Chapter 1

INTRODUCTION

Effects of cocaine 

Cocaine, an alkaloid found in the leaves of the shrub Erythroxylon coca (Feldman et al., 1997), is still the most frequently mentioned illicit drug in drug-related emergency room episodes and one of the major reasons for drug-related deaths in the United States (Drug Abuse Warning Network, NIDA, 2001). There can be severe medical complications associated with cocaine use. Some of the most frequent complications are cardiovascular (for example, disturbances in heart rhythm and heart attack), respiratory (for example, chest pain and respiratory failure), neurological (for example, strokes, seizures, and headaches), and gastrointestinal complications (for example, abdominal pain and nausea). Cocaine abusers are also at increased risk for contracting such infectious diseases as human immunodeficiency virus (HIV/AIDS) and viral hepatitis, especially for those who inject the drug (NIDA InfoFacts: Crack and Cocaine, 2005). In order to treat addiction and best address the health needs of cocaine users and addicts, we must understand the mechanisms underlying these effects of cocaine. 

Purified cocaine was first used in the 1880s as a local anesthetic in eye, nose, and throat surgeries because of its ability to provide anesthesia as well as to constrict blood vessels and limit bleeding (Feldman et al., 1997). In humans, the short-term effects of cocaine include feelings of exhilaration, euphoria, mental alertness, increased heart rate and blood pressure, and constricted blood vessels (Feldman et al., 1997). However, during withdrawal, cocaine users experience anhedonia, anergia, anxiety, and craving that can be exacerbated by exposure to the environmental cues associated with the drug (Feldman et al., 1997). The long-term psychological effects of cocaine include addiction, irritability and mood disturbances, restlessness, paranoia, and hallucinations (Feldman et al., 1997). Cocaine also can induce behavioral effects in animals. In experimental animals, acute administration of cocaine evokes a dose-dependent increase in locomotor activity and, at high doses, stereotypy (Bedingfield et al., 1996; Schindler and Carmona, 2002). The reinforcing effects of cocaine are evidenced by its capacity to support self-administration (Goldberg et al., 1971; Koob et al., 1987; McFarland et al., 2003; Kalivas and McFarland, 2003; Shaham et al., 2003). Repeated intermittent administration of cocaine can result in behavioral sensitization, or an enhancement of its behavioral effects (Cornish and Kalivas, 2000; Bedingfield et al., 1996). Since these behavioral effects of cocaine are related to cocaine abuse, exploring the neural mechanisms underlying these behavioral effects may lead eventually to more effective treatments for cocaine abuse.

Cocaine interacts with the plasma membrane transporters for dopamine (DA), norepinephrine (NE), and serotonin (5-HT), thereby blocking the cellular reuptake of all three monoamines (Taylor and Ho, 1978). The enhancement of DA neurotransmission by cocaine is believed to mediate its locomotor stimulatory (Uhl et al., 2002), discriminative stimulus (Callahan et al., 1997), rewarding (Uhl et al., 2002) and reinforcing effects (Kuhar et al., 1991). In addition, NE transporter blockade may well contribute to the aversive properties of cocaine (Uhl et al., 2002). In addition to the involvement of DA and NE in the behavioral effects of cocaine, 5-HT has been shown to alter DA release and modulate the behavioral profile seen upon cocaine administration (Walsh and Cunningham, 1997; Bardo, 1998; Uhl et al., 2002; Bubar et al., 2003). Recent studies have shown that cocaine initiates and maintains self-administration and produces conditioned place preference in mice which lack the DA transporter (DAT), presumably due to the action of cocaine to inhibit 5-HT transporters (Rocha et al., 1998; Sora et al., 2001). These data indicate that the 5-HT system is important in the generation of the reinforcing and rewarding effects of cocaine not only in the presence of the DAT but also independent of the DAT. However there are at least 14 subtypes of 5-HT receptors (Barnes and Sharp, 1999; Hoyer et al., 2002). These 5-HT receptors have shown different, and in some cases, opposite roles in the behavioral effects of cocaine (Callahan and Cunningham, 1995; Fletcher et al., 2002; McMahon and Cunningham, 2001). The precise roles of each 5-HT receptor in mediating the behavioral effects of cocaine are not well established and merit further investigation. 

5-HT2 Receptors in Effects of Cocaine 

Serotonin acts at several families of receptor proteins: 5-HT1, 5-HT2, 5-HT3, 5-HT4, 5-HT5, 5-HT6 and 5-HT7 receptors. The 5-HT2 receptor (5-HT2R) family currently includes three receptor subtypes: 5-HT2AR, 5-HT2BR, and 5-HT2CR (Barnes and Sharp, 1999). High levels of 5-HT2AR are found in many forebrain areas, especially neocortex, cingulate cortex, caudate nucleus and nucleus accumbens (NAc) (Cornea-Hebert  et al., 1999), while the 5-HT2CR is abundant in frontal and cingulate cortex, NAc, caudate-putamen and amygdala (Abramowski, 1995; Clemett et al., 2000). Conversely, only low levels of the 5-HT2BR are localized to the brain (Barnes and Sharp, 1999). Both the 5-HT2AR and 5-HT2CR are positively coupled to phospholipase C, which mediates inositol-1,4,5-trisphosphate (IP3) and diacylglycerol (DAG) accumulation, and phospholipase A2, which mediates arachidonic release (Felder et al., 1990; Berg et al., 1998). Thus, the 5-HT2AR and 5-HT2CR are localized to similar brain regions and utilize similar signal transduction pathways.

The 5-HT2AR and 5-HT2CR play differential roles in the modulation of the behavioral effects of cocaine. The highly selective 5-HT2AR antagonist M 100,907 has been shown to inhibit hyperactivity induced by the acute administration of cocaine (Fletcher et al., 2002; McMahon and Cunningham, 2001), cocaine- (Fletcher et al., 2002) and cocaine cue- (Nic Dhonnchadha and Cunningham, unpublished data) induced reinstatement of cocaine-seeking behavior, and the discriminative stimulus effects of cocaine (McMahon and Cunningham, 2001). In contrast, the 5-HT2AR agonist 1-(2,5-dimethoxy-4-iodophenyl)-2-aminopropane (DOI) has been shown to partially substitute for the discriminative stimulus effects of cocaine (Munzar et al., 2002; Liu and Cunningham, unpublished observation) and enhance cocaine-induced hyperactivity (Filip and Cunningham, submitted). Alternately, the 5-HT2CR agonist MK 212 has been shown to decrease the discriminative stimulus effects of cocaine (Callahan and Cunningham, 1995), and the 5-HT2CR agonist Ro 60,175 inhibited cocaine-induced hyperactivity and cocaine-induced reinstatement of cocaine-seeking behavior (Grottick et al., 2000). Conversely, the highly selective 5-HT2CR antagonist SB 242,084 enhanced cocaine-induced reinstatement of cocaine-seeking behaviors (Fletcher et al., 2002) and reversed the d-fenfluramine-induced attenuation of drug-seeking reinstatement induced by cocaine cue (Burmeister et al., 2004), the 5-HT2B/2C antagonist SB 206,553 inhibited at low doses, and enhanced at high dose, the cocaine-induced hyperactivity (McCreary and Cunningham, 1999). These data indicate that the 5-HT2AR and 5-HT2CR play distinct, and in some cases opposite, roles in various cocaine-mediated behavioral effects.

The 5-HT2AR and 5-HT2CR have been shown to control the expression of the behavioral effects of cocaine via actions in different nuclei of the mesocorticolimbic DA pathways, which originate in the ventral tegmental area (VTA) and terminate in limbic (e.g., NAc shell, amygdala) and cortical structures [e.g., prefrontal cortex (PFC)]. The hyperlocomotive and discriminative stimulus effects of cocaine were inhibited by microinfusion of the 5-HT2CR agonist MK 212 into the medial PFC (mPFC) but were enhanced by intra-NAc infusion of the 5-HT2CR agonist MK 212 or Ro 60,0175 (Filip and Cunningham, 2003; Filip and Cunningham, 2002; MaMahon et al., 2001). Given that systemic activation of the 5-HT2CR inhibited cocaine-induced hyperactivity (Grottick et al., 2000) and the discriminative stimulus effects of cocaine (Callahan and Cunningham, 1995), these data suggest that the effects of systemically administered 5-HT2CR ligands on cocaine-induced behaviors may represent actions at the 5-HT2CR differentially localized to multiple brain sites. On the contrary, intra-VTA infusion of the 5-HT2AR antagonist M 100,907 blocked cocaine-induced hyperactivity, while the intra-NAc infusion of M 100,907 was without effect (MaMahon et al., 2001). These data suggest that the 5-HT2AR and 5-HT2CR modulate the behavioral effects of cocaine through different brain nuclei. However, the roles of 5-HT2R in cocaine-induced conditioned behaviors are not well studied. Our preliminary data indicate that a 5-HT2CR agonist, but not a 5-HT2AR antagonist, inhibited the expression of cocaine-induced conditioned hyperactivity. Therefore, we propose to investigate the roles of 5-HT2CR in the expression of cocaine-induced conditioned behaviors. These data will lend understanding to the neural and pharmacological substrates mediating the expression of the conditioned behavioral effects of cocaine and suggest possible approaches to pharmacotherapy for cocaine dependence.

5-HT2CR in the Brain

The 5-HT2CR was first identified in porcine choroid plexus on the basis of its pharmacological characteristics (Pazos et al., 1984). In situ hybridization has shown that the 5-HT2CR mRNA is abundantly expressed throughout the central nervous system including PFC, amygdala, VTA and NAc (Mengod et al., 1990; Pompeiano et al., 1994; Pompeiano et al., 1999; Lopez-Gimenez et al., 2001). Immunohistochemistry studies have shown the similar distribution of the 5-HT2CR protein as the 5-HT2CR mRNA in the brain (Abramowski et al., 1995; Clemett et al., 2000). However, distribution of 5-HT2CR to specific neuronal subtypes in these brain areas has not been thoroughly investigated. 

The 5-HT2CR has been shown to be expressed in gamma-aminobutyric acid (GABA) neurons of several brain areas. Double-label in situ hybridization in the substantia nigra revealed coexpression of 5-HT2CR mRNA with glutamic acid decarboxylase (GAD), a marker of GABA neurons, but not with tyrosine hydroxylase mRNA, a marker of DA neurons, indicating that it was restricted to GABA neurons (Eberle-Wang et al., 1997). Double-label in situ hybridization in the anterior raphe nuclei showed that 5-HT2CR mRNA was detected in most GABA cells identified as those expressing GAD, but not in 5-HT cells, recognized by the presence of 5-HT transporter mRNA (Serrats et al., 2005). In line with these findings, it has been observed that 5-HT2CR agonists exert inhibitory effects on mesocorticolimbic DA neurons (Di Giovanni et al., 2001) and 5-HT neurons in raphe nucleus (Liu et al., 2000), both of which are presumably mediated by GABA neurons. The PFC, a nucleus projecting to both substantia nigra and raphe nucleus, is critical for cognition and drug addiction. Behavioral experiments have shown that microinjection of the 5-HT2CR agonists into the rat mPFC inhibited hyperlocomotive and discriminative stimulus effects of cocaine. Although two research reports indicate that the 5-HT2CR mRNA was not located to pyramidal-shaped cells in the human and monkey PFC (Abramowski et al., 1995; Clemett et al., 2000), no studies have been conducted to investigate the distribution of 5-HT2CR to specific neuronal subtypes in the rodent PFC.

Conditioned Effects of Cocaine 

Drug addiction is a chronic relapsing disorder characterized by compulsive drug-seeking and use (Nestler, 2002; Dackis and O'Brien, 2001). The high rates of recidivism present a considerable challenge in the treatment of cocaine addiction such that understanding the neurobiological basis of relapse has emerged as a central issue in addiction research. Based on observations that relapse is often associated with exposure to drug-related environmental stimuli, a conditioning hypothesis has been produced, which holds the view that specific environmental stimuli that have become associated with the rewarding actions of a drug by means of classical conditioning can elicit subjective states that trigger resumption of drug use (Di Chiara, 1999; O’Brien et al., 1998; Weiss et al., 2001; Weiss, 2005). In rodents, the conditioned behaviors similar to the behaviors observed following cocaine administration can be elicited in the absence of cocaine upon exposure to environment associated with chronic cocaine administration (Barr et al., 1983; Brown et al, 1992). Such a context-dependent drug-like effect is often considered a Pavlovian conditioned response. Contemporary theories of addiction ascribe particular importance to drug-associated envioronmental stimuli in inducing craving, supporting compulsive drug seeking and inducing relapse (Di Chiara, 1999; O’Brien, 1998). 

The ability of cocaine-associated stimuli or cues to evoke both physiological responses and self-reported craving, an obsessive yearning for cocaine, is well-established in cocaine addicts (Childress et al., 1999; Modesto-Lowe and Kranzler, 1999; Kilts et al., 2001; Bonson et al., 2002). A cue-reactivity paradigm, which involves the repeated presentation of drug-related visual, auditory or tactile stimuli in a laboratory setting to simulate the environmental cues thought to precipitate relapse, also has been used to develop new medications to treat human cocaine dependence. Dopamine and 5-HT agonists and antagonists, serotonergic manipulations, psychostimulatnts, mood stabilizers, opiate antagonists, nicotinic agents are examples of compounds which have been evaluated for their ability to reduce reactivity to cocaine-associated cues (Modesto-Lowe and Kranzler, 1999). Because most agents were ineffective to decrease cue-induced craving and the results are inconsistent across these studies, no definitive conclusions can be drawn concerning the effect of these agents on cocaine cue-induced craving  (Modesto-Lowe and Kranzler, 1999). For example, both the dopamine agonist bromocriptine (Dackis et al., 1985) and antagonist haloperidol (Berger et al., 1996) have been shown to reduce the cocaine craving. This indicates the importance of finding new agents that are effective in decreasing cocaine-induced conditioned behaviors in animal models.

In experimental animals, several models are used to investigate cocaine-induced conditioned behaviors. One simple model is based upon the finding that after repeated pairing of cocaine administration with test environment, the experimental animals will show increased locomotor activity when exposed to the cocaine-associated environment in the absence of cocaine; this is termed “cocaine-induced conditioned hyperactivity” (Barr et al., 1983; Brown et al., 1992b). The conditioned place preference assay is also used to study cocaine-induced conditioned behaviors. After repeated pairing of one environment with cocaine administration and another environment with saline administration, the experimental animals indicate their preference for the environment previously associated with cocaine exposure when both environments are accessible to them in the absence of an injection of cocaine (Spyraki et al., 1982; Calcagnetti et al., 1995). A third assay used to study cocaine-induced conditioned behaviors is cocaine cue-induced reinstatement of drug-seeking behaviors in the cocaine self-administration paradigm: when a stimulus  (cocaine cue, such as light or tone) is paired with cocaine infusions during cocaine self-administration experiment, the stimulus itself will induce cocaine-seeking behaviors in the absence of cocaine infusions even after animals are extinguished from the drug infusion environment (Shaham et al., 2003). In the present experiments, we employed the simple model of cocaine-induced conditioned hyperactivity to investigate the role of the 5-HT2CR in the expression of this conditioned behaviors.

Brain Circuitry Involved in Cocaine-Induced Conditioned Behaviors

Mesocorticolimbic DA pathways, originating in the VTA and terminating in limbic (e.g., NAc shell, amygdala) and cortical structures (e.g., PFC), are critically involved in the behavioral effects of cocaine. Intracranial self-administration studies found that cocaine was self-administered into the NAc shell (McKinzie et al., 1999) and the mPFC (Goeders and Smith, 1983). Drug discrimination experiments demonstrated that blockade of the DA D1 receptor in the amygdala resulted in a complete antagonism of the discriminative stimulus properties of cocaine (Callahan et al., 1995). Recent studies have also attempted to identify the neuroanatomical substrates underlying cocaine cue-induced behaviors. Functional neuroimaging studies in the brains of human cocaine addicts has provided the most direct assessment of the circuitry underlying the interoceptive state that is associated with presentation of cocaine-associated cues (Childress et al., 1999; Kilts et al., 2001; Bonson et al., 2002). When human cocaine addicts were exposed to drug-associated stimuli, they typically reported increased subjective craving (measured by self-rating) while the regional cerebral blood flow increased in the amygdala, anterior cingulate cortex, and dorsolateral PFC (Childress et al., 1999; Kilts et al., 2001; Bonson et al., 2002). These data suggest that the amygdala, anterior cingulate cortex, and dorsolateral PFC are involved in cocaine cue-induced craving in humans, which may trigger cocaine relapse (Weiss et al., 2003). Animal studies also indicate the importance of amygdala and PFC in cocaine cue-conditioning. For example, microinjection of tetrodotoxin, a Na+ channel blocker, into the basolateral amygdala or dorsal mPFC (anterior cingulate cortex and dorsal prelimbic mPFC), but not into the ventral mPFC (infralimbic and ventral prelimbic mPFC) or NAc, inhibited cue-evoked reinstatement of cocaine-seeking behavior in rat self-administration experiments (McLaughlin and See, 2003; Grimm and See, 2000). When cocaine administration in rats was repeatedly paired with activity monitors, exposure to the same activity monitors increased c-Fos expression in the cingulate cortex and amygdala, but not in the NAc (Brown et al., 1992). Microinjection of the GABAA receptor agonist muscimol into the mPFC or the GABAB receptor agonist baclofen into the NAc, but not muscimol into the basolateral amygdala, inhibited the expression of cocaine-induced conditioned hyperactivity (Franklin and Druhan, 2000b). All these data suggest the involvement of the mPFC (mainly its dorsal part) in expression of cocaine-induced conditioned behavior while the results for the other brain areas are not consistent. Moreover, a study showed that ten pairings of cocaine exposure with the activity monitors resulted in a conditioned hyperactivity 21 days after the last pairing; the exposure of conditioned rats to the activity monitors at that time point was associated with significantly increased levels of 5-HT and its metabolite 5-hydroxyindole-3-acetic acid in the mPFC (Carey and Daminanopoulos, 1994). These results suggest a role for 5-HT in the PFC in the expression of conditioned effects of cocaine although it is not known whether this increased level of 5-HT in the PFC caused or was caused by expression of conditioned behaviors. Given that several 5-HT receptors have been localized to the PFC, including the 5-HT2CR (Steketee, 2003), the 5-HT2CR in the PFC may regulate expression of cocaine-induced conditioned behavior. However, no studies to date have been conducted to investigate the effects of the 5-HT2CR ligands microinjected into the PFC or injected systemically on expression of cocaine-induced conditioned hyperactivity. 

The following set of experiments was developed to gain insight into mechanisms and impact of the 5-HT2CR to modulate expression of cocaine-induced conditioned behavior. We hypothesized that the 5-HT2CR regulates expression of cocaine-induced conditioned hyperactivity. To test this hypothesis, we examined the effects of 5-HT2CR ligands on the expression of cocaine-induced conditioned hyperactivity using systemic injection of the preferential 5-HT2CR agonist MK 212 and the selective antagonist SB 242084.  We also hypothesized that the 5-HT2CR regulates expression of cocaine-induced conditioned hyperactivity through the PFC. To test this hypothesis, we investigated the effects of microinjecting MK 212 into the mPFC on expression of cocaine-induced conditioned hyperactivity. Furthermore, because distribution of the 5-HT2CR in the mPFC is not thoroughly investigated, immunohistochemical techniques were used to examine the distribution of the 5-HT2CR within the mPFC.

CHAPTER 2

SEROTONIN 2C RECEPTORS (5-HT2CR) MODULATE EXPRESSION OF COCAINE –INDUCED CONDITIONED HYPERACTIVITY

Introduction

A major obstacle to the treatment of cocaine abuse is relapse to drug use during abstinence. In human addicts, relapse may be triggered by exposure to the environmental stimuli conditioned to the psychoactive state induced by a drug, a process that is driven by Pavlovian (classical) conditioning (O’Brien et al., 1998). Exposure to these conditioned stimuli can elicit increased craving for drug and has been shown to activate specific brain regions in human addicts (Childress et al., 1999; Siegel and Ramos, 2002). Parallel studies in rodents indicate that exposure to an environment previously paired with cocaine exposure elicits both conditioned hyperactivity (Barr et al., 1983; Michel et al., 2003) and activation of similar neural substrates (Brown et al., 1992; Franklin and Druhan, 2000; Hotsenpiller et al., 2002). In classical conditioning terms, cocaine serves as an unconditioned stimulus (UCS) to evoke an unconditioned response (UCR) of hyperactivity. With the repeated pairing of cocaine exposure with a specific environment (e.g., activity monitor), subjects learn to associate the stimulus environment (now the conditioned stimulus, CS) with the effects of cocaine. Later presentation of the CS results in the expression of the conditioned response (CR), in this case, hyperactivity. Thus, not only is hyperactivity generated by an acute injection of cocaine (Elliott et al., 1987; McCreary and Cunningham, 1999), but also by exposure to cocaine-linked conditioned cues (Barr et al., 1983; Brown et al., 1992; Hotsenpiller et al., 2002). This simple model of conditioning can be utilized to investigate the neural systems underlying the performance of context-dependent behaviors associated with repeated cocaine exposure.

Cocaine blocks the reuptake of dopamine (DA), serotonin (5-hydroxytryptamine, 5-HT), and norepinephrine (NE) into presynaptic terminals (Taylor and Ho, 1978). While augmented DA neurotransmission and indirect activation of DA D1-like receptors have been established to play a central role in the in vivo effects of cocaine (Woolverton and Johnson, 1992), a sizable body of literature also supports the importance of 5-HT in mediating the behavioral effects of cocaine (Walsh and Cunningham, 1997). Serotonin acts at 14 5-HT receptors found in the brain (Hoyer et al., 2002). One such receptor, the 5-HT2C receptor (5-HT2CR), has been shown to exert a tonic inhibitory control over basal DA outflow in striatum and nucleus accumbens (Gobert et al., 2000) as well as to reduce DA efflux stimulated by acute nicotine or cocaine administration (Di Matteo et al., 2004; Navailles et al., 2004). This influence of the 5-HT2CR over DA function may account for the observation that systemic pretreatment with a 5-HT2CR agonist suppressed the hypermotive (Grottick et al., 2000), discriminative stimulus (Callahan and Cunningham, 1995), and reinforcing effects of cocaine (Grottick et al., 2000). Selective 5-HT2CR antagonists have been shown to potentiate these behavioral effects (Filip et al., 2004; Fletcher et al., 2002; McCreary and Cunningham, 1999) while the locomotor and reinforcing effects of cocaine are reported to be enhanced in 5-HT2CR knockout mice (Rocha et al., 2002). In addition to its regulatory role in the overt behavioral response to cocaine, the 5-HT2CR appears to modulate behaviors evoked by exposure to cues conditioned to cocaine.  For example, the selective 5-HT2CR antagonist SB 242084 has been shown to reverse the ability of the 5-HT releaser fenfluramine to attenuate cocaine cue-evoked drug reinstatement (Burmeister et al., 2004). These data suggest that the 5-HT2CR may be a functionally important regulator of the neural substrates that control not only responsiveness to cocaine, but also responsiveness to environmental cues previously associated with cocaine. 

The association between the effects of a drug (UCS) and environmental cues (CS) is acquired through a process of classical conditioning (Pavlov, 1927; Barr et al., 1983). Both pharmacological (i.e., agonists or antagonists) or genetic (e.g., gene knockouts) manipulation of 5-HT function have been shown to modulate classical conditioning processes (Meneses, 2002; Roberts et al., 2004; Romano et al., 2000; Stiedl et al., 2000). In the present study, we tested the hypothesis that a 5-HT2CR agonist or antagonist may inhibit or enhance the expression of cocaine-induced conditioned hyperactivity, respectively. To this end, we employed the preferential 5-HT2CR agonist MK 212 and the selective 5-HT2CR antagonist SB 242084. MK 212 and SB 242084 were chosen based on their high affinity for the 5-HT2CR (Kennett et al., 1997; Roth et al., 1992), our previous experience with these drugs, their ability to cross the blood-brain barrier (Filip et al., 2004; Filip and Cunningham, 2002, 2003; Kennett et al., 1997), and their commercial availability.    

Methods

Animals

Experimentally naïve, male Sprague-Dawley rats (N = 192, Harlan, Houston, TX, USA) weighing 175-199 g at the time of arrival were used. The rats were housed four to a cage in standard plastic rodent cages in a colony room maintained at 21(2(C and at 40-50% humidity under a 12 h light/dark cycle (06:00-18:00 h). Food and water were available ad libitum. Rats were weighed and handled daily during the week before the initiation of the study. During the last three days prior to the start of the study, all rats were injected with saline intraperitoneally (i.p.) once per day to habituate to the subsequent drug injection procedure. All experimental protocols were carried out in accordance with the Guide for the Care and Use of Laboratory Animals (National Research Council, 1986) and with the approval by the Institutional Animal Care and Use Committee.

Apparatus

Locomotor activity was monitored and quantified (Bubar et al., 2004) using a modified open field activity system under low light conditions (San Diego Instruments, San Diego, Calif., USA). Each clear Plexiglas chamber (40 cm ( 40 cm ( 40 cm) was housed within sound-attenuating enclosures and was surrounded with a 4 ( 4 photobeam matrix located 4 cm from the floor surface. Consecutive breaks of adjacent photobeams resulted in counts of ambulation in the peripheral and central fields of the chamber. The ambulation recorded in the inner 16 cm ( 16 cm of the open field was counted as central ambulation, whereas the field bounded by the outer 24 cm band registered peripheral ambulation. Separate counts for peripheral and central ambulation were stored for subsequent statistical evaluation. Another horizontal row of 16 photobeams, located 16 cm from the floor surface, provided each chamber with a measurement of rearing. Separate counts for peripheral ambulation, central ambulation and rearing were stored for subsequent statistical evaluation. Video cameras positioned above the chambers permitted continuous observation of behavior without disruption of behavior.

Procedures

To establish cocaine-induced conditioned hyperactivity, rats were trained at the same time once a day for seven consecutive days. Rats in the control group (n = 8) were injected with saline immediately prior to placement in the activity monitors and activity was monitored for 30 min; at the termination of the session, rats were returned to their home cage and received another injection of saline 4 hr later. Rats in the unpaired group (n = 8) were injected with saline immediately prior to placement in the activity monitors and activity was monitored for 30 min; at the termination of the session, rats were returned to their home cage and received an injection of cocaine (10 or 15 mg/kg, i.p.) 4 hr later. Rats in the paired group (n = 8) were injected with cocaine (10 or 15 mg/kg, i.p.) immediately prior to placement in the activity monitors and activity was recorded for 30 min; at the termination of the session, rats were returned to their home cage and received an injection of saline 4 hr later. Forty-eight hours after the last pairing, rats were placed into the activity monitors immediately after an injection of saline and the locomotor activity recorded for 30 min. 

To investigate the role of the 5-HT2CR in the expression of cocaine-induced conditioned hyperactivity, the 5-HT2CR agonist MK 212 or antagonist SB 242084 were used. Based upon the observation that activity levels of control and unpaired rats on the test day were not different, unpaired rats served as the control for this experiment. Rats were conditioned as above using 15 mg/kg of cocaine and expression of conditioned hyperactivity was assessed 48 hours after the last training session in three separate experiments. Rats were injected i.p. with MK 212 (0.25 or 0.5 mg/kg, i.p., n = 8 rats/group), MK 212 (0.0625 or 0.125 mg/kg, i.p., n = 4 rats/group), or SB 242084 (0.5 or 1 mg/kg, i.p., n = 12 rats/group) 5 min (MK 212) or 30 min (SB 242084) before test and placed into the activity monitors immediately after an i.p. injection of saline.  Recording of activity initiated upon placement of rats into the activity monitors and lasted 30 min. Doses and pretreatment times of MK 212 and SB 242084 were selected based upon our preliminary experiments and published papers (Kennett et al., 1997; Lucki et al., 1989; Grottick et al., 2000).

Drugs

MK 212 [6-chloro-2-(1-piperazinyl)pyrazine hydrochloride; Tocris Cookson Inc., MO, USA] was dissolved in water. SB 242084 [6-Chloro-5-methyl-1-[[2-(2-methylpyrid-3-yloxy) pyrid-5-yl]carbamoyl]indoline dihydrochloride; Sigma Chemical Co., St Louis, MO, USA] was dissolved in saline containing 10 mmol/L citric acid (Sigma Chemical Co.) and 8% 2-hydroxypropyl-(-cyclodextrin (Cyclodextrin Technologies Development Inc., High Springs, FL, USA) and the final pH of the solution was adjusted to 5.6. (-)-Cocaine (National Institutes on Drug Abuse, Research Triangle Park, NC, USA) was dissolved in 0.9% NaCl. Doses refer to the weight of the salt. Verification that the compounds had dissolved was made visually.  

Data analysis

Because the patterns of ambulation observed in the peripheral and central aspects of the monitors were identical (data not shown), these counts were summed to provide a single measure of ambulation. Data are presented as mean total counts (±SEM) for the dependent measure of ambulation and rearing recorded during the test session. Since group comparisons were specifically defined prior to the start of the experiment, planned comparisons were conducted in lieu of an overall F test in a multifactorial analysis of variance (ANOVA); this statistical analysis has been supported in a number of statistical tests (Keppel and Wickens, 2004; Sheskin 2000). A one-way ANOVA for independent groups was used to analyze acquisition of cocaine-induced conditioning and the effects of the 5-HT2CR ligands on the expression of cocaine-induced conditioned hyperactivity. A priori comparisons were made using Fisher’s least significant difference (LSD) procedure (SAS for Windows, Version 8.1). Time course data were broken down into 3 separate 10-min time bins and differences between treatment groups were determined at each 10-min time point using a one-way ANOVA followed by the Fisher’s least significant different (LSD) procedure. To control the experimentwise error rate (α = 0.05), the per comparison error rate was set as 0.05 divided by the number of planned comparisons. 

Results

Establishment of cocaine-induced conditioned hyperactivity

Conditioned hyperactivity was established to 10 mg/kg (Figure 1A, 1C) and 15 mg/kg of cocaine (Figure 1B, 1D). A main effect of conditioning was observed for both total ambulation and total rearing in rats conditioned with 10 mg/kg of cocaine (total ambulation: F2,21 = 19.57, p < 0.0001; total rearing: F2,21 = 14.32, p < 0.0001) and rats conditioned with 15 mg/kg of cocaine (total ambulation: F2,21 = 15.96, p < 0.0001; total rearing: F2,21 = 9.01, p = 0.0015). Rats in the paired group exhibited significantly higher total ambulation and total rearing (p < 0.05) than did rats in either the control or unpaired group for both the 10 mg/kg (Figure 1A, 2A) and 15 mg/kg doses of cocaine (Figure 1B, 2B). Neither total ambulation nor total rearing were significantly different between the control and unpaired groups for either experiment (p > 0.05, Figure 1A, 1B, 2A and 2B). Thus, pairing of the activity monitors with cocaine administration (either 10 mg/kg or 15 mg/kg) resulted in the expression of conditioned hyperactivity upon test 48 hr after the last conditioning session. 

Examination of the time course in rats conditioned with 10 mg/kg of cocaine revealed a main effect of conditioning for ambulation at 10 min (F2,21 = 9.68, p = 0.001, 20 min (F2,21 = 8.23, p = 0.0023), and 30 min (F2,21 = 21.05, p < 0.0001) and for rearing at (F2,21 = 6.91, p = 0.0049, 20 min (F2,21 = 5.46, p = 0.0123), and 30 min (F2,21 = 22.32, p < 0.0001).  Similarly, in rats conditioned with 15 mg/kg of cocaine, a main effect of conditioning was observed for ambulation at 10 min (F2,21 = 13.46, p = 0.0002), 20 min (F2,21 = 15.03, p < 0.0001), and 30 min (F2,21 = 5.75, p = 0.0102) and for rearing at 10 min (F2,21 = 5.63, p = 0.0110), 20 min (F2,21 = 10.85, p = 0.0006), but not at 30 min (F2,21 = 2.95, p = 0.072).  Ambulation counts of paired rats conditioned with 10 mg/kg (Figure 1C) or 15 mg/kg of cocaine (Figure 1D) were significantly higher than the ambulation of respective control and unpaired rats at all time points (p < 0.05). Rearing counts of paired rats conditioned with 10 mg/kg (Figure 2C) or 15 mg/kg of cocaine (Figure 2D) were significantly higher than the rearing of respective control and unpaired rats at all time points (p < 0.05) except rearing at 30 min of rats trained with 15 mg/kg. We chose to utilize 15 mg/kg of cocaine for subsequent experiments because the hyperactivity exhibited on the test day was reliably robust in several replications (data not shown). Given that ambulation was not significantly different between the unpaired and control groups, subsequent experiments utilized the unpaired group as the control.

Effects of MK 212 on expression of cocaine-induced conditioned hyperactivity

A main effect of treatment was observed for total ambulation (F5,42 = 14.43, p < 0.0001) and for total rearing (F5,42 = 6.42, p = 0.0002) in rats treated with 0.25 or 0.5 mg/kg of MK 212. A priori comparisons indicated that the total ambulation in the paired group administered vehicle on the test day was significantly higher than that seen in the unpaired group (p < 0.05, Figure 3A) and MK 212 (0.25 and 0.5 mg/kg) significantly suppressed this conditioned hyperactivity (p < 0.05, Figure 3A). The total rearing in the paired group administered vehicle on the test day was significantly higher than that seen in the unpaired group (p < 0.05, Figure 4A) and MK 212 (0.25 and 0.5 mg/kg) did not significantly suppress this conditioned hyperactivity (p > 0.05, Figure 4A). Analyses of the time course of the response in the paired rats indicated that a main effect of treatment was observed for ambulation in the 10 min (F2,21 = 7.71, p = 0.0031) and 20 min (F2,21 = 13.61, p = 0.0002), but not in the 30 min, time bins (F2,21 = 1.32, p = 0.2882) and for rearing in the 10 min (F2,21 = 5.71, p = 0.0105) and 20 min (F2,21 = 3.65, p = 0.0436), but not in the 30 min, time bins (F2,21 = 0.36, p = 0.7017). Both doses of MK 212 significantly decreased ambulation of paired rats in the first two time bins (p <0.05, Figure 3C). MK 212 at 0.5 mg/kg significantly decreased rearing of paired rats in the first two time bins (p <0.05, Figure 3D). While no significant effect of MK 212 on mean total ambulation for the entire 30 min session was observed (p > 0.05, Figure 3A), 0.5 mg/kg of MK 212 did significantly attenuate ambulation of unpaired rats in the 10 min time bin (p < 0.05, Figure 3B). 

For the lower doses of MK 212, a main effect of treatment was observed for total ambulation (F5,42 = 7.45, p = 0.0006), but not for total rearing (F5,42 = 2.25, p = 0.0935). A priori comparisons indicated that the total ambulation in the paired group administered vehicle on the test day was significantly higher than that seen in the unpaired group (p < 0.05, Figure 5A) and 0.125 mg/kg of MK 212 significantly suppressed this conditioned hyperactivity (p < 0.05, Figure 5A). The total rearing in the paired group administered vehicle on the test day was significantly higher than that seen in the unpaired group (p < 0.05, Figure 6A) and both 0.125 and 0.0625 mg/kg of MK 212 did not significantly suppress this conditioned hyperactivity (p > 0.05, Figure 6A). Analyses of the time course of the response in the paired rats (Figure 5C) indicated that a main effect of treatment was observed for ambulation in the 10 min (F2,21 = 4.13, p = 0.05), but not in the 20 min (F2,21 = 0.98, p = 0.4106) and  30 min time bins (F2,21 = 3.90, p = 0.0604). No main effect of treatment for rearing in the 10 min (F2,21 = 0.81, p = 0.4743), 20 min (F2,21 = 1.45, p = 0.2843) and  30 min time bins (F2,21 = 0.80, p = 0.4780). Thus, MK 212 at 0.125 mg/kg significantly attenuated ambulation of paired rats in the initial time bin (p < 0.05, Figure 5C). Neither dose of MK 212 altered ambulation and rearing in unpaired rats (p > 0.05, Figure 5A, 5B, 6A, 6B). 

Effects of SB 242084 on expression of cocaine-induced conditioned hyperactivity

A main effect of treatment was observed for total ambulation (F5,66 = 15.56, p < 0.0001) and total rearing (F5,66 = 8.54, p < 0.0001) in rats treated with 0.5 or 1 mg/kg of SB 242084 (Figure 7 and 8).  A priori comparisons indicated that the total ambulation in the paired group administered vehicle on the test day was significantly higher than that in the unpaired group (p < 0.05, Figure 7A) and 1 mg/kg SB 242084 significantly enhanced expression of conditioned hyperactivity (p < 0.05, Figure 7A). The total rearing in the paired group administered vehicle on the test day was not significantly higher than that in the unpaired group (p > 0.05, Figure 8A) and SB 242084 did not significantly enhance expression of conditioned hyperactivity (p > 0.05, Figure 8A). Analyses of the time course of the response in the paired rats (Figure 7C) indicated that a main effect of treatment was observed for ambulation in the 20 min (F3,33 = 4.77, p = 0.0151) and 30 min (F3,33 = 7.56, p = 0.0002), but not the 10 min, time bins (F3,33 = 0.68, p = 0.5123). Thus, 1 mg/kg of SB 242084 significantly enhanced ambulation of paired rats in the later time bins. No main effect of treatment was observed for ambulation in the 10 min (F3,33 = 0.24, p = 0.7902), 20 min (F3,33 = 0.85, p = 0.4346), and 30 min, time bins (F3,33 = 2.58, p = 0.0910). Neither dose of SB 242084 altered ambulation and rearing in unpaired rats (p > 0.05, Figure 7A, 7B, 8A, 8B). 

Figure 1. Expression of cocaine–induced conditioned ambulation. (A, B) Data represent the mean total ambulation counts (( SEM) summed over the 30 min test session (2 days after the last conditioning session) in rats conditioned to (A) 10 mg/kg (n = 8/group) or (B) 15 mg/kg of cocaine (n = 8). (C, D) Data represent the mean ambulation counts (( SEM) summed for the 10 min, 20 min and 30 min time bins in rats conditioned to (C) 10 mg/kg or (D) 15 mg/kg of cocaine. * p < 0.05 vs. control; ^ p < 0.05 vs. unpaired.
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Figure 2. Expression of cocaine–induced conditioned rearing. (A, B) Data represent the mean total rearing counts (( SEM) summed over the 30 min test session (2 days after the last conditioning session) in rats conditioned to (A) 10 mg/kg (n = 8/group) or (B) 15 mg/kg of cocaine (n = 8/group). (C, D) Data represent the mean rearing counts (( SEM) summed for the 10 min, 20 min and 30 min time bins in rats conditioned to (C) 10 mg/kg or (D) 15 mg/kg of cocaine. * p < 0.05 vs. control; ^ p < 0.05 vs. unpaired.
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Figure 3. Effects of MK 212 (0.25 and 0.5 mg/kg) on expression of cocaine-induced conditioned ambulation. (A) Data represent the mean total ambulation counts (( SEM) summed over the 30 min test session (2 days after the last conditioning session, n = 8/group). (B, C) Data represent the mean ambulation counts (( SEM) summed for the 10 min, 20 min and 30 min time bins. * p<0.05 vs. unpaired-vehicle; ^ p<0.05 vs. paired-vehicle.        
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Figure 4. Effects of MK 212 (0.25 and 0.5 mg/kg) on expression of cocaine-induced conditioned rearing. (A) Data represent the mean total rearing counts (( SEM) summed over the 30 min test session (2 days after the last conditioning session, n = 8/group). (B, C) Data represent the mean rearing counts (( SEM) summed for the 10 min, 20 min and 30 min time bins. * p<0.05 vs. unpaired-vehicle; ^ p<0.05 vs. paired-vehicle.
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Figure 5. Effects of MK 212 (0.0625 and 0.125 mg/kg) on expression of cocaine-induced conditioned ambulation. (A) Data represent the mean total ambulation counts (( SEM) summed over the 30 min test session (2 days after the last conditioning session, n = 4/group). (B, C) Data represent the mean ambulation counts (( SEM) summed for the 10 min, 20 min and 30 min time bins. * p<0.05 vs. unpaired-vehicle; ^ p<0.05 vs. paired-vehicle                      
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Figure 6. Effects of MK 212 (0.0625 and 0.125 mg/kg) on expression of cocaine-induced conditioned rearing. (A) Data represent the mean total rearing counts (( SEM) summed over the 30 min test session (2 days after the last conditioning session, n = 4/group). (B, C) Data represent the mean rearing counts (( SEM) summed for the 10 min, 20 min and 30 min time bins. * p<0.05 vs. unpaired-vehicle; ^ p<0.05 vs. paired-vehicle                      
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Figure 7. Effects of SB 242084 (0.5 and 1 mg/kg) on expression of cocaine-induced conditioned ambulation. (A) Data represent the mean total ambulation counts (( SEM) summed over the 30 min test session (2 days after the last conditioning session, n = 12/group). (B, C) Data represent the mean ambulation counts (( SEM) summed for the 10 min, 20 min and 30 min time bins. * p<0.05 vs. unpaired-vehicle; ^ p<0.05 vs. paired-vehicle.
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Figure 8. Effects of SB 242084 (0.5 and 1 mg/kg) on expression of cocaine-induced conditioned rearing. (A) Data represent the mean total rearing counts (( SEM) summed over the 30 min test session (2 days after the last conditioning session, n = 12/group). (B, C) Data represent the mean rearing counts (( SEM) summed for the 10 min, 20 min and 30 min time bins. * p<0.05 vs. unpaired-vehicle; ^ p<0.05 vs. paired-vehicle.

[image: image8.wmf]0

50

100

150

200

250

10

20

30

0

30

60

90

120

Vehicle 

SB.5 

SB1 

10

20

30

0

30

60

90

120

Mean Total Rearing

(Counts / 30 min)

*

 

p 

< 0.05, vs unpaired-veh

                              ---------unpaired-------     ---------paired-----------

SB 242084 (mg/kg) Veh       0.5         1        Veh        0.5         1   

A.

B. Unpaired

C. Paired

Mean Rearing

(Counts / 5 min)

*

*

Time (min)

Time (min)


Discussion

The present results reaffirm that the unconditioned locomotor stimulatory effects of cocaine can be classically conditioned to the environmental context in which the drug has been experienced (Barr et al., 1983; Brown et al., 1992; Franklin and Druhan, 2000; Michel et al., 2003). Performance of this conditioned response on the test day was pharmacologically inhibited or enhanced by stimulation or blockade of the 5-HT2CR, respectively, at doses of the ligands which generally did not impair the performance of control subjects. Thus, this is the first demonstration that the 5-HT2CR is important in regulating performance hyperactivity conditioned to cocaine exposure, and that this effect is dissociable from the ability of 5-HT2CR ligands to affect motor behavior (present results; Lucki et al., 1989).


Few studies to date have focused on the ability of the 5-HT2CR to control expression of cue-evoked behaviors associated with cocaine exposure. Environmental stimuli (e.g., lights, sounds of infusion pump, etc.) which have been associated with cocaine infusion in self-administration studies are known to support drug-seeking behavior and, curiously, pharmacological manipulations that either decrease or increase 5-HT neurotransmission are both noted to attenuate cue-elicited reinstatement of cocaine-seeking behavior (Tran-Nguyen et al., 1999, 2001; Baker et al., 2001; Burmeister et al., 2003). Explanations for these contradictory observations potentially lie in the oppositional actions of the 5-HT2CR and 5-HT2AR to control psychostimulant-induced behaviors (Bankson and Cunningham, 2001; Filip et al., 2004; Fletcher et al., 2002). As supported by the findings of the present study, increased 5-HT2CR stimulation appears to inhibit cue-evoked reinstatement of cocaine-seeking behavior; increased 5-HT2AR stimulation would be expected to enhance cue-evoked reinstatement and counteract the dampening influence of 5-HT2CR activation (Burmeister et al., 2004). Because the response to the CS in both the present study and the cited self-administration studies occurs on a test day in the absence of cocaine, we would have to postulate that pharmacological manipulation on the test day must be interfering with the neural consequences associated with exposure to the CS.  


There is evidence to suggest that the neural circuits which underlie the unconditioned behavioral effects of cocaine (Callahan et al., 1997; Gerrits and Van Ree, 1996; Roberts and Koob, 1982), the development of context-dependent conditioning to cocaine (Beninger and Herz, 1986; Fontana et al., 1993), and the performance of the CR (Adams et al., 2001; Le Foll et al., 2002) involve activation of the DA mesoaccumbens circuit, which originates in the ventral tegmental area (VTA) and terminates in the nucleus accumbens (NAc). However, the neural substrates which underlie the performance of the CR appear to also depend upon activation of limbic structures known to be involved in learning and emotional processing. For example, cocaine-conditioned hyperactivity was associated with increased c-Fos expression in several limbic regions (e.g., amygdala, cingulate cortex) but not in the NAc (Brown et al., 1992). In this light, DA efflux in the NAc during exposure to the CS and performance of the CR was unaltered (Barr et al., 1983; Brown and Fibiger, 1992), although at least one study did observe an increased DA efflux in the NAc (Di Ciano et al., 1998). In contrast, the 5-HT system in the prefrontal cortex (PFC) appears to be particularly responsive to cocaine-conditioned cues in that 5-HT efflux in the PFC was increased in monkeys (Bradberry et al., 2004) or decreased in rats (Carey and Damianopoulos, 1994) exposed to a cocaine-associated CS. Increased 5-HT available to stimulate the 5-HT2CR found predominantly in (-aminobutyric acid (GABA) interneurons of the PFC (Liu and Cunningham, unpublished observations; Smiley and Goldman-Rakic, 1996) would be expected to control the output of PFC projection neurons and this pathway could contribute to the observed context-dependent conditioned response. This hypothesis deserves further investigation, particularly since the 5-HT2CR in the PFC is functionally important in mediating the hypermotive and discriminative stimulus effects of cocaine (Filip and Cunningham, 2003).

The opposite effects of MK 212 and SB 242084 support the concept that the observed outcome is a consequence of the respective abilities of these ligands to activate and antagonize the 5-HT2CR, respectively, and is not an outcome of activation or blockade of other receptors. MK 212 is a moderately selective 5-HT2CR agonist, which exhibits its highest affinity for the 5-HT2CR (Ki = 32 ~ 336 nM; Kennett et al., 1997; Roth et al., 1992) and full efficacy to stimulate the 5-HT2CR (Porter et al., 1999). The systemic injection of MK 212 evokes hypomotility (Lucki et al., 1989), hypophagia (Halford et al., 1997), and penile erection (Berendsen et al., 1990). These behaviors are blocked preferentially by 5-HT2CR antagonists and are attributed to central 5-HT2CR activation. MK 212 is also a partial agonist of the 5-HT2AR in vitro (Porter et al., 1999). However, stimulation of the 5-HT2AR consequent to MK 212 administration might be expected to enhance conditioned hyperactivity given the oppositional actions for the 5-HT2AR and 5-HT2CR to control stimulant-induced behaviors (Bankson and Cunningham, 2001; Filip et al., 2004; Fletcher et al., 2002). Likewise, while MK 212 can act as a partial agonist of the 5-HT2BR in vitro, the 5-HT2BR does not appear to be involved in the control of spontaneous activity, cocaine-induced hyperactivity, or the development and expression of cocaine sensitization (Filip et al., 2004; Fletcher PJ, et al., 2002). Thus, available empirical evidence supports the preferential actions of MK 212 at the 5-HT2CR in vivo, particularly at the low doses employed in the present study.

SB 242084 is a highly selective 5-HT2CR antagonist with very high affinity for the 5-HT2CR (Ki = 1 nM) and 100- and 158-fold selectivity over the 5-HT2AR and 5-HT2BR, respectively (Kennett et al., 1997). Its affinity for other receptors is lower than that for the 5-HT2AR (Kennett et al., 1997). At the cellular level, SB 242084 competitively antagonized 5-HT2CR-mediated [3H]-inositol phosphate generation (Cussac et al., 2000) while systemic administration of SB 242084 potently inhibited hypolocomotion and hypophagia induced by m-cholorophenylpiperazine (mCPP), a model of in vivo activation of the central 5-HT2CR function (Kennett et al., 1997). These data suggest that SB 242084 affected expression of cocaine-induced conditioned hyperactivity through the blockade of the 5-HT2CR.

In summary, the 5-HT2CR agonist MK 212 and antagonist SB 242084 dose-dependently inhibited and enhanced the expression of cocaine-induced conditioned hyperactivity, respectively. Based upon the present observations, the 5-HT2CR may be a functionally important regulator of the neural substrates that control responsiveness to cocaine (Grottick et al., 2000; Callahan and Cunningham, 1995; McCreary and Cunningham, 1999; Fletcher et al., 2002). Given that human clinical trials have shown that the preferential 5-HT2CR agonist mCPP significantly decreased craving for drug in cocaine addicts (Buydens-Branchey et al., 1997), 5-HT2CR agonists might ultimately be useful in preventing relapse and promoting abstinence in cocaine-dependent individuals. 

CHAPTER 3

SEROTONIN 2C RECEPTORS (5-HT2CR) IN PRELIMBIC PREFRONTAL CORTEX MODULATE EXPRESSION OF COCAINE-INDUCED CONDITIONED HYPERACTIVITY

Introduction

The expression of hyperactivity upon exposure to an environment previously associated with cocaine exposure provides a useful model to investigate the neural systems underlying the performance of context-dependent behaviors. We have shown (Chapter 2) that the 5-HT2CR regulates expression of cocaine-induced conditioned hyperactivity based on the observation that the 5-HT2CR agonist MK 212 inhibited and the 5-HT2CR antagonist SB 242084 enhanced expression of cocaine-induced conditioned hyperactivity when administrated systemically. However, the site of action for the 5-HT2CR in the brain is not known.

Evidence has accumulated to suggest a crucial role for the prefrontal cortex (PFC) in the expression of cocaine-induced conditioned behaviors. The PFC is one of the major excitatory amino acid (EAA) inputs to both the ventral tegmental area (VTA) and the nucleus accumbens (NAc) (Sesack and Pickel, 1992). Exposure of human cocaine addicts to environmental cues associated with cocaine use (for example, drug paraphernalia) resulted in increased craving for cocaine and activation of the dorsolateral PFC in functional neuroimaging studies (Bonson et al., 2002; Childress et al., 1999). Exposure of experimental animals to the environment previously associated with cocaine administration not only induced conditioned hyperactivity but also evoked expression of c-Fos, the protein product of the immediate-early gene transcription factor c-fos (Morgan and Curran, 1991), in the nuclei of medial PFC (mPFC) neurons (Brown et al., 1992; Franklin and Druhan, 2000). Additionally, exposure to cocaine cues induced c-Fos expression in the mPFC in either a conditioned place preference (Miller and Marshall, 2004) or cocaine self-administration assay  (Ciccocioppo et al., 2001). These data suggest that neuronal activity in both the human and animal PFC increases after exposure to cocaine cues. Manipulating the neuronal activity in the PFC has also been repeatedly reported to affect expression of cocaine-induced conditioned behaviors. For example, microinjection of the GABAA receptor agonist muscimol into the rat mPFC blocked the expression of cocaine-induced conditioned hyperactivity (Franklin and Druhan, 2000b). Microinfusion of the Na+ channel blocker tetrodotoxin into the rat mPFC impaired the ability of cocaine cues to reinstate drug-seeking behaviors (McLaughlin and See, 2003; Fuchs et al., 2005). These data indicate that decreased neuronal activity in the rat mPFC by pharmacological manipulation inhibits expression of cocaine-induced conditioned behaviors.

We have shown (Chapter 2) that the 5-HT2CR plays a role in controlling the expression of cocaine-induced conditioned hyperactivity. Systemic administration of the preferential 5-HT2CR agonist MK 212 inhibited, while the 5-HT2CR antagonist SB 242084 enhanced the expression of the conditioned behavior. Given the importance of the PFC in the expression of cocaine-induced conditioned behaviors (See above) and the observed role for the 5-HT2CR of the mPFC in the hyperlocomotive and discriminative stimulus effects of cocaine (Filip and Cunningham, 2003), and the expression of sensitization to 3,4-methylenedioxymethamphetamine (MDMA; Ramos et al., 2005), we hypothesized that the 5-HT2CR in the rat mPFC would control expression of cocaine-induced conditioned hyperactivity. To test this hypothesis, we assessed the effects of microinjection of the 5-HT2CR agonist MK 212 into the prelimbic PFC (PrL), a subregion of the mPFC, on the expression of cocaine-induced conditioned hyperactivity. The PrL was chosen because this area was involved in expression of cocaine-induced conditioned behaviors (Brown et al., 1992; Franklin and Druhan, 2000a, 2000b; Miller and Marshall, 2004; McLaughlin and See, 2003),
Methods

Animals

Experimentally naïve, male Sprague-Dawley rats (Harlan, Houston, TX, USA) weighing 225-250 g at the time of arrival were used. The rats were housed four to a cage in standard plastic rodent cages in a colony room maintained at 21(2(C and at 40-50% humidity under a 12-hr light/dark cycle (06:00-18:00 h). Food and water were available ad libitum. Rats surgically fitted with indwelling bilateral guide cannulae were housed individually. Rats were weighed and handled and the cannulae were cleaned daily after the surgery using 70% alcohol. Rats were provided with continuous access to water and food except during experimental session. During the last three days prior to the start of the study, all rats were injected with saline intraperitoneally (i.p.) once per day to habituate to the subsequent drug injection procedure. All experiments were conducted during the light phase of the light/dark cycle (between 12:00 PM and 6:00 PM) and were carried out in accordance with the NIH Guide for the Care and Use of Laboratory Animals (National Institute of Health, 1986) and with approval by the UTMB Institutional Animal Care and Use Committee.
Surgical Implantation of Cannulae and Microinjection Protocols

Rats underwent surgical implantation of 23-gauge stainless steel bilateral guide cannulae (Small Parts Inc., Miami Lakes, FL). Each rat was anesthetized using an intramuscular (i.m.) injection of an anesthetic including 43.3 mg/ml/kg of ketamine, 8.6 mg/ml/kg of xylazine, and 1.4 mg/ml/kg of acepromazine in 0.9% NaCl. With the upper incisor bar of a stereotaxic instrument (Kopf Instruments, Tujunga, CA) positioned at -3.8 mm below the interaural line and using the intersection of the bregma and longitudinal sutures as the origin, the ventral surfaces of the bilateral guide cannulae were positioned 1 mm above the injection site (AP + 3.2 mm, ML ± 0.75 mm, and DV – 2.2 mm; Paxinos and Watson, 2004). The guide cannulae were fastened to the skull with stainless steel screws (Small Parts) and cranioplastic cement (Plastics One, Inc., Roanoke, VA) and were fitted with 30 gauge stainless steel bilateral obturators (Small Parts). Rats received two injections of ampicillin (10 mg/kg, i.m.) after surgery, and were allowed a 1-week recovery period during which rats were handled and weighed and the cannulae were cleaned daily. For bilateral intra-PrL microinjections, the obturators were removed and two internal 30 gauge injectors were positioned to extend 1 mm below the tips of the bilateral guide cannulae. The bilateral internal injectors were attached to two 5 μl syringes (Hamilton Co., Reno, NV) via PE-50 tubing (Clay Adams, Parsippany, NJ). A microsyringe drive (Baby Bee, BAS Bioanalytical Systems Inc., West Lafayette, IN) driven by a programmable controller (Bee Hive Controller, BAS Bioanalytical Systems Inc.) delivered a volume of 0.2 μl/side at a rate of 0.1 μl/min. 

Apparatus

Locomotor activity was monitored and quantified (Liu and Cunningham, in press) using a modified open field activity system under low light conditions (San Diego Instruments, San Diego, CA). Each clear Plexiglas chamber (40 cm ( 40 cm ( 40 cm) was housed a within sound-attenuating enclosure and was surrounded with a 4 ( 4 photobeam matrix located 4 cm from the floor surface. Consecutive breaks of adjacent photobeams resulted in counts of ambulation in the peripheral and central fields of the chamber. The ambulation recorded in the inner 16 cm ( 16 cm of the open field was counted as central ambulation, whereas the field bounded by the outer 24 cm band registered peripheral ambulation. Another horizontal row of 16 photobeams, located 16 cm from the floor surface, provided each chamber with a measurement of rearing. Separate counts for peripheral ambulation, central ambulation and rearing were stored for subsequent statistical evaluation. Video cameras positioned above the chambers permitted continuous observation of rats without disruption of behaviors.

Conditioned Hyperactivity and Microinjection Protocols

To establish cocaine-induced conditioned hyperactivity, conditioning sessions began one week after the surgery and occurred at the same time once a day for seven consecutive days. Rats in the unpaired group (n = 8) were injected with saline immediately prior to placement in the activity monitors and activity was monitored for 30 min; at the termination of the session, rats were returned to their home cage and received an injection of cocaine (15 mg/kg, i.p.) 4 hr later. Rats in the paired group (n = 8) were injected with cocaine (15 mg/kg, i.p.) immediately prior to placement in the activity monitors and activity was recorded for 30 min; at the termination of the session, rats were returned to their home cage and received an i.p. injection of saline 4 hr later. Before each conditioning session, all rats were habituated to the brief confinement associated with the intracranial microinjection technique by removing and cleaning the 30 gauge obturators using 70% alcohol, gently restraining the rat for ~ 1min, and replacing the oburators. Forty-eight hours after the last pairing, rats received bilateral intra-PrL microinjections of either vehicle (0.2 μl/side) or a different dose of MK 212 (0.05 or 0.15 μg/0.2μl/side) in a volume of 0.2 μl/side at a rate of 0.1 μl/min. After completion of the microinjection, the injection cannulae remained in place for an additional 1 min to allow for diffusion of vehicle or MK 212 away from cannula tips; the obturators were then replaced. Bilateral microinjections were followed immediately by an i.p. injection of saline (1 ml/kg) and measurements of ambulation and rearing began immediately and lasted 30 min.

Histology. 

At the completion of the study rats were overdosed with chloral hydrate (800 mg/kg i.p.) and the brains were removed and stored in a 20% sucrose/10% formalin solution for at least 3 days before the sectioning. Brain sections (50 μm) were mounted onto gelatin-coated glass slides. The brain sections were defatted, stained with cresyl violet, cleared with Histoclear and placed under coverslips. The cannula placements were verified using a light microscope. Only those animals whose cannulae were within the prelimbic PFC were included for statistical analysis. 
Drugs

MK 212 [6-chloro-2-(1-piperazinyl)pyrazine hydrochloride; Tocris Cookson Inc., MO] was dissolved in water. (-)-Cocaine (National Institutes on Drug Abuse, Research Triangle Park, NC) was dissolved in 0.9% NaCl. Doses refer to the weight of the salt. Verification that the compounds had dissolved was made visually.  

Data analysis

Because the patterns of ambulation counts observed in the peripheral and central aspects of the monitor were identical (data not shown), these counts were summed to provide a single measure of ambulation. Data are presented as mean counts (±SEM) for the dependent measure of ambulation and rearing recorded during each 5 min time bin of the whole test session.  A two-way ANOVA for independent groups was used to analyze the effects of conditioning (factor 1) and drug treatment (factor 2) on activity in each 5 min time bin during the 30 min test session. Because group comparisons were specifically defined prior to the start of the experiment, a priori planned pairwise comparisons were then made with the Fisher’s least significant difference procedure (SAS for Windows, Version 8.1) to determine statistical differences between the treatment groups. To control the experimentwise error rate (α = 0.05), the per comparison error rate was set as 0.05 divided by the number of planned comparisons (Bonferroni correction).  This approach to statistical analysis is supported by a number of statisticians (Keppel and Wickens, 2004; Sheskin 2000).

Results

Histology

For each animal included in the analyses below, the injector projected bilaterally past the outer guide cannulae into the PrL. Examples of bilateral placements identified for 7 rats are illustrated in Figure 9. Inspection of brain tissue revealed slight evidence of gliosis at the site of injection, although surrounding tissue was generally intact.
Effects of microinjection of MK 212 into the mPFC on expression of cocaine-induced conditioned hyperactivity

Forty-eight rats received bilateral microinjections of vehicle or the 5-HT2CR agonist MK 212 (0.05 or 0.15 μg/side) followed by a systemic injection of saline on the test day. Of these, 43 rats exhibited cannula placement bilaterally positioned in the PrL at + 2.7 to + 3.7 mm anterior to the bregma. 

At time bin 0-5 min, a main effect of conditioning (F1,41 = 8.54, p = 0.0059) and a conditioning x drug interaction (F2,41 = 8.54, p = 0.0059), but no main effect of drug (F1,41 = 1.89, p = 0.1658), were observed for ambulation. For rearing, a main effect of conditioning (F1,41 = 6.35, p = 0.0162), but no main effect of drug (F1,41 = 3.11, p = 0.0566) or a conditioning x drug interaction (F2,41 = 2.60, p = 0.0875), were observed. At this earliest timepoint, paired rats microinjected with vehicle showed significantly higher ambulation and rearing than unpaired rats microinjected with vehicle (p < 0.05; Figure 10 and 11). Intra-PrL pretreatment with MK 212 (0.05– 0.15 μg/ side) did not alter ambulation and rearing of the unpaired rats (p > 0.05; Figure 10B and 11B). However, intra-PrL microinfusions of MK 212 at 0.15 μg/side significantly and completely suppressed conditioned ambulation and rearing in the first 5 min of the test (p < 0.05; Figure 10A and 11A). 

During the second time bin (5-10 min), a main effect of conditioning (F1,41 = 26.28, p < 0.0001),   but no main effect of drug (F1,41 = 2.69, p = 0.0846) or a conditioning x drug interaction (F2,41 = 0.37, p = 0.6966), were observed for ambulation. For rearing, a main effect of conditioning (F1,41 = 19.60, p < 0.0001), but no main effect of drug (F1,41 = 1.16, p = 0.3254) or a conditioning x drug interaction (F2,41 = 1.00, p = 0.3770), were observed. At this timepoint, paired rats microinjected with vehicle showed significantly higher ambulation and rearing than unpaired rats microinjected with vehicle (p < 0.05; Figure 10 and 11). Intra-PrL pretreatment with MK 212 (0.05– 0.15 μg/ side) did not alter ambulation and rearing of both the unpaired (p > 0.05; Figure 10B and 11B) and paired rats (p > 0.05; Figure 10A and 11A). 

During the third time bin (10-15 min), a main effect of conditioning (F1,41 = 51.63, p < 0.0001), but no main effect of drug (F1,41 = 0.01, p =0.9863) or a conditioning x drug interaction (F2,41 = 0.35, p = 0.7065), were observed for ambulation. For rearing, a main effect of conditioning (F1,41 = 21.97, p < 0.0001), but no main effect of drug (F1,41 = 0.04, p = 0.9647) or a conditioning x drug interaction (F2,41 = 3.14, p = 0.055), were observed. At this timepoint, paired rats microinjected with vehicle showed significantly higher ambulation and rearing than unpaired rats microinjected with vehicle (p < 0.05; Figure 10 and 11). Intra-PrL pretreatment with MK 212 (0.05 – 0.15 μg/ side) did not alter ambulation and rearing of both the unpaired (p > 0.05; Figure 10B and 11B) and paired rats (p > 0.05; Figure 10A and 11A). 

Figure 9. Histological verification of infusion sites. The schematic diagrams show the representative sites of intra-PFC cannula placements for animals included in the conditioned hyperactivity. Plates are taken from Paxinos and Watson (2004) and the numbers beside each plate correspond to millimeters from the bregma. Due to the large number of animals utilized for the experiment, bilateral placements are shown for only a subset of the experimental pool.
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Figure 10. Ambulation of paired and unpaired rats following intra-PrL microinjection of MK 212. The mean ambulation (expressed as counts ± S.E.M.) of each 5min time bin during the first 15 min of the test session after intra-PrL microinjections of vehicle or MK 212 (0.05 or 0.15 μg/side) followed by an i.p. injection of saline are shown. (A) Paired rats; (B) Unpaired rats. Data points represent the mean of data from 6 to 8 rats. * p < 0.05 versus paired-vehicle; ^ p < 0.05 versus unpaired-vehicle.
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Figure 11. Rearing of paired and unpaired rats following intra-PrL microinjection of MK 212. The mean rearing (expressed as counts ± S.E.M.) of each 5min time bin during the first 15 min of the test session after intra-PrL microinjections of vehicle or MK 212 (0.05 or 0.15 μg/side) followed by an i.p. injection of saline are shown. (A) Paired rats; (B) Unpaired rats.  Data points represent the mean of data from 6 to 8 rats. * p < 0.05 versus paired-vehicle; ^ p < 0.05 versus unpaired-vehicle.
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Discussion

Previous studies have shown that activation of the 5-HT2CR in the mPFC inhibited the hyperlocomotive and discriminative stimulus effects of cocaine (Filip and Cunningham, 2003) and expression of MDMA sensitization (Ramos et al., 2005). Our results demonstrate that activation of the 5-HT2CR in the PrL, a subnucleus of the mPFC, following infusion of MK 212 inhibited expression of cocaine-induced conditioned ambulation and rearing. This result suggests that the 5-HT2CR in the PFC is involved not only in the overt behavioral effects of cocaine but also in the response conditioned to previous cocaine experience.

There is evidence that stimulation of the 5-HT2CR increases excitability of neurons in several brain regions including cortex (Rick et al., 1995; Sheldon and Aghajanian, 1991). The neurons in the PFC are predominantly glutamate-containing pyramidal projection neurons (about 80% of total neurons) and gamma aminobutyric acid (GABA) local circuit interneurons (about 20% of total neurons; Fuster, 1997; Gabbott et al., 1997). Therefore, binding of the ligand (MK 212) to the 5-HT2CR in the PrL may increase excitability of glutamate projection neurons or of GABA interneurons. Increased excitability of glutamate projection neurons would be expected to increase output of the mPFC (Murase et al., 1993). On the other hand, increased excitability of GABA interneurons would be expected to decrease output of the PrL through inhibition of glutamate neurons or to increase output of the PrL through inhibition of other GABA interneurons which would disinhibit glutamate projection neurons (Lewis et al., 2005). Since microinjection of either a 5-HT2CR agonist MK 212 (present study) or a GABAA receptor agonist muscimol (Franklin and Druhan, 2000b) into the mPFC blocked expression of cocaine-induced conditioned hyperactivity, activation of the 5-HT2CR in the mPFC appears to decrease the output of the mPFC to control expression of cocaine-induced conditioned hyperactivity.

The mPFC projects heavily and topographically to the NAc and the VTA (Sesack  et al., 1989). A modulation of neuronal output from the mPFC to the NAc and the VTA would be expected to affect activity of these areas. Anatomical findings (Sesack and Carr, 2002) showed that glutamate neurons in the mPFC projected to the VTA GABA interneurons or GABA neurons projecting to the NAc but not the VTA DA neurons projecting to the NAc. Therefore, activation of the 5-HT2CR in the mPFC, which appears to decrease output of the mPFC to GABA neurons in the VTA, may decrease the excitability of GABA neurons in the VTA and increase DA release in the NAc. Consistent with this hypothesis, stimulation of the mPFC at 10 Hz, the maximum in vivo physiological firing rate of mPFC in animals engaged in cognition tasks, decreased the NAc DA levels (Jackson et al., 2001). Given that increase of DA in the NAc would increase locomotor activity (Jackson et al., 1975), this pathway seems not to be responsible for the role of the 5-HT2CR in the mPFC in expression of cocaine-induced conditioned hyperactivity. However, while electrical stimulation of the mPFC at 10 Hz decreased the NAc DA levels (Jackson et al., 2001), electrical stimulation of the mPFC at 60 Hz (Taber et al., 1995; Jackson et al., 2001) or perfusion of a GABAAR antagonist bicuculline (Karreman and Moghaddam, 1996a) or glutamate (Murase et al., 1993) into the rat mPFC has been shown to increase DA level in the NAc. The possible reasons for these differences are that 60 Hz electrical stimulus, bicuculline, and glutamate would overactivate the mPFC and result in substantially higher levels of glutamate release that overtax the glutamate uptake mechanisms in the VTA. Therefore, released glutamate in the VTA could diffuse to DA neurons that do not receive direct synaptic input from the mPFC and activate DA neurons, which could cause increased DA in the NAc (Jackson et al., 2001).  Although, to our knowledge, there are no reports whether exposure to cocaine cues induce overactivation of the mPFC, exposure to cocaine cues did not change glutamate level in the VTA, which does not support glutamate overflow. Therefore, when rats were exposed to cues associated with cocaine administration, glutamate released from the mPFC projection neurons would not be expected to activate DA neurons projecting to the NAc. In addition, control of the mPFC on DA release in the NAc occurs primarily through glutamatergic projections of the PFC to the VTA rather than the NAc (Karreman and Moghaddam, 1996b). All these data do not support the 5-HT2CR in the mPFC control expression of cocaine-induced conditioned hyperactivity through the DA system. 

Since exposure of rats to cocaine cues increased glutamate level in NAc (Hotsenpiller et al., 2001) and the glutamate receptor antagonists decreased or blocked expression of cocaine-induced conditioned hyperactivity (Cervo and Samanin, 1996), it is possible that activation of the 5-HT2CR decreases output of the mPFC to the NAc and so decrease expression of cocaine-induced conditioned hyperactivity. 

There is increasing evidence that the PFC responds to cues associated with cocaine administration differently from the same stimuli not associated with cocaine administration (see Introduction). In a word, from both human neuroimaging studies and animal experiments, exposure to cocaine cues increases neuronal activity of the PFC. Given that activation of the 5-HT2CR in the mPFC possibly decreases output of the mPFC, the difference of the mPFC response to cocaine cues and the same stimuli not associated with cocaine administration could explain that microinjection of MK 212 into the PrL decreased expression of cocaine-induced conditioned hyperactivity while not affecting the basal activity.

In summary, microinjection of the 5-HT2CR agonist MK 212 into the PrL decreased the expression of the cocaine-induced conditioned hyperactivity possibly through decreasing output of the PrL to the NAc. This hypothesis deserves further investigation.
CHAPTER 4

 SEROTONIN 2C RECEPTOR (5-HT2CR) LOCALIZATION IN GABA NEURONS OF THE RAT MEDIAL PREFRONTAL CORTEX 

Introduction


Serotonin (5-hydroxytryptamine; 5-HT) is a neurotransmitter which plays an important role in normal brain function. Alterations in 5-HT neurotransmission have been linked to psychiatric and neurological disorders, including depression (Arango et al., 2002), anxiety (Ressler and Nemeroff, 2000), schizophrenia (Glenthoj and Hemmingsen, 1999), alcoholism and drug addiction (Ciccocioppo, 1999; Higgins and Fletcher, 2003). The actions of 5-HT are mediated by seven families of receptor subtypes represented by 14 receptor subtypes (from 5-HT1-5-HT7 receptors) which are differentially distributed in the CNS (Barnes and Sharp, 1999; Hoyer et al., 2002). The 5-HT2R family is comprised of three members, the 5-HT2AR, 5-HT2BR, and 5-HT2CR, which share homology in their molecular structure, pharmacology and signal transduction pathways (Sanders-Bush et al., 2003; Leysen 2004). The 5-HT2CR, formerly named as the 5-HT1CR (Baxter et al., 1995), was the first 5-HT2R subtype cloned (Julius et al., 1988) and the only one shown to undergo post-transcriptional editing of the mRNA to result in multiple 5-HT2CR isoforms (Burns et al., 1997). 


The neuroanatomical distribution of the 5-HT2CR has been studied in rat using autoradiography, in situ hybridization, and immunohistochemical techniques (Lopez-Gimenez et al., 2001; Pasqualetti et al., 1999; Clemett et al., 2000; Abramowski et al., 1995). Originally identified in the choroid plexus (Pazos et al., 1984), high levels of both 5-HT2CR mRNA and protein have been found in several cortical areas and specific nuclei in hippocampus, striatum, and other brain regions, including the nuclei of origin for dopamine (DA; Eberle-Wang et al., 1997), 5-HT (Serrats et al., 2005) and acetylcholine neurons (ACh; Lopez-Gimenez et al., 2001). These anatomical findings support several roles for the 5-HT2CR in 5-HT control of multiple pathways in the brain, although the nature of that control at the cellular and subcellular level is unclear.


High levels of 5-HT2CR mRNA in the cortex (Pompeiano et al., 1994; Lopez-Gimenez et al., 2002; Pasqualetti et al., 1999) suggests a particular role of this receptor in cortical function. Postmortem studies have reported decreased expression of the 5-HT2CR transcript in the prefrontal cortex (PFC) of untreated schizophrenic patients in comparison with normal control subjects (Castensson et al., 2005). Alterations in the expression pattern of edited isoforms of the 5-HT2CR in the PFC of depressed suicide victims and schizophrenics have also been observed (Gurevich et al., 2002; Sodhi et al., 2001) compared to normal control subjects. There is also some evidence that the 5-HT2CR in the PFC is important in the control of behaviors associated with the administration of psychostimulants. An important functional role for the 5-HT2CR in the PFC is suggested by both electrophysiological and behavioral studies. For example, microinotophoretic application of the 5-HT2CR agonist m-chlorophenylpiperazine (mCPP) was shown to suppress both spontaneous activity and glutamate-stimulated cell firing of medial PFC (mPFC) neurons in rats (Bergqvist et al., 1999). An inhibitory role for the 5-HT2CR over behavior is suggested by the finding that microinjection of another preferential 5-HT2CR agonist, MK 212, into the rat mPFC inhibited both the hyperlocomotive and discriminative stimulus effects of cocaine (Filip and Cunningham, 2003) as well as the expression of enhanced hyperactivity induced by an acute administration of the substituted amphetamine 3,4-methylenedioxy-methamphetamine (MDMA) in rats chronically treated with MDMA (“behavioral sensitization”; Ramos et al., 2005). On the other hand, intra-mPFC infusion of the selective 5-HT2CR antagonist RS 12221 enhanced the hyperlocomotive and discriminative stimulus effects of cocaine (Filip and Cunningham, 2003) and reversed the blockade of the MDMA sensitization expression by a 5-HT2CR agonist (Ramos et al., 2005). This functional evidence suggests an important role for the 5-HT2CR in PFC in the control of cortical output and behavior. Therefore, knowledge of the cellular location of these receptors within the PFC may provide insight into the molecular mechanisms of psychiatric disorders and advance our understanding of these diseases and their treatment.

The rat PFC can be divided into medial, lateral and ventral regions (Dalley et al, 2004). The medial PFC (mPFC) has been shown to share some function with the PFC in the human and as such, appears to be involved in working memory, attention, and reward (Delley et al, 2004; Tzschentke, 2000; Uylings et al., 2003). The rat mPFC consists of the anterior cingulate cortex (ACC), the prelimbic PFC (PrL), and the infralimbic PFC (IL; Delley et al., 2004; Ongur and Price, 2000; Paxinos and Watson, 2004). The most prominent subcortical afferents to the mPFC arise in the mediodorsal nucleus of thalamus (Fuster, 1997). The mPFC also receives input from the raphe nuclei, the ventral tegmental area (VTA), the hypothalamus, as well as other neocortical regions while efferents leave the mPFC to reciprocally innervate practically every structure which send fibers to this cortical region (Fuster, 1997).  The two major cell types that exist in the mPFC include glutamate-containing  pyramidal projection neurons (about 80% of total neurons) and γ-aminobutyric acid (GABA) local circuit interneurons (about 20% of total neurons; Fuster, 1997; Gabbott et al., 1997). Local circuit interneurons form numerous synapses on pyramidal projection neurons, having a crucial regulatory function over prefrontal pyramidal output (Eyles et al., 2002). Specific subclasses of these GABA interneurons in the mammalian cerebral cortex can be readily identified by the expression of the defined calcium binding proteins parvalbumin, calbindin, and calretinin (Gabbott et al., 1997; Andressen et al., 1993). Interneurons which express parvalbumin, calbindin, or calretinin not only have distinct morphological and neurochemical characteristics but also can be distinguished electrophysiologically (Kawaguchi and Kondo 2002; Kawaguchi and Kubota 1997). Therefore, the 5-HT2CR in different subpopulations of GABA neurons will presumably have different functions.  

The purpose of the present study was to investigate whether the 5-HT2CR is expressed in subtypes of GABA interneurons in the rat PFC. To this end, we have employed double-label, fluorescence immunohistochemistry to simultaneously visualize the 5-HT2CR protein in GABA neurons labeled with the synthetic enzyme glutamic acid decarboxylase (GAD-67), and/or the calcium binding proteins parvalbumin, calbindin, and calretinin. Investigation of the 5-HT2CR localization in the mPFC will provide insight into the molecular mechanisms of underlying the function of the 5-HT2CR localized to PFC. 
Methods

Animals

Naïve, male Sprague-Dawley rats (Harlan, Houston, TX, USA) weighing 250-300 g  were used. The rats were housed four to a cage in standard plastic rodent cages in a colony room maintained at 21(2(C and at 40-50% humidity under a 12-hlignt/dark cycle (06:00-18:00 h) for at least one week before experiments. Food and water were available ad libitum. All experiments were carried out in accordance with the NIH Guide for the Care and Use of Laboratory Animals (National Institute of Health, 1986) and with approval by the UTMB Institutional Animal Care and Use Committee. 
Perfusion and Sectioning

Naïve rats (n = 4) were anaesthetized with sodium pentobarbital (100 mg/kg) and transcardially perfused with 10 mmol/L phosphate buffered saline (PBS, pH 7.2) followed by 3% paraformaldehyde in 10 mmol/L PBS (pH 7.2). Brains were removed, blocked at mid-pons, and postfixed in 3% paraformaldehyde of PBS for 2 h at room temperature. Brains were then cryoprotected in 30% sucrose for 48 h at 4˚C, rapidly frozen on crushed dry ice, and stored at -80˚C until sectioning. Coronal sections (20 μm) containing the mPFC (-2.7 through –3.7 mm from Bregma) were taken from all brains using a cryostat at - 20˚C (Leica CM 1850, Leica Microsystems Nussloch GmbH, Nussloch, Germany) according to the atlas of Paxinos and Watson (Paxinos and Watson, 2004). For one rat, thicker sections (40 μm) adjacent to 20 μm  sections were taken for the cresyl violet staining to determine the layers of mPFC.   

Immunohistochemistry

Free-floating brain sections (20 μm) were washed (5 x 10 min) with 10 mmol/L PBS (pH 7.2) using an orbital shaker and incubated for 60 min in blocking buffer (PBS supplemented with 1.5 % normal donkey serum, Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA) at room temperature. The blocking buffer was aspirated, and the sections were incubated with the appropriate primary antibody. Incubation was carried out for 44 hours at 4˚C, under continuous agitation on an orbital shaker. After six washes (6 min each wash) in 10 mmol/L PBS (pH 7.2), the sections were protected from light and further incubated for 60 min at room temperature with the appropriate secondary antibody. Sections were washed with PBS (3 x 10 min) and mounted using a 0.1% Dreft® solution onto gelatin chromium-coated slides. The slides were then coverslipped using Vectashield® fluorescent mounting medium with DAPI (4’, 6-diamidoino-2-phenylindole; Vector Laboratories, Ltd., Burlingame, CA, USA) to label nuclei, and stored protected from light at 4 ˚C until viewing. 

Antibodies

The following primary antibodies were used: anti-5-HT2CR polyclonal antibody raised in goat (1:100 dilution, Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA); anti-glutamic decarboxylase 67 (GAD 67) polyclonal antibody raised in rabbit (1:150 dilution, Santa Cruz Biotechnology, Inc.); anti-parvalbumin monoclonal antibody raised in mouse (1:1000 dilution, Sigma-Aldrich Corp., St. Louis, MO, USA); anti-calbindin monoclonal antibody raised in mouse (1:1000 dilution, Sigma-Aldrich Corp.); anti-calretinin polyclonal antibody raised in rabbit (1:3000 dilution, Chemicon International, Inc., Temecula, CA, USA). The following secondary antibodies were used: donkey anti-goat antibody conjugated to Alexa Fluor® 488 (1:500 dilution, Invitrogen Corporation, Carlsbad, CA, USA); donkey anti-rabbit antibody conjugated to Alexa Fluor® 555 (1:2000 dilution, Invitrogen Corporation); donkey anti-mouse antibody conjugated to Alexa Fluor® 555 (1:2000 dilution, Invitrogen Corporation). All antibodies were diluted to the final concentration in blocking buffer (as above)
Nissl Staining

Brain sections (40 μm) adjacent to the sections processed for the 5-HT2CR immunohistochemistry in one rat were processed for Nissl staining to identify basic neuronal structures. Slides were immersed for 2 min in each of the following: 95% alcohol, 70% alcohol, and distilled water. Sections were stained in 0.5% cresyl violet for 2-3 min,  differentiated in water for 0.5 min and then dehydrated for 2 min in each of the following: 70% alcohol, 95% alcohol, 100% alcohol, placed in Histoclear (National Diagnostics, Atlanta, GA, USA) for 10 min and cover-slipped with Permount (Fisher Scientific, Fair Lawn, NJ, USA). The slides were cleaned and viewed until they were dry.

Image Analysis

Digital images were captured from brain sections using an Olympus BX51 fluorescent microscope (Olympus America Inc., Melville, NY, USA) equipped with a Hamamatsu camera (Hamamatsu Corp., Bridgewater, NJ, USA) interfaced to a personal computer with SimplePCI software (version 5.1, Compix Inc., Cranberry Township, PA, USA). A 4x, 10x, 20x, or 40x objective was used to capture all photographs for final magnification of 40x, 100x, 200x, 400x, respectively. Photomicrographs at a magnification of 40x were taken of sections which included layers I to VI of the prelimbic PFC and were used to quantitate the numbers of 5-HT2CR-IR cells in superficial (layers I and II/III) and deep layers (layers V and VI) of the mPFC and their colocalization with GAD 67-, parvalbumin-, calbindin- or calretinin-IR. Three coronal sections including the mPFC were taken from each rat at +3.2 mm anterior-posterior from bregma. Photomicrographs at a magnification of 100x were taken from layers I-VI of the prelimbic PFC and used to show location of 5-HT2CR-IR. Photomicrographs with magnification of 200x were taken from layer V of the prelimbic PFC and used to show the colocalization of the 5-HT2CR with either GAD 67, parvalbumin, calbindin or calretinin. Photomicrographs at a magnification of 100x were taken from layers I-VI of the prelimbic PFC and used to show location of 5-HT2CR-IR. Photomicrographs with magnification of 400x were taken from layer V of the prelimbic PFC and used to show staining pattern of the 5-HT2CR-, GAD 67-, parvalbumin-, calbindin-, and calretinin-IR. Green fluorescence emitted by the Alexa Fluor® 488 antibodies was visualized using a yellow GFP filter set (#41017; Chroma Technology Corporation, Rockingham, VT, USA), while the red fluorescence emitted by the Alexa Fluor® 555 antibodies was visualized using a narrow band green excitation filter set (U-MNG2, Olympus). In addition, DAPI staining was visualized using a blue GFP II filter set (#31041, Chroma Technology Corporation). For each section, up to three images were captured of the same viewing area, one for each filter set detecting immunoreactivity (IR) for each antibody and DAPI, and then resultant images were overlaid. 

To investigate distribution of the 5-HT2CR-IR and its colocalization with GAD 67-IR and parvalbumin-, calbindin- and calretinin-IR in the mPFC, the images were analyzed using a program written in MATLAB (The MathWorks, Inc., Natick, MA, USA) by Dr. Gilbert R. Hillman. Red and green channels of the image data were used separately for analysis. Correction for variation in background staining was accomplished by comparing each pixel’s intensity to that of a local 50x50 pixel region. Pixels with intensity higher than background by a selectable number of gray levels were counted as labeled. This intensity difference between pixels and background around pixels used to identify a cell was chosen according to the type of staining. 

Colocalization of two labels was determined by approximate coincidence of red and green labeling. This condition was determined by dilating both the red and the green images using a 3x3 structuring element, and then locating pixels that were labeled in both images after dilation. Each contiguous cluster of colocalized pixels was counted as a single cell. The software enabled us to count the cell numbers exhibiting 5-HT2CR-IR and colocalization of 5-HT2CR-IR with GAD 67-IR or one of the calcium binding proteins immunoreactivity in the 40x photomicrographs. Brain sections stained with cresyl violet were used to identify layers of the mPFC. The cell numbers for each rat brain were calculated from the average of the numbers from three sections (around +3.2 mm prior to bregma) for a given rat.

A one-way ANOVA was used to analyze the differences in the percentage of cells labeled for 5-HT2CR-IR which also contained parvalbumin-, calbindin- or calretinin-IR. A significant F value was followed by a comparison between specific groups using the Student Newman-Keuls procedure (SNK). All statistical analysis were conduced with the experimentwise error rate (α) at 0.05.

Results

5-HT2CR-IR distribution and 5-HT2CR, GAD 67, parvalbumin, calbindin, calretinin staining patterns in the mPFC

Immunoreactivity for the 5-HT2CR was observed in all subregions of the rat mPFC including the ACC, the PrL, and the IL. Since the 5-HT2CR-IR had similar laminar distribution in the three subareas of the rat mPFC, we analyzed the expression of the 5-HT2CR-IR in layers I-VI of the PrL. The 5-HT2CR-IR was located mainly in the deep layers of the mPFC (layers V/VI) (Figure 13A and 13B). Eighty-five percent cells which expressed 5-HT2CR-IR were located in the deep layers (layers V-VI) while only 15% were found in the superficial layers (layers I-III) of the analyzed area of the PrL (Figure 12). 

The expression of 5-HT2CR-IR was typically most intense along the periphery of cell bodies and processes proximal to the cell bodies (Figure 14A). The neurons with 5-HT2CR-IR were rarely pyramidal-shaped, but rather were round- or fusiform-shaped and thus appearance to the 5-HT2CR labeled cells are most like cortical interneurons (Figure 14A). Expression of GAD 67-IR was distributed more evenly throughout the soma and extended into the proximal processes in some neurons (Figure 14B). Parvalbumin-, calbindin- and calretinin-IR were distributed evenly throughout the soma and extended in the proximal and distal neurites (Figure 14C-14E).

5-HT2CR/GAD 67 immunofluorescence


Sections including the PrL were stained for both the 5-HT2CR and GAD 67 antibodies using double-labeling immunofluorescence methods. Double-labeled cells could be identified not only on the basis of the localization of the overlap of the two fluorochromes but also on the basis of differential staining patterns for 5-HT2CR-IR relative to that seen with GAD 67-IR (Figure 15). As noted above, 5-HT2CR-IR was again intensely expressed at the periphery of cell bodies and processes proximal to cell bodies (Figure 15A) while GAD 67-IR was distributed more evenly throughout the soma and occasionally extended into the proximal processes (Figure 15B). Examples of double-staining for the GAD 67 and the 5-HT2CR were shown in Figure 15C. Figure 15D shows the representative section for Figure 15A-C. In the analyzed area of the PrL shown in Figure 12, 50.4 ± 4.77 % cells stained for the 5-HT2CR-IR also expressed GAD 67-IR. The percentage of neurons that expressed 5-HT2CR-IR and GAD67-IR among neurons with 5-HT2CR-IR in layers V-VI (54.38% ± 6.28%) is significantly higher than that seen in layers I-III (19.88% ± 4.38%) (p < 0.05).

 Colocalization of 5-HT2CR and calcium-binding proteins


Double-label immunofluorescence experiments with antibodies to the 5-HT2CR and the calcium-binding proteins (parvalbumin, calbindin, and calretinin) allowed us to determine whether the 5-HT2CR was preferentially located on particular subtypes of GABAergic interneurons. The different calcium binding proteins are found in largely nonoverlapping populations of GABAergic interneurons in mammalian neocortex (Kubota et al., 1994; Van Brederode et al., 1990). Once again, identification of double-labeling was facilitated by different staining patterns. In contrast to the most intense staining in the periphery of cell bodies observed with the 5-HT2CR antibody (Figure 14A, 16A, 16E, 16H), the antibodies to the calcium binding proteins diffusely stained soma and usually processes of neurons (Figure 14C, 14D, 14E, 16B, 16F, 16I). Examples of double-staining for each of the three calcium binding proteins and the 5-HT2CR are shown in Figure 16C, 16G and 16J. The different classes of interneurons varied significantly in their frequency of colocalization of each calcium binding protein immunoreactivity with the 5-HT2CR-IR in the deep layers (F3,8 = 13.69, p < 0.0058) but not the superficial layers (F3,8 = 0.12, p < 0.8905) of the chosen PrL area shown in Figure 1D. In deep layers, 25.4% of parvalbumin-positive detected also displayed 5-HT2CR-IR, while only 8.1% of calbindin- and 2.5% of calretinin-positive neurons contained 5-HT2CR-IR. Thus, a significantly higher percentage of neurons with parvalbumin-IR showed colocalization with 5-HT2CR-IR in comparison to calbindin-IR or calretinin-IR (p<0.05, Figure 17). 
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Figure 12. Drawing of representative section used for the counting of cells including 5-HT2CR-IR and its colocalization with GAD 67-, parvalbumin-, calbindin-, and calretinin-IR in the PrL.  The drawing was adapted from Paxinos and Watson (2004). ACC: anterior cingulate cortex; PrL: prelimbic cortex; IL: infralimbic cortex.

Figure 13. Stratification and segregation of immunoreactive profiles for the 5-HT2CR. 5-HT2CR-IR (A, green) was segregated into specific cortical layers shown by comparison with neighbor sections stained with cresyl violet (B), which stains most cells in all cortical layers (I–VI). Note that most 5-HT2CR-IR cells are located in layer V-VI. A few cells are also stained in layers I and II/III. (C) is schematic drawings adapted from Paxinos and Watson (2004) corresponding to coronal sections from which images for showing striatification of the 5-HT2CR-IR were captured. Scale bar: 200 μm. ACC: anterior cingulate cortex; PrL: prelimbic cortex; IL: infralimbic cortex.
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Figure 14. Photomicrographs of immunostained neurons illustrating the patterns of label associated with each of the immunoreagents used in this study. The 5-HT2CR-IR (green) was typically most intense at the periphery of the cell bodies, which may extend into the proximal dendrites (A). The antisera to GAD 67 (red) produced a relatively homogeneous staining of the cell soma and occasionally weakly labels the proximal dendrites (B). The antisera to parvalbumin (red; C) and the antibodies to calbindin (red; D) and calretinin (red; E) produced a diffuse staining that labels the soma and proximal and distal neurites. Scale bar, 20 µm. DAPI stained nuclei as blue.

   
Figure 15. Photomicrographs of double-label immunofluorescent staining of GAD 67 and 5-HT2CR showing colocalization. The 5-HT2CR-IR was demonstrated by Alexa Fluor® 488 (green, A), and the GAD 67-IR was demonstrated by Alexa Fluor® 555 staining (red, B). Figure C shows overlay of images in A and B. Approximately 50% of 5-HT2CR-positive neurons in the field are GAD 67-IR. Examples of neurons labeled by staining for GAD67, which also contain the 5-HT2CR, are shown. Arrows show the cells that express both GAD 67-IR and 5-HT2CR-IR. (D) Schematic drawing adapted from Paxinos and Watson (2004) corresponding to coronal sections from which images for showing colocalization of 5-HT2CR-IR and GAD 67-IR were captured. Scale bar: 50 μm. ACC: anterior cingulate cortex; PrL: prelimbic cortex; IL: infralimbic cortex.












Figure 16. Photomicrographs of double-label immunofluorescent staining of cortical interneurons and the 5-HT2CR showing colocalization. In all cases, the 5-HT2CR-IR is demonstrated by Alexa Fluor® 488 (green, A, D, G), and the different interneuron types are demonstrated by Alexa Fluor® 555 staining (red, B, E, H). The 5-HT2CR-IR and immunoreactivity of different interneuron types were overlaid in (C, F, I). Examples of neurons labeled by staining for parvalbumin, calbindin, and calretinin, which also contain (parvalbumin) or do not contain (calbindin, calretinin) the 5-HT2CR-IR, are shown. Of the three classes of interneurons, double-labeled parvalbumin cells tended to have the largest amount of 5-HT2CR-IR. Arrows show the cells with both parvalbumin-IR and 5-HT2CR-IR. All images were taken from the same areas as figure 3. Scale bar: 100 μm.

              5-HT2CR                                      Parvalbumin            5-HT2CR+Parvalbumin

               5-HT2CR                                     Calbindin                       5-HT2CR+Calbindin

             5-HT2CR                                        Calretinin                    5-HT2CR+Calretinin

Figure 17. Graphs illustrating the degree to which different interneuron populations contain the 5-HT2CR. Interneuron populations were defined by staining for parvalbumin, calbindin, or calretinin. The average of the percentage of tot neurons detected for each interneuron subpopulation that also contained 5-HT2CR-IR (± S.E.M.) is presented (n = 3). The percentage of parvalbumin-positive neurons which contain the 5-HT2CR is significantly higher than that of calretinin or calbindin neurons in the deep layers (layers I-III; A)  but not the superficial layers (layers V/VI; B) of the PrL.
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Discussion

Our present study demonstrated a relatively greater number of 5-HT2CR-positive cells in the deep layers of the rat PrL than that in superficial layers, and 5-HT2CR-IR was most intense in the periphery of the cell bodies and processes proximal to the cell bodies in the rat PrL. About 50% of neurons expressing 5-HT2CR-IR in the PrL also expressed GAD 67-IR. The 5-HT2CR-IR was differentially distributed in subtypes of GABA interneurons defined by the presence of specific calcium binding proteins. The parvalbumin-IR cells had the highest percentage of 5-HT2CR-IR. This is the first report to investigate localization of the 5-HT2CR in GABA PFC interneurons.
Previous in situ hybridization studies demonstrated a distribution of the 5-HT2CR mRNA restricted to layer V of PFC in human (Pasqualetti et al., 1999), monkey (Lopez-Gimenez et al., 2001) and rat (Pompeiano et al., 1994). The 5-HT2CR mRNA labeling in both human and monkey PFC was not in pyramidal-shaped cells (Pasqualetti et al., 1999; Lopez-Gimenez et al., 2001) although, to our knowledge, there are no reports concerningthe presence or absence of 5-HT2CR mRNA in pyramidal-shaped neurons in the rat PFC. These data are consistent with our immunohistochemical observations that the 5-HT2CR-IR are mainly in deep layers (layers V/VI) of the rat PrL and colocalized with GAD 67-IR, a marker of GABA neurons. However, in our study only about half of the neurons showing 5-HT2CR-IR also possessed GAD 67-IR. The other half of neurons showing 5-HT2CR-IR may not able to be detected in GAD 67-positive neurons because of sensitivity of the assay or may be located in glial cells (Chen et al., 1995; Zhang et al., 1993)

We found that subtypes of interneurons in the PrL varied in the extent to which they contain the 5-HT2CR-IR. The 5-HT2CR-IR was predominantly colocalized with parvalbumin-IR rather than calretinin- and calbindin-IR. Parvalbumin-positive neurons include basket and chandelier interneurons that innervate the cell body and the initial segments of axons, respectively, of pyramidal neurons (Condé et al., 1994; Gabbott et al., 1997). The perisomatic inhibitory synapses formed by parvalbumin-expressing chandelier and basket neurons are proximate to the initial axon segment of pyramidal cells, the site where action potentials are generated. So, parvalbumin-positive GABA neurons appear to be specialized to regulate the output of pyramidal neurons (Lewis et al., 2005; Markram et al., 2004). Calretinin-positive neurons include double-bouquet, and Cajal-Retzius cells whose terminals selectively innervate other GABA interneurons or the distal dendrites of pyramidal cells (Condé et al., 1994; Gabbott et al., 1997).  Calbindin-positive neurons include double-bouquet, neurogliaform, and Martinotti neurons, which innervate the distal dendrites of pyramidal cells (Condé et al., 1994; Gabbott et al., 1997). Thus, since our results showed that the 5-HT2CR-IR was predominantly colocalized with parvalbumin-IR rather calbinding-IR and calretinin-IR, the 5-HT2CR-mediated effects on GABA interneurons might be particularly strong on those cells with strongest inhibitory effects on cortical pyramidal cells and weaker on those cells that may innervate pyramidal cell distal dendrites or other inhibitory interneurons. When the 5-HT2CR in the mPFC is activated by the 5-HT2CR agonists, the 5-HT2CR in the parvalbumin-positive cells may lead to release of GABA to inhibit output of the pyramidal cells. Given that the 5-HT2CR-IR in the rat mPFC was mainly in deep layers (layers V-VI) and the projection neurons in the deep layers mainly project to the subcortical nucleus (Kandel et al., 2004), activation of the 5-HT2CR in the GABA interneurons would release GABA and be expected to reduce excitatory output to medium spiny neurons in the NAc and/or the DA cell bodies in the VTA and so inhibit the cocaine-induced hyperactivity or MDMA sensitization. This hypothesis is consistent with the study that the GABAAR agonist muscimol injected into the mPFC has been shown to block cocaine-induced conditioned hyperactivity (Franklin and Druhan, 2000). 

Although both the 5-HT2CR mRNA and protein have been localized to the PFC (Clemett et al., 2000; Mengod et al., 1990; Molineaux et al., 1989; Sharma et al., 1997), distribution of the 5-HT2CR in GABAergic neurons of the PFC has not previously been reported. The 5-HT2CR is located in the GABA neurons in other brain areas. For example, the 5-HT2CR blockade in the VTA by SB 206553 decreased (+)-MDMA-induced GABA efflux in the VTA (Bankson and Yamamoto, 2004). In vivo electrophysiological experiments showed that the 5-HT2CR agonist m-chlorophenylpiperazine (mCPP) activated the non-dopaminergic (presumably GABA-containing) neurons in the substantia nigra and VTA (Di Giovanni et al., 2001) and this effect was blocked by a selective 5-HT2CR antagonist SB 242084.  These data suggest that activation of the 5-HT2CR in VTA GABAergic neurons lead to the release of GABA. The 5-HT2CR mRNA has been reported to be located in GABA neurons in the hypothalamus (Mirkes and Behtea, 2001) and anterior raphe nuclei (Serrats et al., 2005). Therefore, the literature supports the 5-HT2CR- and, in some cases, the 5-HT2CR-mediated effects in GABAergic cells in a variety of structures. The data reported here extend these findings to the rat mPFC. 

The brainstern dorsal raphe nucleus (DRN) sends 5-HT axons to innervate widespread areas of the brain (Steinbusch, 1981), including projections to the PFC (Van Bockstaele and Pickel, 1993). In the PFC, serotonergic axons synapse predominantly on interneurons (Smiley and Goldman-Rakic, 1996). Activation of 5-HT2A/2C receptors in the rat mPFC by 1-(2,5-dimethoxy-4iodophenyl-2aminopropane (DOI) increased the extracellular GABA level of this area, induced c-Fos expression in GAD 67-positive interneurons (Abi-Saab et al., 1999) and c-Fos proteins were not expressed in 5-HT2AR positive cortical neurons (Mackowiak, et al., 1999).  These data suggest that the 5-HT2CR is probably located in GABAergic interneurons of the mPFC. Our results confirmed that about half of neurons expressing 5-HT2CR-IR had the GAD 67-IR, a marker of the GABA interneurons.

In summary, the localization of the 5-HT2CR in deep layers of the PrL suggestd a key role of the 5-HT2CR in the mPFC to affect the NAc and the VTA. Our results demonstrate a higher percentage of parvalbumin-positive neurons with 5-HT2CR-IR than the calbindin- and calretinin-positive neurons, suggesting that the 5-HT2CR in the mPFC may inhibit the output of the pyramidal neurons through increasing the excitability of the parvalbumin-positive GABA neurons. This may be the mechanism by which microinjection of a 5-HT2CR agonist into the mPFC inhibited hyperlocomotive and discriminative stimulus effects of cocaine (Filip and Cunningham, 2003), MDMA sensitization (Ramos et al., 2005), expression of cocaine-induced conditioned hyperactivity (Chapter 3). 

CHAPTER 5

CONCLUSIONS

The studies described here were conducted to gain further insight into the role of the 5-HT2CR in the expression of cocaine-induced conditioned hyperactivity and whether the mPFC is a site of action for the 5-HT2CR to control cocaine-induced conditioned hyperacitvity, as well as to examine the distribution of the 5-HT2CR on GABA neurons within the mPFC. The main conclusions of the present studies are that: (1) a preferential 5-HT2CR agonist inhibited and a selective 5-HT2CR antagonist enhanced expression of the conditioned hyperactivity, at doses which do not affect the basal activity; (2) microinjection of the 5-HT2CR agonist into the mPFC inhibited the expression of cocaine-induced conditioned hyperactivity; and (3) the 5-HT2CR in the mPFC is mainly localized to GABA interneurons in the deep layers of the PrL, especially parvalbumin-positive interneurons.

Systemic administration of 5-HT2CR agonists has been reported to decrease the behavioral effects of acute cocaine administration, including hyperactivity and rate of responding for cocaine in a self-administration paradigm (Fletcher et al., 2002; Grottick et al., 2000). The 5-HT2CR agonists also have been shown to inhibit nicotine-induced hyperactivity and rate of responding for nicotine or ethanol in a self-administration paradigm (Grottick et al., 2001; Tomkins et al., 2002). However, although the 5-HT2CR antagonist reversed inhibition of cocaine cue-induced reinstatement of cocaine seeking behaviors by fluoxetine (Burmeister et al., 2004), no other studies have investigated how the 5-HT2CR might control cocaine cue-induced conditioned behaviors. We found that a preferential 5-HT2CR agonist inhibited and a selective 5-HT2CR antagonist enhanced expression of cocaine-induced conditioned hyperactivity. Thus, we present for the first time involvement of the 5-HT2CR in expression of cocaine-induced conditioned behaviors using both the 5-HT2CR agonist and antagonist. 

In order to test hypothesis that the 5-HT2CR is involved in the expression of cocaine-induced conditioned behaviors, we first established cocaine-induced conditioned hyperactivity. We chose to use this associative (Pavlovian) learning paradigm to study drug-conditioned responses because it offers some advantages over conditioned place preference paradigm and operant learning paradigms such as drug self-administration models. First, all rats in the paired and unpaired groups received exactly the same cocaine treatment. Only the order of cocaine administration and stimuli presentation differs between the groups. Second, conditioned locomotion is a purely associative response (i.e. no choice and no operant), so it can be used to investigate the neural substrate of drug-conditioned behaviors without confounding influences associated with other forms of learning. Third, it is a simple model compared with drug self-administration models. 
Using this model, we found that 5-HT2CR ligands regulate expression of cocaine-induced conditioned behaviors. Several possible mechanisms may explain this role of the 5-HT2CR. First, the 5-HT2CR in the NAc may be responsible for modulation of expression of cocaine-induced conditioned hyperactivity by the 5-HT2CR. However, when microinjected into the NAc, the 5-HT2CR agonists enhanced and the 5-HT2CR antagonists inhibited cocaine-induced hyperactivity and discriminative stimulus effects of cocaine (McMahon et al., 2001; Filip and Cunningham, 2002). These results are opposite to the effects of the 5-HT2CR agents when they are systemically administrated (Grottick et al., 2000; Fletcher et al., 2002). This data do not support that the 5-HT2CR in the NAc is responsible for effects of systemic administration of the 5-HT2CR agents on expression of cocaine-induced conditioned hyperactivity. Second, the 5-HT2CR may affect expression of cocaine-induced conditioned hyperactivity through regulating the DA systems. There is substantial evidence that the functional status of mesocorticolimbic DA system is under a phasic and tonic inhibitory control by the 5-HT2CR. Both electrophysiological and biochemical data showed that 5-HT2CR agonists decreased, while 5-HT2CR antagonists enhanced mesocorticolimbic DA function (Di Matteo et al., 1999, 2000, 2004; Millan et al., 1997; De Deurwaerdere et al., 2004; Navailles et al., 2004). However, it is reported that in the cocaine-induced conditioned model, exposure of animals to environments associated with cocaine administration increased (Di Ciano et al., 1998; Duvauchelle et al., 2000) or did not affect DA levels in NAc while inducing conditioned hyperactivity (Brown and Fibiger, 1992; Barr et al., 1983). The DA receptor antagonist pimozide has been shown to be ineffective in preventing expression of cocaine-induced conditioned hyperactivity once established (Beninger and Herz, et al., 1986). The DA D1 receptor antagonist SCH 23390 and D2 receptor antagonist (-)sulpiride both decreased expression of conditioned hyperactivity but at doses which affected locomotor activity of the unpaired rats (Cervo and Samanin, 1996). These data suggest that the 5-HT2CR may not regulate expression of cocaine-induced conditioned hyperactivity through the DA system. Third, since the 5-HT2CR is located in the amygdala and prefrontal cortex (Abramowski et al., 1995; Sharma et al., 1997; Clemett et al., 2002), which are involved in expression of cocaine-induced conditioned hyperactivity (Brown et al, 1992; Franklin and Druhan, 2000a, 2000b) and project to other brain areas through glutamate projection neurons (Kandel et al., 2001), the 5-HT2CR may regulate expression of cocaine-induced conditioned hyperactivity through glutamate systems. Consistent with this idea, exposure of rats to stimuli associated with cocaine administration increased glutamate levels in the NAc (Hotsenpiller et al., 2001). Antagonists of AMPA or NMDA receptors have been demonstrated to block or decrease expression of cocaine-induced conditioned hyperactivity (Cervo and Samanin, 1996; Bespalov et al., 2000). All these data suggest that the 5-HT2CR may modulate expression of cocaine induced conditioned hyperactivity through the glutamate system from the PFC or the amygdala.

Chapter 3 of this dissertation showed that the 5-HT2CR agonist MK 212, when microinjected into the prelimbic part of the mPFC, inhibited expression of cocaine-induced conditioned hyperactivity while not affecting locomotor activity of the unpaired rats. Since microiontophoretic application of the preferential 5-HT2CR agonists mCPP into the rat mPFC inhibited both spontaneous or quisqualate (a glutamate receptor agonist)-induced firing activity of neurons, microinjection of MK 212 into the mPFC may have decreased the output of the mPFC. Excitatory output from the PFC synapse selectively onto the VTA GABA, but not DA neurons that project to the NAc (Sesack et al., 2002). Therefore activation of the 5-HT2CR in the mPFC may decrease output of the mPFC, which would decrease the activity of GABA neurons that project to the NAc or DA neurons in the VTA and so decrease GABA release or increase DA release in the NAc. Since increased DA in NAc increases locomotor activity (Jackson et al., 1975), this pathway does not explain how activation of the 5-HT2CR in the mPFC decreased expression of cocaine-induced conditioned hyperactivity. Our microinjection experiment provides further evidence that activation of the 5-HT2CR inhibited expression of cocaine-induced conditioned hyperactivity through the glutamate systems not the DA systems. 

The experiments described in Chapter 4 for the first time reveal that the 5-HT2CR is localized to GABA interneurons in the PrL and that different subpopulation of GABA interneurons varied in their frequencies to colocalized with the 5-HT2CR. Parvalbumin-positive interneurons, which project to the cell bodies and initial segment of the axons and control production of action potential, have a higher percentage of neurons that have the 5-HT2CR than do other subpopulation of GABA interneurons. These ICC results are consistent with the idea that activation of the 5-HT2CR in the mPFC decreases its output. Therefore activation of the 5-HT2CR in the mPFC may decrease its glutamate output into the NAc and so decrease expression of cocaine-induced conditioned hyperactivity.   

Collectively, the present studies have demonstrated that the 5-HT2CR affected expression of cocaine-induced conditioned hyperactivity, that the mPFC play an important role in this role of the 5-HT2CR, and that the mPFC may play its role through activation or antagonism of the 5-HT2CR in the parvalbumin-positive interneurons. The studies reported here combined with previous studies suggest that the therapeutic efficacy of the 5-HT2CR agonists on drug abuse deserves further investigation.
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