

breakpoint ratios were taken from each animal for the first three days of progressive

ratio training and the three baseline days preceding intra-PFC ACSF infusion

(experiment phase).  In rats self-administering 0.25 mg/kg cocaine (Figure 4-4), there

was a significant decrease in the locomotor to breakpoint ratio early in the training phase

versus the experiment phase (t=2.97; p<0.05), while the mean breakpoints during the

same time period remained unchanged (t=0; n.s.).  Data from rats self-administering

0.75 mg/kg cocaine (Figure 4-5) showed no change in the locomotor to breakpoint ratio

early in the training phase versus the experiment phase (t=-0.10; n.s.), although there

was a non-significant elevation in breakpoint values during this time (t=2.38; p=0.1).
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Figure 4-4: Locomotor to breakpoint ratio and breakpoints at the beginning of PR
training and during the experiment phase for rats self-administering 0.25 mg/kg cocaine.

Bars represent mean ratios (A) or breakpoints (B) for the same animals during the first
three days of PR training (Pre) and during the three baseline days prior to ACSF infusion
(BL).  * p<0.05.
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Figure 4-5: Locomotor to breakpoint ratio and breakpoints at the beginning of PR
training and during the experiment phase for rats self-administering 0.75 mg/kg cocaine.

Bars represent mean ratios (A) or breakpoints (B) for the same animals during the first
three days of PR training (Pre) and during the three baseline days prior to ACSF infusion
(BL).
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Figure 4-6: Schematic representation of placement of injector needle tips within the
mPFC for animals in Experiment 1.

Numbers depicted next to each brain slice indicate the mm anterior to bregma.  The
diagram was drawn with the assistance of Paxinos and Watson [262].
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4-3.2. Experiment 2: Effects of Intra-PFC D1 Receptor Manipulation on Cocaine
Self-Administration under a Fixed Ratio Schedule of Reinforcement

Figure 4-7 shows the effects of mPFC infusion of SCH 23390, SKF 38393, or ACSF on

the number of reinforcements for 0.25 mg/kg cocaine on an FR-3 schedule.  Two-way

ANOVA performed on mean infusions showed no significant group (F(1,5)=0.30; n.s.),

time (F(5,71)=0.24; n.s.), or interaction (F(5,71)=0.39; n.s.) effects.  Planned

comparison revealed no within- or between-group differences of the 24-hour SCH 23390

data point.
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Figure 4-7: Cocaine self-administration on an FR-3 schedule following intra-PFC
treatment with D1-acting drugs.

Values are represented as mean (±SEM) for 3 baseline days (BL1-3) prior to infusion
and 0, 24, and 48 hours post-infusion of ACSF, SKF 38393 (0.23 ug), or SCH 23390
(0.25 ug).
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Figure 4-8: Schematic representation of placement of injector needle tips within the
mPFC for animals in Experiment 2.

Numbers depicted next to each brain slice indicate the mm anterior to bregma.  The
diagram was drawn with the assistance of Paxinos and Watson [262].
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4-4. Discussion

The present study demonstrates that disruption of dopamine transmission in the

prefrontal cortex is capable of altering cocaine self-administration (SA).  Intra-PFC

infusion of the D1 antagonist SCH 23390 produced a delayed reduction in PR

responding for 0.25 mg/kg cocaine that returned to baseline 24 hours later.  Prefrontal

infusion of the D1 agonist SKF 38393 did not have an immediate or delayed effect on

cocaine SA at either of the cocaine doses tested.  None of the intra-PFC treatments had

immediate or delayed effects on the locomotor-activating properties of cocaine.  In

contrast, animals self-administering 0.25 mg/kg cocaine showed a decline in the

locomotor activating capacity of self-administered cocaine from the training to

experiment phase, although the number of cocaine-reinforced responses remained the

same during this time.  Animals self-administering 0.75 mg/kg cocaine showed no

change in the cocaine-associated locomotion from training to experiment phase, but

showed a trend toward increased cocaine intake.  When measured on an FR schedule of

reinforcement, intra-PFC infusion of SCH 23390 had no effect on SA of 0.25 mg/kg

cocaine.

The timing of changes in breakpoints for cocaine self-administration mirrored alterations

in NAcc DA levels following intra-PFC SCH 23390 that we have previously reported

[256].  Specifically, there was no immediate effect of the infusion on NAcc DA or

cocaine responding, but 24 hours later, NAcc DA was elevated [256] and breakpoints

were reduced.  This outcome was not surprising, as other treatments that elevate NAcc
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DA prior to cocaine SA have the same response-reducing effect.  Pretreatment with

amphetamine [221, 245], GBR 12909 [315, 340], phentermine [391], and D1 agonist

[272] all elevate NAcc levels and decrease the reinforcing value of cocaine.  Likewise,

the time course of altered cocaine SA induced by intra-PFC DA antagonist corresponds

with other behavioral studies showing enhancement of brain stimulation reward [81] and

conditioned place preference [84] 24 hours after similar DA antagonist treatment.  The

delayed effect of prefrontal DA blockade supports our previous contention (see Chapter

Two Discussion) that interruption of prefrontal DA transmission has no immediate effect

on basal mesolimbic activity but may gradually summate enough to be observed at a

later point in time.

Interference with prefrontal DA signaling has been previously shown to alter cocaine

self-administration.  6-OHDA lesion of the PFC differentially increased breakpoints for

low doses of cocaine [232, 301], while intra-PFC infusion of SCH 23390 resulted in an

immediate decline in cocaine responding for a high dose of cocaine, although a low dose

of cocaine was not tested in this study [234].  While reports seem to be in contrast to our

own findings, there are notable differences between the studies.  Like the present study,

6-OHDA lesion of the PFC only had an effect on low doses of cocaine, although it

elevated cocaine responding.  This difference may be due to the more permanent and

drastic nature of destroying DA terminals compared to acutely inhibiting D1 receptors.

While intra-PFC SCH 23390 was shown to depress cocaine responding, it was reported

to occur immediately [234]; however, the doses of intra-PFC SCH 23390 were 4- to 8-

fold greater than in the present study.  In addition to binding to D1 receptors, SCH
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23390 has been demonstrated to have a weak affinity for 5-HT1, 5-HT2 and α-adrenergic

receptors [20, 21, 156], and high doses of SCH 23390 increase the likelihood of

interactions with these receptors.  Finally, the study reporting an immediate effect of

intra-PFC SCH 23390 used SA of a high dose of cocaine (1.5 mg/kg).  The use of high

doses of cocaine may lead to a high degree of mesolimbic stimulation, which – as

discussed in Chapter Two, is more likely to be affected immediately following intra-PFC

infusion.

One trend that seems to emerge from studies of cocaine self-administration following

disruption of the PFC DA system is a differential effect on low doses of cocaine, which

may reflect a shift of the dose-response curve.  Generally speaking, responding for a

reinforcer on a fixed ratio (FR) schedule of reinforcement leads to an inverse U shaped

dose-response (D-R) curve, while progressive ratio (PR) schedules generate straight

lines whereby breakpoint increases as the unit drug dose increases [8, 70].  Schenk et al.

demonstrated that 6-OHDA lesion of the PFC produced a fixed ratio D-R curve that only

had a descending limb, but it was speculated that a leftward shift in the D-R curve would

have emerged if lower doses of cocaine were used [301].  Another group studying the

effects of prefrontal SCH 23390 infusion reported rate increasing (FR) and breakpoint-

reducing (PR) effects of the treatment, although only a single dose of cocaine was tested,

making it difficult to draw conclusions regarding a full D-R curve [234].  In contrast to

producing a curve shift, 6-OHDA lesion of the PFC has been shown to change the slope

of the D-R curve for cocaine SA under progressive ratio [232].  Specifically, the lesion

left high doses unaltered, while it produced a decline in breakpoints that increased with
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lower unit doses of cocaine.  In direct comparison to the present study, 6-OHDA lesion

had no distinguishable effect on responding for 0.75 mg/kg cocaine, but responding was

diminished at unit doses approaching 0.25 mg/kg (where the decline was observed in the

present study) [232].  The present study only used two doses of cocaine, so it is difficult

to determine whether prefrontal SCH 23390 led to a left shift in the D-R curve or if the

slope was changed.

The fact that we saw an effect on PR, but not FR responding supports the concept that

the two schedules of reinforcement measure different properties of the reinforcer [234,

285].  Pretreatments have been demonstrated to differentially affect progressive versus

fixed ratio schedules of reinforcement.  Intra-PFC SCH 23390 increased the rate of

responding for cocaine on a fixed ratio, yet lowered the breakpoint achieved on a

progressive ratio [234].  Systemic treatment with baclofen prior to cocaine self-

administration diminished intake on progressive ratio, while it only reduced responding

for a low cocaine dose on fixed ratio [31].  Overexpression of the transcription factor

delta-FosB in striatal neurons leads to increased responding on progressive ratio and

unaltered intake on fixed ratio [53].  While there are numerous studies using both FR

and PR to assess the effect of a treatment on drug SA, PR responding is posited to be a

more true measure of an animal’s motivation under a particular reinforcement condition

[285].  Furthermore, data from our PR experiment is especially appropriate for this

study, as the breakpoint can be highly sensitive to experimental manipulation prior to the

self-administration session [285].  In conclusion, we report that blockade of prefrontal

D1 receptors results in a delayed reduction in breakpoint for a low dose of cocaine.
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Furthermore, this effect is time-locked to the increase in NAcc DA following intra-PFC

D1 blockade [256].
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CHAPTER 5. SUMMARY AND CONCLUSIONS

The overall hypothesis of this dissertation project was that the prefrontal cortex dopamine

system modulates the mesolimbic DA pathway and sensitivity to the reinforcing properties

of cocaine.  Specific Aim 1 demonstrated that interruption of the PFC DA system produced

a delayed elevation of DA in the NAcc.  Specific Aim 2 established that the delayed

elevation of NAcc DA after prefrontal D1 blockade was not due to a change in expression of

TH or DAT or a change in the amount of phosphorylated TH within the mesolimbic system.

Specific Aim 3 demonstrated that blockade of PFC D1 receptors altered the sensitivity to the

reinforcing effects of cocaine in the same time course as the neurochemical changes

revealed by the experiment for Specific Aim 1.

Although the hypothesis was supported by the studies in this dissertation project,

experiments addressing the mechanism of the delay in prefrontal modulation of

mesolimbic DA were inconclusive.  The time course of the delay suggests that there are

downstream effects of acute PFC D1 blockade that result in altered mesolimbic

transmission.  While these potential alterations are not clear, there are several pathways

in which plasticity could contribute to prefrontal modulation of mesolimbic DA activity.

Carr, Sesack, and their colleagues have elegantly mapped out synaptic connectivity of

the prefrontal interaction with the mesolimbic system and demonstrate that the PFC is

well positioned to modulate the mesolimbic DA system [42, 45, 46].  These and other

studies [66, 351] describe at least four potential mechanisms for prefrontal influence on

mesolimbic DA (see Figure 1-1.): Prefrontal efferents that 1) synapse on GABAergic

interneurons of the VTA [46], 2) synapse in the PPTg, whose efferents synapse on
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mesolimbic DA neurons [307, 351], 3) form synapses that are closely apposed to

mesolimbic DA terminals in the NAcc and can activate presynaptic metabotropic

glutamate receptors  [310], and 4) possibly synapse on cholinergic interneurons, which

can activate presynaptic nicotinic and muscarinic ACh receptors [66, 67].

Expanding on the anatomical data, pharmacological and physiological data support the

role of PFC-stimulated GABA, glutamate, and acetylcholine transmission on modulating

DA release from mesolimbic terminals.  Electrical stimulation of the PFC results in the

release of glutamate in the NAcc [336, 399] and VTA [335] and has been reported to

increase NAcc DA by these reports, although very high frequencies (25-400 Hz) of

stimulation were used.  When the PFC is stimulated with physiologically relevant

frequencies (3 Hz), NAcc DA release is suppressed, an effect likely due to the lack of

spillover induced by excessive stimulation [174].  Consistent with the idea that

glutamate release from PFC neurons targeting the NAcc and VTA suppresses

mesolimbic DA, stimulation of metabotropic glutamate receptors within the NAcc

inhibits basal [163] (although see [360]), as well as potassium-stimulated NAcc DA

[360].  Additionally, blockade of AMPA/kainate receptors in the VTA results in an

elevation in NAcc DA [337].  Therefore, under physiological conditions, prefrontal

glutamate appears to tonically inhibit mesolimbic DA neurons.
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Based on the evidence listed, there are several scenarios that could be expected to

produce the elevation in NAcc DA and the subsequent depression in cocaine self-

administration.  Blockade of prefrontal D1 receptors by SCH 23390 is expected to

suppress activity of the excitatory prefrontal efferents [129].  This could directly

disinhibit mesolimbic DA neurons by: 1) lowering the inhibitory tone at the terminal

region of mesolimbic neurons (via decreased mGluR transmission), 2) decreasing

excitatory input to GABA interneurons within the VTA or 3) decreasing the excitatory

tone on inhibitory cholinergic interneurons within the NAcc.  One scenario that may

explain the delayed effects on NAcc DA and cocaine self-administration of observed is

if PFC D1 blockade results in lower glutamatergic transmission in the VTA, this could

result in further suppression of PFC efferent activity by lowering the tonic excitatory

transmission in neurons projecting from the VTA to the PFC [337].  The gradual decline

in this feed forward circuit could summate enough to suppress PFC activity and

subsequently decrease basal levels of NAcc DA.  Alternatively, SCH 23390 within the

PFC could lead to a compensatory effect that emerges 24 hours post-infusion.  If there

was an upregulation in D1 signaling following blockade, although this would have the

opposite effect on local DA signaling, this supra-optimal stimulation, like the suboptimal

stimulation produced by D1 antagonism would be expected to depress the activity of

prefrontal efferents [129].

There is also evidence that the PFC could modulate NAcc DA by more indirect means.

First, prefrontal efferents synapse on neurons within the lateral dorsal tegmental (LDTg)
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and pedunculopontine tegmental (PPTg) nuclei [55, 351], and activation of these

neurons results in burst firing of mesolimbic DA neurons [98].  It is unclear whether

PFC activity enhances or inhibits PPTg activity, so it is difficult to determine if this

pathway would increase or decrease NAcc DA.  Additionally, it is possible that PFC

efferents synapse directly on cholinergic interneurons within the NAcc.  Although there

are no reports that have determined whether or not prefrontal efferents form synapses

onto accumbal cholinergic interneurons, local application of NMDA agonists results in

ACh release from these neurons [146].  There are both excitatory (nicotinic) [239] and

inhibitory (muscarinic) [67] ACh receptors on mesolimbic DA terminals, although the

net effect of ACh release from cholinergic interneurons is to promote DA release from

mesolimbic terminals [66, 403], suggesting that PFC afferents could facilitate rather than

inhibit mesolimbic DA neurons.  Nonetheless, altered input from prefrontal efferents due

to D1 blockade could lead to changes within these cholinergic neurons, as they are know

to exhibit plasticity and influence mesolimbic DA neurons [7].
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CHAPTER 6: FUTURE STUDIES

The experiment for Specific Aim 1 concluded that there was no immediate detectable

effect of intra-PFC D1 blockade on NAcc DA levels.  Immediate effects of PFC DA

antagonism have been reported when mesolimbic activity is stimulated by stress [75],

amphetamine [84, 361], or VTA electrical stimulation [81].  The present study found a

slight, non-significant increase in NAcc DA within the first 10 minutes of intra-PFC

SCH 23390.  The employment of a more sensitive measure, such as in vivo cyclic

voltammetry or microdialysis using shorter sampling times could potentially reveal brief

changes in NAcc DA occurring within the first 10 minutes following intra-PFC infusion.

The experiments for Specific Aim 2 concluded that there were no immediate or delayed

effects of intra-PFC SCH 23390 on levels of TH, phospho-TH, or DAT in the

mesolimbic system.  While there are numerous other circumstances that could lead to

elevated NAcc DA levels, the involvement of TH and/or DAT cannot be ruled out.

First, DAT at the mesolimbic terminals could have been internalized, thereby reducing

uptake without a change in overall levels of DAT protein.  One way to investigate this is

to measure half-life of the transporter at the plasma membrane [193].  Additionally,

subcellular fractionation could be used to isolate plasma membrane from the samples

and the Western blots could be replicated with these processed samples.  Although the

present experiments suggest otherwise, it is possible that tyrosine hydroxylase activity

within mesolimbic neurons could be responsible for the increase in NAcc DA.  First, the

serine 40 residue is not the only phosphorylation target of TH.  Tyrosine hydroxylase is
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also phosphorylated physiologically at serines 19 and 31 by Ca2+/calmodulin-dependent

kinase (CaMKII) and extracellular–regulated protein kinases (ERK), respectively [149].

Additional Western blots of tissue with phospho-specific antibodies for serines 19 and

31 could reveal an elevation in TH kinetics responsible for elevated NAcc DA following

intra-PFC SCH 23390.  As mentioned in the Chapter 3 Discussion, fairly large samples

of tissue were taken to ensure adequate levels of protein for assay.  Due to the large

samples, the core and shell of the NAcc were not discriminated, and VTA tissue likely

contained portions of substantia nigra.  The use of immunohistochemistry would be

appropriate to determine if there were changes in TH, phospho-TH, or DAT within

neurons specific to VTA or the subregions of the NAcc, and in situ hybridization could

reveal changes in TH and/or DAT mRNA within individual neurons of these subregions.

While these proposed studies could reveal changes at the protein level, they would not

address altered physiological states of the mesolimbic neurons per se.  Does blockade of

prefrontal D1 receptors lead to alterations in mesolimbic neurons or other neurons

within the circuit?  Electrophysiological techniques could be used to answer several

questions.  For example, does intra-PFC SCH 23390 change the spontaneous activity of

mesolimbic neurons?  Do these cells respond differently to glutamatergic, GABAergic,

or even cholinergic input following intra-PFC D1 blockade?  Are there changes in the

ratio of AMPA/NMDA receptor-mediated currents in these neurons?  The proposed

studies would likely reveal mechanistic causes for the delayed increase in NAcc

following intra-PFC SCH 23390.
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The experiments for Specific Aim 3 concluded that intra-PFC SCH 23390 depressed

responding for a low, but not high dose of cocaine on a progressive ratio schedule of

reinforcement.  By studying the effect of intra-PFC SCH 23390 on several doses of

cocaine on the PR schedule, a complete dose-response curve could be generated.  With a

dose-response curve, it would be possible to determine if the treatment led to a left shift

in the curve or if it changed the slope of the curve.  Specifically, if there were a change

in the slope of the curve, it might demonstrate that there was a selective effect of

prefrontal D1 blockade on lower, but not higher doses of cocaine.
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