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Serotonin (5-HT) released consequent to acute (+)-3,4-methylenedioxy-
methamphetamine [(+)-MDMA; “ecstasy”] administration stimulates 5-HT,¢ receptors
(5-HT,cR) to exert inhibitory influence on (+)-MDMA-induced behaviors. Thus, changes
in 5-HT,cR responsiveness upon repeated intermittent exposure to (+)-MDMA may
contribute to the development and/or expression of behavioral sensitization. We tested
the hypothesis that intermittent exposure to (+)-MDMA or the 5-HT,cR agonist MK 212
results in enhanced (+)-MDMA-evoked locomotor activity (“behavioral sensitization”)
concurrent with decreased functional responsiveness of the 5-HT,cR. Male Sprague-
Dawley rats pretreated with saline, (+)-MDMA, or MK 212 for 7 days revealed that (+)-
MDMA or MK 212 pretreatment results in transient tolerance to MK 212-induced
hypomotility, indicating loss of 5-HT»cR responsiveness, that coincides with enhanced
(+)-MDMA-evoked hyperactivity at an early (24 h) withdrawal time-point. This suggests
a role for 5-HT,cR in the induction and early expression of (+)-MDMA sensitization.
While behavioral sensitization in (+)-MDMA-pretreated rats was transient and paralleled
the time-course of diminished 5-HT,cR responsiveness, MK 212-pretreated rats
displayed persistent (> 2 wks) enhancement of (+)-MDMA-evoked hyperactivity despite
recovery of 5-HT,cR responsiveness. The loss of 5-HT,cR responsiveness at 24h
withdrawal was not linked to reduced 5-HT,cR protein expression in the ventral
tegmental area (VTA), nucleus accumbens (NAc), or prefrontal cortex in either (+)-
MDMA- or MK 212-pretreated rats. However, an up-regulation of 5-HT,cR protein
expression was observed in the VTA at 2 wks withdrawal in MK 212-pretreated rats,
which may contribute to the persistence of (+)-MDMA-evoked hyperactivity. The ability
of 5-HT,cR to limit the expression of (+)-MDMA-evoked hyperactivity is attributable to
the inhibitory influence of 5-HT>cR upon VTA dopamine (DA) neuron firing and DA
release in the NAc. This effect may be mediated indirectly via depolarization of GABA
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neurons. However, we revealed (via double-label immunofluorescence and retrograde
tracing) that 5-HT,cR are located on both GABA and DA neurons in the VTA, a subset
of which project to the NAc. Thus, the potential for a direct stimulatory effect of 5-
HT,cR upon DA mesocorticoaccumbens pathway activation also exists. This may
predominate under certain conditions, such as in response to repeated S5-HT,cR
stimulation, as a result of modifications in 5-HT,cR responsiveness.
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CHAPTER 1: INTRODUCTION

The widely abused recreational drug 3,4-methylenedioxymethamphetamine
(MDMA, “ecstasy”) is hailed by its users for its ability to acutely produce mood
elevation, mental stimulation, increased closeness/empathy for others, and decreased
anxiety upon acute administration (Vollenweider et al., 1998). However, MDMA is
reported to result in a number of negative effects including cognitive dysfunction, sleep
disorders, increased anxiety, and depression upon withdrawal from repeated use
(Morgan, 2000). These effects of MDMA are possibly related to its ability to alter
serotonin (5-HT) neurotransmission, given serotonergic involvement in the regulation of
these physiological and psychological processes (for review, see Dubovsky and Thomas,
1995). MDMA binds with high affinity (nM) to the 5-HT transporter (SERT) and induces
a transporter-mediated exchange, resulting in the release of 5-HT into the synapse
(Rudnick and Wall, 1992). In addition, MDMA binds with lesser affinity (UM) to, and
reverses, the dopamine and norepinephine (NE) transporters, and also exhibits low
affinity (UM) for the 5-HT 5 and 5-HT,a receptors (Battaglia et al., 1988).

The release of 5-HT evoked by MDMA is believed to contribute to a unique
behavioral profile (Bankson and Cunningham, 2001) observed in rodents characterized
by increased forward locomotion in the periphery of the chamber, decreased investigatory
behaviors such as holepokes and rearing activity (Gold et al., 1988; Callaway et al.,
1990), and elicitation of the serotonin syndrome (Spanos and Yamamoto, 1989). This
profile differs from the patterns elicited by its parent compound, amphetamine, which
primarily consists of increased locomotion throughout the entire activity monitor and
increased investigatory behaviors that are attributed to the selective release of DA by
amphetamine (Geyer et al., 1987; Bankson and Cunningham, 2001). Serotonergic
modulation of MDMA-evoked behaviors may be mediated through any number of the 16
known 5-HT receptor subtypes (Hoyer et al., 2002). Indeed, researchers have
demonstrated prominent roles for the 5-HT;g receptor (5-HTgR), 5-HT,4R, and 5-



HT>cR in mediating the hypermotive and other behavioral effects of MDMA (Callaway
et al., 1992; McCreary et al., 1999; Bankson and Cunningham, 2002; Fletcher et al.,
2002; Herin et al., 2005). However, while the 5-HTgR and 5-HT,4R are thought to play
a facilitative role in MDMA-evoked hyperactivity (Callaway et al., 1992; McCreary et
al., 1999; Herin et al., 2005), the 5-HT»cR appears to provide an inhibitory input that
limits both the magnitude of hyperactivity evoked upon acute MDMA administration
(Herin and Cunningham, 2001; Bankson and Cunningham, 2002; Fletcher et al., 2002),
as well as the ability of MDMA to suppress food maintained responding (Fletcher et al.,
2002).

Repeated administration of MDMA results in a progressive enhancement of
MDMA-evoked locomotor activity, a phenomenon known as “behavioral sensitization”
(Spanos and Yamamoto, 1989; Kalivas et al., 1998; McCreary et al., 1999; Itzhak et al.,
2004). Behavioral sensitization is evoked by psychostimulants across chemical class and
has been shown to endure for long periods of time following discontinuation of drug
administration (Kalivas et al., 1993b; Vanderschuren and Kalivas, 2000). Thus, the
adaptations which underlie sensitization may provide insight into the mechanisms
underlying the behavioral sequleae observed during abstinence in chronic
psychostimulant abusers (Sherer et al., 1988; Robinson, 1993). A variety of transient and
enduring neuroadaptations encompassing several neurotransmitter systems have been
reported in response to chronic psychostimulant administration (for reviews, see
(Robinson and Becker, 1986; Kalivas et al., 1998; Vanderschuren and Kalivas, 2000),
including MDMA (McNamara et al., 1995; Obradovic et al., 1998; Mayerhofer et al.,
2001). However, enhancement of DA release in the nucleus accumbens (NAc) arising
from adaptations within the DA mesocorticoaccumbens “reward” pathway [DA neurons
which originate in the ventral tegmental area (VTA) and terminate in the NAc and
prefrontal cortex (PFC)], appears to be a critical feature of behavioral sensitization to

psychostimulants (Kalivas et al., 1993b; Vanderschuren and Kalivas, 2000).



Serotonin released by MDMA has been shown to contribute to the efflux of DA in
the NAc evoked by MDMA (Koch and Galloway, 1997). As such, even though the
primary mechanism of MDMA action is to reverse the SERT, the influence of 5-HT and
the 5-HT receptors on the behavioral effects of MDMA may be due to the ability of 5-HT
neurons from the dorsal raphe nucleus to innervate and modulate activity of the DA
mesocorticoaccumbens pathway (Bankson and Cunningham, 2001). Indeed, DA release
and stimulation of DA receptors has been shown to be integral in mediating the
hyperlocomotive, discriminative stimulus, and reinforcing effects of MDMA (Callaway
and Geyer, 1992a; Schechter, 1997; Bubar et al., 2004; Daniela et al., 2004), which are
thought to be contingent upon activation of the DA mesocorticoaccumbens pathway
(Pettit et al., 1984; Delfs et al., 1990; Callahan et al., 1997). Likewise, the 5-HT gR and
5-HT:2aR which facilitate MDMA-evoked hyperactivity (Bankson and Cunningham,
2002; Fletcher et al., 2002), have also been shown to enhance DA release in the NAc
(Parsons et al., 1999; Lucas and Spampinato, 2000), while the 5-HT,¢cR inhibits both the
extent of hyperactivity (Bankson and Cunningham, 2001; Fletcher et al., 2002; Herin et
al., 2005) and accumbal DA efflux induced by MDMA administration (Bankson and
Yamamoto, 2004). Interestingly, the unique ability of the 5-HT,cR to oppose the actions
of other 5-HT receptors by limiting the amount of DA efflux and hyperactivity evoked by
MDMA suggest that this receptor may be involved in the induction of the progressive
enhancement of hyperactivity and increase in accumbal DA efflux associated with
behavioral sensitization subsequent to repeated MDMA administration.

The 5-HT,cR is widely expressed in the brain (Pompeiano et al., 1994;
Abramowski et al., 1995; Eberle-Wang et al., 1997) and has been shown to undergo rapid
desensitization and down-regulation in response to chronic agonist administration in vitro
(Pranzatelli et al., 1993; Saucier et al., 1998; Berg et al., 2001b). Thus, the recurring
enhancement of 5-HT efflux that occurs during repeated MDMA administration may
induce similar methods of 5-HT,cR regulation. Indeed, a reduction in the number of 5-

HT,cR binding sites has been reported in several brain regions following neurotoxic
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regimens of MDMA (Scheffel et al., 1992; McGregor et al., 2003). In addition to these
common forms of receptor regulation, the 5-HT,cR has also been shown to possess a
unique ability to undergo mRNA editing, resulting in the expression of several different
5-HTycR isoforms that differ in their agonist affinity, G-protein coupling, and functional
efficacy (Herrick-Davis et al., 1999; Price et al., 2001). Although the effects of MDMA
and other psychostimulants on the expression of the various 5-HT,cR isoforms has not
yet been investigated, studies have shown that changes in levels of 5-HT can induce
alterations in the relative expression of these different isoforms (Gurevich et al., 2002a).
As such, enhanced expression of edited 5-HT,cR isoforms with lower agonist affinity and
functional efficacy (Herrick-Davis et al., 1999; Price et al., 2001), would result in a
reduced response of 5-HT,cR to 5-HT released by MDMA and a diminished capacity to
inhibit DA mesocorticoaccumbens pathway activation. Thus, the 5-HT,cR has the
potential to undergo various forms of regulation in response to repeated MDMA
administration which may contribute to mechanisms involved in sensitization.

The 5-HT,cR is a seven-transmembrane G-protein linked receptor that primarily
couples to the Gag/11 G-protein, inducing phopholipase C-mediated inositol phosphate
accumulation and enhancement of intracellular Ca™ (Conn and Sanders-Bush, 1987), and
is thereby thought to induce neuronal depolarization upon exposure to endogenous or
exogenous ligands (Sheldon and Aghajanian, 1991). Thus, the tonic and phasic inhibitory
influence of the 5-HT,cR upon DA mesocorticoaccumbens pathway activation and DA
release in the NAc (for reviews, see Di Giovanni et al., 2002; Higgins and Fletcher, 2003)
are thought to be mediated indirectly via depolarization of inhibitory y-aminobutyric
(GABA) neurons which synapse on VTA DA neurons (Johnson and North, 1992; Di
Giovanni et al., 2001; Bankson and Yamamoto, 2004). The VTA, located in the ventral
portion of the mesencephalon comprises the A10 DA population of mesencephalic
catecholamine neurons (Dahlstrom and Fuxe, 1964). Efferent projections from the VTA
are sent not only to the NAc and PFC, as mentioned above, but also to a wide variety of
other brain regions, including components of the limbic system (for review, see
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Domesick, 1988). Likewise, regulation of VTA neuronal activation is controlled by
various afferents (Phillipson, 1979a), including 5-HT projections from the dorsal raphe
nucleus (Herve et al., 1987; Van Bockstaele et al., 1993) and GABA projections from the
NAc, PFC, and ventral pallidum (VP; Kalivas et al., 1993a). In addition, a population of
GABA neurons is also present in the VTA appear to form synapses on local VTA DA
neurons (Johnson and North, 1992) and to send projections outside of the VTA to regions
such as the NAc (Van Bockstaele and Pickel, 1995) and PFC (Carr and Sesack, 2000a).

Although mRNA (Pompeiano et al., 1994; Eberle-Wang et al., 1997) and protein
(Abramowski et al., 1995; Clemett et al., 2000) for the 5-HT,cR have been shown be
present in the VTA, distribution of 5-HT,cR to specific neuronal subtypes has not been
throroughly investigated. Transcript for the 5-HT,cR was detected in VTA neurons
adjacent to, but not within, neurons containing mRNA for the DA synthethic enzyme
tyrosine hydroxylase (TH; Eberle-Wang et al., 1997). The presence of 5-HT>,cR mRNA
was, however, detected in cells containing the mRNA for the rate limiting enzyme for
GABA synthesis, glutamate decarboxylase (GAD) in the substantia nigra, which is
adjacent to the VTA (Eberle-Wang et al., 1997). Thus this study suggested that the 5-
HT,cR is also likely to be localized on GABA neurons within the VTA, thereby
supporting the hypothesis of indirect modulation of VTA DA neurons by 5-HT,cR via
inhibitory GABA neurons. However, no studies to date have been conducted to confirm
the presence of 5-HT»cR protein on GABA neurons within the VTA.

The following set of experiments was developed to gain further insight into the
mechanisms and impact of 5-HT,cR modulation of DA mesocorticoaccumbens pathway
activation. These studies sought to examine the functional adaptations of 5-HT,cR in
response to repeated MDMA administration and whether these adaptations may
contribute to behavioral sensitization to MDMA. Furthermore, experiments were
conducted to examine the distribution of 5-HT>cR on neurons within the VTA and the

potential for these receptors to influence activity of DA mesoaccumbens neurons.



CHAPTER 2:

TRANSIENT CHANGES IN 5-HT,c RECEPTOR
RESPONSIVENESS ACCOMPANY SHORT-TERM
SENSITIZATION FOLLOWING REPEATED (+)-MDMA
ADMINISTRATION

INTRODUCTION

Behavioral sensitization upon repeated intermittent administration is linked to
adaptations within the dopamine (DA) mesocorticoaccumbens or “reward” pathway
(Kalivas et al., 1993b; Vanderschuren and Kalivas, 2000). This pathway, consisting of
DA neurons that originate in the ventral tegmental area (VTA) and terminate in the
nucleus accumbens (NAc) and prefrontal cortex (PFC), appear to be critical for the
initiation and expression of behavioral sensitization (Kalivas et al.,, 1993b;
Vanderschuren and Kalivas, 2000). In particular, a hallmark feature of behavioral
sensitization is the development of enhanced psychostimulant-induced DA release in the
NAc (Robinson, 1993). Although less well studied than for cocaine or amphetamine
(Kalivas et al., 1993b; Vanderschuren and Kalivas, 2000), behavioral sensitization to (+)-
and (£)-MDMA has been demonstrated (Spanos and Yamamoto, 1989; Kalivas et al.,
1998; McCreary et al.,, 1999; Itzhak et al., 2003) and expression of (+)-MDMA
sensitization is associated with enhanced (x)-MDMA-evoked DA release (Kalivas et al.,
1998). Because (x)-MDMA-evoked DA release is controlled via a serotonin (5-HT)-
mediated mechanism (Gudelsky and Nash, 1996; Koch and Galloway, 1997), the 5-HT
system may contribute to the development and expression of MDMA sensitization,
although few studies have explored this hypothesis to date.

A primary mechanism of action for MDMA is the enhancement of synaptic 5-HT
levels via reversal of the 5-HT transporter (Rudnick and Wall, 1992). Stimulated release
of 5-HT would then be available to act at the 16 identified 5-HT receptors (Hoyer et al.,
2002). The 5-HTia, 5-HTp, 5-HT24, and 5-HT,c receptors have been shown to mediate
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some of the behavioral effects of MDMA, including hyperactivity evoked by acute (+)-
or (¥)-MDMA (Bankson and Cunningham, 2001; Fletcher et al., 2002). Of particular
interest is the 5-HT,c¢ receptor (5-HT,cR), which provides a unique inhibitory influence
over MDMA-induced hyperactivity, as 5-HT,cR antagonists greatly enhance
hyperactivity evoked by acute administration of (+)-MDMA (Bankson and Cunningham,
2002) and (£)-MDMA-evoked hyperactivity (Fletcher et al., 2002). The influence of the
5-HT,cR upon MDMA-evoked hyperactivity may be related to modulation of the DA
mesocorticoaccumbens pathway (Di Matteo et al., 2001) via 5-HT,cR localized within
this pathway. The functional relevance of the 5-HT,cR in nuclei of the
mesocorticoaccumbens circuit in the behavioral effects of acute MDMA exposure is
suggested by recent findings that 5-HT,¢R ligands microinfused into the subnuclei of this
circuit control expression of hyperactivity evoked by another psychostimulant, cocaine
(McMahon et al., 2001; Filip and Cunningham, 2002; Filip and Cunningham, 2003;
Fletcher et al., 2004).

Considering the robust influence of the 5-HT,cR over (+)- and (¥)-MDMA-
evoked hyperactivity (Bankson and Cunningham, 2002; Fletcher et al., 2002) and the
regulatory influence of the 5-HT,cR over function of the DA mesocorticoaccumbens
circuitry (Di Giovanni et al., 1999; De Deurwaerdere et al., 2004), it is plausible that
alterations in 5-HT,cR function following repeated (+)- or (*)-MDMA exposure may
contribute to the development and/or expression of sensitization. Thus, the present study
was conducted to test the hypothesis that repeated (+)-MDMA administration results in
decreased 5-HT,cR responsiveness and protein expression and that the alterations in 5-
HT,cR responsiveness parallel the expression of sensitization. Although the majority of
studies involving repeated MDMA treatment employ frequent administration of high
doses of (+)-MDMA that result in long-term depletion of 5-HTergic markers (Kalivas et
al., 1998; Itzhak et al., 2003) and degeneration of 5-HTergic axons and terminals
(referred to as “neurotoxicity”’; Gudelsky and Yamamoto, 2003), evidence suggests that

the development of sensitization to (*)-MDMA is not dependent upon 5-HTergic
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neurotoxicity (Kalivas et al., 1998; Itzhak et al., 2003). Thus, our goal was to employ a
repeated (+)-MDMA dosing regimen that results in sensitization, but does not cause
depletion of 5-HTergic or DAergic markers. We administered the (+)-isomer of MDMA
as this isomer is more potent than (-)-MDMA at releasing DA (Hiramatsu and Cho, 1990)
and evoking hyperactivity (Callaway et al., 1990). Following administration of the “sub-
neurotoxic” sensitizing regimen of (+)-MDMA (4 mg/kg/day, 7 d), animals were
challenged with either (+)-MDMA, the 5-HT,cR agonist MK 212, or saline at 24 h, 72 h,
or 2 wk withdrawal and locomotor activity was measured. The extent of (+)-MDMA-
evoked hyperactivity revealed the presence or absence of behavioral sensitization, while
the extent of MK 212-induced hypomotility was utilized to determine the responsiveness
of the 5-HT,cR. In addition, Western blot analysis was utilized to determine whether the
changes in 5-HT,cR responsivity were due to alterations in 5-HT»cR protein expression
in the VTA, NAc, or PFC. Due to the close homology between the 5-HT,cR and the 5-
HT,AR (Baxter et al., 1995) and the modest affinity of (+)-MDMA for the 5-HT,4R
(Battaglia et al., 1988), we also established whether the repeated (+)-MDMA regimen

altered 5-HT,aR protein expression in these brain areas.

METHODS

Animals

Adult male Sprague-Dawley rats (N = 224; Harlan Sprague-Dawley, Inc.,
Indianapolis, IN) weighing 225-350g at the beginning of the experimental procedures
were used. The animals were housed four to a cage in a temperature (21-23°C) and
humidity (40-50%) controlled environment and lighting was maintained under a 12-h
light-dark cycle (lights on at 7:00 a.m.-7:00 p.m.). Food and water were available ad
libitum (except during testing procedures). All experimental protocols were carried out in

accordance with the Guide for the Care and Use of Laboratory Animals (National
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Institutes of Health, 1986) and with the approval by the Institutional Animal Care and

Use Committee.

Drugs

Chloral hydrate, (+)-MDMA (National Institutes on Drug Abuse; Research
Triangle, NC) and MK 212 [6-chloro-2-(1-peperazinyl)pyrazine HCL; Tocris Cookson,
Ellisville, MO] were utilized in the study. Drugs were dissolved in sterile saline (0.9%
NaCl) and administered subcutaneously (SC) or intraperitoneally (IP); doses refer to the

weight of the salt.

Locomotor Activity Experiments

Apparatus

Locomotor activity was monitored and quantified under low light conditions
using a modified open field activity system (San Diego Instruments, San Diego, CA)
housed within sound attenuating outer chambers. Each of the 8 chambers consisted of a
clear Plexiglas open field (40 X 40 X 40 cm). A 4 X 4 photobeam matrix located 4 cm
from the floor measured horizontal activity. Activity recorded in the inner 16 x 16 cm of
the open field was counted as central activity while activity in the outer 12 cm registered
peripheral activity. A second row of 16 photobeams placed 16 cm from the monitor floor
allowed measurement of rearing. The control software (Photobeam Activity Software;
San Diego Instruments) was used to count peripheral, central, and rearing activity and
data was stored for subsequent statistical evaluation. Video cameras located above the

chambers were used to monitor activity continuously without disruption of behavior.

Experimental Protocols

Establishment of (+)-MDMA Sensitization
Behavioral Protocol and Analyses. Rats (n=8/group) were habituated to the test

chamber for 3 hrs/day on each of the 2 days prior to the start of the experiment. On each
of 7 consecutive days between 12:00 and 15:00 h, the rats were habituated to the test

chamber for 1 hr prior to the injection of saline (1 ml/kg, SC) or (+)-MDMA (4 mg/kg,
9



SC). Measurements of locomotor activity began immediately following the injection and
continued for 90 min. Upon completion of the daily locomotor activity session, animals
were immediately returned to their home cages.

Because similar trends in activity were observed in both fields of the activity
monitor, peripheral and central activity counts were summed to provide a single measure
of horizontal activity for each individual animal throughout the 90-min session.
Behavioral data are presented as mean total horizontal activity counts (+SEM) for each
90 min session on days 1, 3, 5, and 7 of the repeated (+)-MDMA regimen. A two-way
analysis of variance (ANOVA) was used to analyze the effects of (+)-MDMA
pretreatment (Factor 1) and the day of injection (Factor 2) on horizontal activity with
repeated measures on Factor 2 (day). Because group comparisons were specifically
defined prior to the start of the experiment, a priori planned pairwise comparisons were
then made with Dunnett’s test (Keppel, 1973) with the experimentwise error rate (0) set
at 0.05.

Monoamine Determinations. At 24 h withdrawal from the repeated (+)-MDMA

regimen, the rats were decapitated, and the PFC, striatum (STR) and NAc were
microdissected (Heffner et al., 1980) on a cool tray (4°C) and the tissue was immediately
submerged in liquid nitrogen and transferred to storage at -80°C until analyses of
monamine levels were conducted. Content of DA, 3,4-dihydrophenylacetic acid
(DOPAC), 5-HT, 5-hydoxyindole-3-acetic acid (5-HIAA), norepinephrine (NE) and
homovanillic acid (HVA) were analyzed in the laboratory of Richard De La Garza II
(Albert Einstein College of Medicine, Bronx, NY). Each sample was transferred to 200
pul ice-cold 0.1 N perchloric acid containing N-methyl-5-HT and 3.4-
dihydroxybenzylamine as internal standards (for indoleamines and catecholamines,
respectively). The tissue was sonicated in this solution and centrifuged at 23,000 x g for
20 min at 4° C. A portion of the supernatant (20 pl) was removed and analyzed by
HPLC to determine the concentration of DOPAC, DA, 5-HT and 5-HIAA. The column

employed was from Bioanalytical Systems (BAS: West Lafayette, IN: Phase II ODS-
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3uM, 100 mm x 3.2 mm). The on-line degassed mobile phase consisted of an 8%
solution of acetonitrile containing 0.6% tetrahydrofuran, 0.1% diethylamine, 0.025 M
Methylenediaminetetra acetic acid, 2.3 mM 1-octane-sulfonic acid, 30 mM sodium citrate
and 13.7 mM sodium dihydrogen phosphate (final pH 3.1), and was delivered at 800
pl/min.

The tissue pellet was saved for protein determination using the Bio-Rad DC
Protein Assay protocol (Hercules, CA). The tissue pellet was sonicated in a 0.6 ml tube
containing 200l 0.5N NaOH. Protein standards were based on 1.5 mg/ml protein (Fetal
bovine serum, Sigma, St. Louis, MO). The microplate reader (Benchmark Plus
microplate spectrophotometer, Bio-Rad, Hercules, CA) was set to read at 750 nm with a
dilution factor of 1. In this system, optical densities are converted into pg units derived
from the standard curve.

Chromatograms were recorded using a DA-5 data acquisition analog to digital
interface module coupled to an LC-4C electrochemical detector (BAS). Post-separation
signals were derived from a 2 mm glassy-carbon working electrode whose potential was
set at 600 mV versus an Ag/Ag Cl reference. Peak height was established using
Chromagraph® and Report® software (BAS) and quantification involved dividing the
peak height of the unknown by that of the internal standard, and referring this ratio to
external standards. Samples from all animals in the two test groups were processed in
parallel on the same day for each brain region.

Data are presented as mean (+ SEM) 5-HT, 5-HIAA, DA, DOPAC, NE, or HVA
content in nanograms per milligram of tissue. Individual Student’s z-tests were used to
compare the content of each monoamine or metabolite in repeated saline vs. repeated (+)-
MDMA treated rats for each brain area analyzed (PFC, NAc, and VTA); the

experimentwise error rate (0) set at p < 0.05.
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Challenge with (+)-MDMA or MK 212 during Withdrawal
Behavioral Protocol and Analyses. Rats (n=8/group) were removed from their

home cage between 09:00 and 11:00h, weighed, and injected with either (+)-MDMA

(4mg/kg, SC) or saline (1 ml/kg, SC) and immediately returned to their home cage each
day for 7 consecutive days. At 24 h, 72 h, or 2 wks following the last repeated injection
(referred to as withdrawal), rats were removed from their home cage between 07:30 and
10:30h, weighed and injected with a challenge injection of (+)-MDMA (4 mg/kg, SC),
MK 212 (2 mg/kg, SC), or saline (I ml/kg, SC) and immediately placed in the test
chamber. Locomotor activity was recorded for 90 min in all animals, however, the ability
of MK 212 to induce suppression of locomotor activity was most evident during the first
20 min of the test session (unpublished observations), thus data collected for this period
of time was analyzed for the MK 212 challenge. Each rat underwent only one test
session.

Peripheral and central activity counts were again summed to provide a single
measure of horizontal activity for each individual animal throughout the 90-min [(+)-
MDMA challenge] or 20 min (MK 212 challenge) session. Data are presented as mean
total horizontal activity counts (+SEM) for the session length. A two-way ANOVA was
used to analyze the effects of repeated (+)-MDMA pretreatment (Factor 1) and challenge
(Factor 2) at 24 h, 72 h, or 2 wks of withdrawal in separate groups of rats. A priori
planned pairwise comparisons were made with the Student Newman Keuls test (Keppel,
1973) with the experimentwise error rate (0) set at 0.05.

To confirm the results obtained upon (+)-MDMA challenge, an additional group
of rats (n = 32) underwent a similar procedure as described above for administration of
the repeated saline or (+)-MDMA pretreatment regimen. However, in this experiment,
challenges at all three withdrawal time-points were assessed in the same group of animals
(repeated measures). Thus at 24 h, 72h and 2 wks following the last repeated injection,
rats were removed from their home cage between 0:7:30 and 10:30h, weighed and

injected with a challenge injection of (+)-MDMA (4 mg/kg, SC) or saline (1 ml/kg, SC)
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and were immediately placed in the test chamber; locomotor activity was recorded for 90
min. Each rat received the same drug challenge on all three challenge days.

Data are presented as mean horizontal activity (SEM) across the 90-min test
session expressed as a percentage of (+)-MDMA-evoked hyperactivity for each
withdrawal time-point. A three-way ANOVA was used to analyze the effects of repeated
(+)-MDMA pretreatment (Factor 1), withdrawal time-point (Factor 2), and challenge
(Factor 3) on horizontal activity with repeated measures on Factor 2 (time-point). 4 priori
planned pairwise comparisons were made with the Fisher’s Least Significant Difference
test (Keppel, 1973) with the experimentwise error rate () set at 0.05. This approach to
statistical analysis is supported by a number of statisiticians (Keppel, 1973; Sheskin,

2000).

5-HT;cR and 5-HT;4R Protein Expression during Withdrawal
Pretreatment Protocol. Naive rats (n=8/group) were removed from their home

cage, weighed, and injected with the identical regimen of either (+)-MDMA (4 mg/kg,
SC) or saline (1 ml/kg, SC) and immediately returned to their home cage each day for 7
consecutive days.

Western Blot. At 24 h or 2 wks following the last repeated injection, rats were
anesthetized using chloral hydrate (800 mg/kg, IP) and decapitated. The VTA, NAc, and
PFC tissue were microdissected (Heffner et al., 1980) on a cool tray (4°C) and lysed in
HEPES containing, EDTA, EGTA, dithiothreitol (DTT), and protease inhibitor cocktail.
Insoluble matter was removed by microcentrifugation at 5000 x g at 4°C for 10 min. The
resulting supernatant was centrifuged at 20000 x g for 30 min. This pellet, containing the
membrane-bound proteins, was resuspended in 1% SDS and frozen at -80°C until protein
analysis was conducted. Total membrane-bound protein concentration was determined
using a BCA protein determination kit (Pierce, Rockford, IL). Total protein (20-30 Hg)
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was reduced with an appropriate volume of Laemmli sample buffer with DTT for 1 min/
100°C and separated on a 10% Tris-glycine gradient gel (Novex, San Diego, CA) using
SDS-PAGE. Following gel electrophoresis, proteins were transferred to a PVDF
membrane (BIORAD, Hercules, CA) via semi-dry electroblotting (Alltech, Deerfield,
IL). The membrane was blocked with 5% non-fat dry milk for 1h, followed by incubation
in 1% non-fat dry milk with either the polyclonal goat anti-5-HT,cR antibody (1:500,
4°C overnight; Santa Cruz Biotechnology, Santa Cruz, CA), the monoclonal mouse anti-
5-HT,aR antibody (1:5000; RT 1hr; BD PharMingen, San Diego, CA), or the monoclonal
mouse anti-f3-actin antibody (1:5000; RT 1hr; Chemicon International, Temecula, CA).
After 3 x 20 min washes with TBS-T, the blot was incubated in horseradish peroxidase
(HRP) conjugated sheep anti-mouse (1:5000-1:10000; Sigma, St. Louis, MO) or mouse
anti-goat secondary antibody (1:2000; Santa Cruz) in 1% non-fat dry milk for 1h, RT.
Following 3 x 10 min washes in TBS-T and an overnight wash in TBS (4°C), the
membrane was incubated in ECL Plus (Amersham) for 5 min and then exposed to film
(Kodak MXR hyperfilm) for 1 sec to 10 min, depending upon the antibody being
detected, and developed. Each membrane was probed with all three antibodies; antibodies
were stripped from the membrane via incubation in Re-blot Plus Mild (Chemicon) for 7-
15 min prior to re-probing with each additional antibody according to the procedures
described above.

Films were scanned and subjected to densitometric analysis using Scion Image
Analysis Software (Scion Corporation, Fredrick, MD). The density of each band was
calculated as the actual band density minus the background density of an adjacent area of
the same size. Following background subtraction, the ratio of 5-HT,cR or 5-HT,4R band
density to actin band density was determined for each sample to normalize for the amount
of protein loaded. A Student’s ¢-test was used to compare the resultant 5-HT,cR or 5-
HT,aR band densities in saline-treated vs. (+)-MDMA-treated rats for each brain area
(VTA, NAc, or PFC) at each withdrawal time-point (24 h or 2 wks) with an

experimentwise error rate (0) set at p < 0.05. Data are presented as the mean (= SEM) 5-
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HT,cR protein expression expressed as percent change from repeated saline-treated

controls.

RESULTS
Establishment of (+)-MDMA Sensitization

The ability of (+)-MDMA to induce sensitization was determined via
measurement of locomotor activity immediately following daily (+)-MDMA (4 mg/kg,
SC) or saline injections. Mean total horizontal activity data from days 1, 3, 5, and 7 are
presented in Fig. 1. A main effect of (+)-MDMA treatment (F; ¢3 = 185.23; p < 0.0001)
and day of injection (F363 = 8.09; p < 0.001), and a treatment x day of injection
interaction (Fszg3= 11.96; p < 0.0001) were observed for mean total horizontal activity
summed across each 90 min test session during the repeated treatment regimen. As
shown in Fig. 1, (+)-MDMA (4 mg/kg) induced significantly higher levels of horizontal
activity compared to saline on days 1, 3, 5, and 7 (p < 0.05). Animals also displayed
significantly higher levels of horizontal activity in response to (+)-MDMA on days 5 and
7 compared to day 1 of the repeated treatment (p < 0.05), suggesting that sensitization
had indeed developed. Horizontal activity levels following saline administration did not

differ between day 1 and any other test day.

Monoamine Determinations

There were no significant differences in levels of 5-HT, DA, NE, or their
respective metabolites observed between the saline- and (+)-MDMA-treated rats in the
FC, STR, or NAc when examined 24 h following the last repeated injection in the

animals used to establish sensitization (Table 1), suggesting that our sensitization
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regimen [(+)-MDMA (4 mg/kg/day, 7 d)] is sub-neurotoxic as measured by monoamine

content at these time-points.
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Figure 1. Sensitization to repeated (+)-MDMA administration. Data represent the
mean horizontal activity counts (+ SEM; n = 8/group) summed over the 90 min session
following injection of saline (1 ml/kg, SC) or (+)-MDMA (4 mg/kg, SC) on days 1, 3, 5
and 7 of the 7-day repeated regimen. * p < 0.05 vs. (+)-MDMA on day 1.
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Challenge with (+)-MDMA during Withdrawal

A main effect of pretreatment (F; 3, = 11.44, p <0.01), challenge (F;3; = 146.41,
p <0.0001), and a pretreatment x challenge interaction (F;3; = 19.24 ; p <0.001) were
observed for mean horizontal activity across the 90-min session following drug challenge
at 24 h withdrawal. As shown in Fig. 2, challenge with (+)-MDMA induced significant
horizontal hyperactivity in both (+)-MDMA and saline pretreated rats at 24 h withdrawal
compared to saline challenge. The hyperactivity induced by (+)-MDMA challenge in
repeated (+)-MDMA-pretreated rats was significantly higher than (+)-MDMA-induced
hyperactivity displayed by saline-pretreated rats at 24 h (p < 0.05). Activity levels seen
upon challenge with saline in rats pretreated with (+)-MDMA did not significantly differ
from saline-pretreated rats at 24 h withdrawal.

A main effect of pretreatment (F; 3= 6.64 ; p < 0.05), challenge (F,30=118.53 ; p
< 0.0001), and a pretreatment x challenge interaction (F; 3= 8.35 ; p < 0.01) were also
observed for mean horizontal activity across the 90-min session following drug challenge
at 72 h withdrawal. As was the case at the 24 h withdrawal time-point, (+)-MDMA-
evoked hyperactivity was significantly greater in (+)-MDMA- vs. saline-pretreated rats (p
< 0.05), while there were no significant differences in activity levels observed following
saline challenge at 72 h withdrawal.

A main effect of challenge (F; 3= 64.29; p <0.0001) for mean horizontal activity
was observed at 2 wks withdrawal, however there was not a main effect of pretreatment
(Fi31 = 0.58; p = 0.452) nor a pretreatment x challenge interaction (F,3; = 1.59; p =
0.218) observed at this withdrawal time-point. As shown in Fig. 2, while (+)-MDMA
challenge induced hyperactivity (p < 0.05), there was no longer a significant difference in
the levels of hyperactivity induced by (+)-MDMA challenge between saline and (+)-
MDMA -pretreated rats at the 2 wk withdrawal time-point.

To further validate that the (+)-MDMA pretreatment regimen employed resulted
in a transient, but not sustained, expression of sensitization, an additional group of rats

were pretreated with (+)-MDMA (4 mg/kg/day, SC, 7 d) or saline (1 ml/kg/day, 7 d) and
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Figure 2. (+)-MDMA challenge during withdrawal from repeated (+)-MDMA
administration. Data represent mean total horizontal activity counts (+ SEM; n = 7-
8/group) for the 90 min session following challenge with saline (SAL; 1 ml/kg, SC) or
(+)-MDMA (MDMA; 4 mg/kg, SC) at 24 h, 72 h, or 2 wk withdrawal from the repeated
saline (1 ml/kg/day, SC, 7 d) or (+)-MDMA (4 mg/kg/day, SC, 7 d) pretreatment
regimen. * p < 0.05 vs. SAL-SAL at the same time-point; * p = 0.05 vs. SAL-MDMA at
same time-point.
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were challenged with either saline or (+)-MDMA (4 mg/kg, SC) at all three (24 h, 72 h,
and 2 wk) withdrawal time-points. In the absence of a main effect of pretreatment (F; o5
= 1.84; p = 0.185), withdrawal time-point (F,9s = 0.78; p = 0.46), or a pretreatment x
time-point x challenge interaction (F;9s = 1.31; p = 0.278), a main effect of challenge
(F195 = 92.43; p < 0.0001) was observed for mean horizontal activity across the 90-min
test session following (+)-MDMA challenge. As shown in Fig. 3, (+)-MDMA
pretreatment significantly enhanced (+)-MDMA-evoked hyperactivity compared to saline
pretreatment (p < 0.05) at the 24 h withdrawal time-point, while activity in response to
saline challenge was similar between the saline and (+)-MDMA pretreatment groups
(data not shown). There were no significant differences in (+)-MDMA-evoked
hyperactivity between repeated saline- and (+)-MDMA-treated rats at either the 72 h or 2

wk withdrawal time-points.

Challenge with MK 212 during Withdrawal

A main effect of challenge (F;3; = 246.61; p < 0.0001), and a pretreatment x
challenge interaction (F;3; = 13.70; p < 0.001), without a main effect of pretreatment
(F131 =0.77; p = 0.387), were observed for mean horizontal activity across the first 20-
min of the test session following MK 212 challenge at 24 h withdrawal. As shown in Fig.
4, MK 212 significantly suppressed locomotor activity in all groups tested. Rats that
received repeated pretreatment with (+)-MDMA were tolerant to the suppressant effects
of MK 212 challenge at 24 h withdrawal in that the (+)-MDMA -pretreated rats displayed
significantly higher levels of activity following MK 212 challenge compared to saline-
pretreated rats (p < 0.05), suggesting a decrease in responsiveness of 5-HT,cR following
the (+)-MDMA sensitization regimen.

While a main effect of challenge (F;29 = 118.53; p < 0.0001) was observed for
mean horizontal activity at the 72 h withdrawal time-point, neither a main effect of
pretreatment (Fi29 = 6.64; p < 0.05) nor a pretreatment x challenge interaction (F; 29 =
8.35; p <0.01) were observed at 72 h withdrawal. As shown in Fig. 4, unlike at the 24 h

withdrawal time-point, (+)-MDMA pretreatment did not significantly affect the ability of
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Figure 3. (+)-MDMA challenge during withdrawal from repeated (+)-MDMA
administration; time-points assessed in the same group of rats. Data represent mean
total horizontal activity counts (x SEM; n = 8/group) expressed as percentage of (+)-
MDMA-evoked hyperactivity for the 90 min following challenge with saline (SAL; 1
ml/kg, SC) or (+)-MDMA (MDMA; 4 mg/kg, SC) at 24 h, 72 h, and 2 wk withdrawal
from the repeated saline (1 ml/kg/day, SC, 7 d) or (+)-MDMA (4 mg/kg/day, SC, 7 d)
pretreatment regimen. Each animal received the same challenge injection on all three
challenge days. * p <0.05 vs. SAL-MDMA at the same time-point.
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Figure 4. MK 212 challenge during withdrawal from repeated (+)-MDMA
administration. Data represent mean total horizontal activity counts (£ SEM; n = 7-
8/group) for the first 20 min of the 90 min session following challenge with saline (SAL;
1 ml/kg, SC) or MK 212 (MK; 2 mg/kg, SC) at 24 h, 72 h, or 2 wk withdrawal from the
repeated saline (1 ml/kg/day, SC, 7 d) or (+)-MDMA (4 mg/kg/day, SC, 7 d)
pretreatment regimen. * p < 0.05 vs. SAL-SAL at the same time-point; * p = 0.05 vs.
SAL-MK at same time-point.
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MK 212 to induce hypomotility in rats at the 72 h time-point, suggesting that the
responsiveness of the 5-HT,cR was no longer compromised.

A similar result was observed at the 2 wk withdrawal time-point as at 72h
withdrawal in that a main effect of challenge (F;3; = 155.57; p < 0.0001) was observed
for mean horizontal activity, without a main effect of pretreatment (F; 30 = 6.64; p < 0.05)
or a pretreatment x challenge interaction (F; 30 = 8.35; p < 0.01). Likewise, as shown in
Fig. 4, repeated (+)-MDMA pretreatment did not alter the ability of MK 212 to induce
hypomotility in rats suggesting that the responsiveness of the 5-HT,cR had fully

recovered by 2 wks.

5-HT,cR and 5-HT;4R Protein Expression

Analysis of membrane-bound protein levels revealed no significant differences in
5-HT,cR protein expression between saline- and (+)-MDMA-treated rats at either 24 h or
2 wk withdrawal, respectively, in the VTA (p = 0.53 ; p = 0.80) or NAc (p = 0.73; p =
0.29), or in the PFC at the 2 wk withdrawal time-point (p = 0.61; Fig. SA). However, a
trend toward decreased 5-HT,cR protein expression in the PFC in (+)-MDMA compared
to saline-pretreated rats was observed at the 24 h withdrawal time-point (p = 0.054; Fig.
5A). A similar lack of significant differences in protein expression for the 5-HTaR
between saline- and (+)-MDMA -pretreated rats were observed in the VTA (p =0.79 ; p =
0.78), NAc (p = 0.77 ; p = 0.36) and PFC (p < 0.88; p < 0.74) at the 24h or 2 wk
withdrawal time-points, respectively (Fig. 5B).
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Figure 5. 5-HT;cR and 5-HT;sR protein expression during withdrawal from
repeated (+)-MDMA administration. Representative Western blots of membrane-
associated 5-HT,cR protein [A] and 5-HT,aR protein [B] in the VTA, NAc, and PFC at
24 h [left panel] or 2 wks [right panel] of withdrawal from repeated saline (S) or
(+YMDMA (M; 4 mg/kg/day, SC, 7 d) pretreatment. Results of the densitometric
analysis, expressed as percent change from repeated saline controls, represent the mean
(£ SEM; n = 6-8) 5-HT,cR [A] and 5-HT,4R [B] protein expression normalized to actin.
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DISCUSSION

Behavioral sensitization in response to repeated, intermittent psychostimulant
administration is a phenomenon that has captured the attention of researchers because
knowledge of the neural adaptations that underlie sensitization may provide insight into
the mechanisms underlying the behavioral sequelae (including anxiety, paranoia, craving,
and relapse) observed in psychostimulant abusers (Sherer et al., 1988; Robinson, 1993).
The present study reveals that a sub-neurotoxic regimen of (+)-MDMA (4 mg/kg/day, 7
d) does result in a short-term sensitization that is associated with a transient decrease in
the functional responsiveness of the 5-HT,cR in the absence of detectable changes in 5-
HT>cR protein expression in the VTA, NAc, or PFC. These results suggest that
alterations in the responsivity of the 5-HT,cR induced by repeated (+)-MDMA exposure
are likely transduced by mechanisms more complex than simply decreased expression of
the 5-HT,cR protein, and this change in responsiveness may contribute to (+)-MDMA
sensitization.

Our results support previous studies demonstrating sensitization to the locomotor
activating effects of (+)-MDMA (McCreary et al., 1999) and (x)-MDMA (Spanos and
Yamamoto, 1989; Kalivas et al., 1998), although some regimens of exposure either did
not result in sensitization (Gold and Koob, 1989) or resulted in behavioral tolerance
(Callaway and Geyer, 1992b). In the present study, we chose a (+)-MDMA dosing
regimen (4 mg/kg/day, 7 d) that did not deplete 5-HT, DA, NE, or their primary
metabolites. Thus, this regimen allowed us to focus on the neuroadaptations in response
to repeated (+)-MDMA administration without the potential confounds associated with
monoamine depletion (Heslop and Curzon, 1999). Consistent with previous studies of
repeated administration of low doses of (+)-MDMA (Spanos and Yamamoto, 1989;
Kalivas et al., 1998), the present sub-neurotoxic regimen resulted in robust sensitization
evident during the repeated intermittent administration of (+)-MDMA as well as at short
time-points (24 h and 72 h) after termination of (+)-MDMA pretreatment. By 2 wks
withdrawal, the (+)-MDMA sensitization was no longer evident. A similar transient

25



expression of sensitization was also observed in animals pretreated with the same (+)-
MDMA dosing regimen and assessed at all three withdrawal time-points, further
supporting the suggestion that the regimen employed here [(+)-MDMA (4 mg/kg/day, 7
d)] results in a transient expression of behavioral sensitization.

While behavioral sensitization is more commonly reported to be an enduring
phenomenon (Kalivas et al., 1993b; Kalivas et al., 1998), transient sensitization following
certain repeated psychostimulant regimens has also been observed (Post et al., 1992;
Henry and White, 1995). Some studies suggest that the degree of sensitization may
depend on the environmental context in which animals receive injections (for review, see
(Post et al., 1992). In the present study, we demonstrate for the first time that (+)-MDMA
sensitization can be expressed in a context-independent manner [i.e., repeated injection of
(+)-MDMA occurred in an environment (home cage) distinct from that in which
expression of sensitization was measured (activity monitors)]. This suggests that an
association between the injection of the drug and the environment in which the drug is
experienced (i.e., test monitors) is not necessary for the development of short-term
sensitization to (+)-MDMA. However, the lack of environmental association between the
drug and the activity monitors may have contributed to the weakening of the sensitized
response over time, as has been proposed for cocaine sensitization (Post et al., 1992;
Henry and White, 1995).

The present study also reveals that the sub-neurotoxic (+)-MDMA regimen is
associated with an initial tolerance to MK 212-induced hypomotility, suggesting
decreased functional responsiveness of the 5-HT,cR at the 24 h withdrawal time-point.
The responsiveness of the 5-HT,cR had begun to recover at 72 h withdrawal and was
apparently fully recovered at the 2 wk withdrawal time-point as there was no longer a
difference in the ability of MK 212 to evoke hypomotility between the saline- and (+)-
MDMA -pretreated rats. This time-course of an early transient loss of 5-HT,cR
responsiveness that recovered over time resembles the early robust expression of (+)-

MDMA sensitization that diminished across time from the last (+)-MDMA pretreatment
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injection. The transient nature of the expression of (+)-MDMA sensitization and the
functional responsiveness of the 5-HT,cR suggests that changes in the influence of 5-
HT,cR may contribute to (+)-MDMA sensitization. In further support of this hypothesis,
we also have evidence that repeated intermittent exposure to the 5-HT,cR agonist MK
212 which results in a similar transient decrease in the functional responsiveness of the 5-
HT,cR also elicits a sensitization-like enhancement of (+)-MDMA-evoked hyperactivity
(Bubar and Cunningham, 2003a). Together, these results suggest a possible role for 5-
HT,cR as a trigger for the initiation and/or early maintenance of expression of (+)-
MDMA sensitization.

Down-regulation of the 5-HT,cR by repeated agonist exposure has been reported
(i.e., decreased Bx; Sanders-Bush and Breeding, 1990; Pranzatelli et al., 1993). Based
upon this knowledge, one hypothesis to explain the loss of functional responsiveness of
5-HT,cR following repeated (+)-MDMA administration is that the recurring exposure of
5-HT,cR to 5-HT released by (+)-MDMA caused a down-regulation of 5-HT,cR protein
expression. In order to address this question, we examined 5-HT,cR protein expression
using within the mesocorticoaccumbens circuit, where a number of adapatations
associated with development and expression of sensitization have been reported (Kalivas
et al., 1993b; Vanderschuren and Kalivas, 2000). Western blot analysis of the membrane
fractions of VTA, NAc, and PFC tissues taken at 24 h and 2 wk following the repeated
(+)-MDMA regimen revealed no significant differences in 5-HT,cR protein expression
between repeated saline- and (+)-MDMA-pretreated rats in any of the brain areas
examined. In support of these findings, 5-HT>cR mRNA expression was also found to be
similar between the saline- and (+)-MDMA-pretreated animals in the same brain areas
when measured via DNA microarray analysis (Brooks, Bubar, and Cunningham,
unpublished observations). Therefore, the decrease in 5-HT»cR functional responsiveness
following the present (+)-MDMA sensitization regimen does not appear to be due to
gross changes in 5-HT,cR protein expression within the DA mesocorticoaccumbens

circuit.
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Although overall changes in 5-HT,cR protein expression were not detected via
Western blot analysis, the nature of this technique (i.e., analysis of whole tissue
homogenates) does not enable analysis of discrete changes in receptor protein expression,
for example, within particular populations of neurons. As such, discrete differences in
protein expression may be present in these nuclei that may alter the responsiveness of the
5-HT,cR that were unable to be revealed using this technique. Previous studies have
reported down-regulation of 5-HT,R binding sites following repeated (+)-MDMA
regimens (Scheffel et al., 1992; McGregor et al., 2003), however more rigorous,
neurotoxic regimens were employed in these studies compared to the (+)-MDMA
pretreatment regimen utilized in the present study. While the radioligands utilized to
detect 5-HT,R binding sites do not distinguish well between the 5-HT,cR and 5-HT»sR
and therefore may reflect changes in one or both of the receptors in most instances, we
also did not detect changes in protein expression for 5-HT,sR following the current (+)-
MDMA pretreatment. Disparities between ligand-induced alterations in protein
expression detected via radioligand binding compared to Western blot techniques, which
has previously been reported for other proteins (Salvatore et al., 2003; Yoburn et al.,
2004), may reflect differences in subcellular localization of the proteins (Toda et al.,
2003) that may only be detected using more selective cellular subfractionation techniques
(Toda et al., 2003) than those employed in the present study. Thus, modifications in
trafficking of the 5-HT,cR (or 5-HT;5R) to the plasma membrane, for example, which
would have the potential to alter the functional response to 5-HT,cR agonist
administration (Becamel et al., 2002; Marion et al., 2004), may not have been detected in
the present study.

In addition, to undergoing rapid desensitization (Stout et al., 2002) and
internalization (Schlag et al., 2004), the 5-HT,cR is thought to form homodimers
(Herrick-Davis et al., 2004), and has been shown to couple to multiple G-proteins that
appear to be differentially engaged by agonists (“agonist-directed trafficking of effector
pathways;” Berg et al., 1998). Each of these methods of regulation have the potential to

28



modify 5-HT»cR responsiveness without altering overall protein levels. Although little is
known of the mechanisms or functional consequences of homodimerization of 5-HT,cR
(Herrick-Davis et al., 2004), the coupling of 5-HT,cR to different G-protein effector
pathways, desensitization, internalization, and eventual resensitization all appear to be
linked to or dependent upon interactions with membrane trafficking proteins such as
PDZ-interacting proteins and [3-arrestin (Backstrom et al., 2000; Becamel et al., 2002;
Xia et al., 2003). Recent DNA microanalyses suggest that several molecules involved in
membrane trafficking may be substantially altered following the present (+)-MDMA
regimen (Brooks et al., 2004). As such, alterations in the coupling of the 5-HT,cR with
G-proteins or the subcellular localization of 5-HT,cR, which affect the function of 5-
HT,cR (Becamel et al., 2002; Xia et al., 2003), could contribute to depressed functional
responsiveness of 5-HT,cR after repeated (+)-MDMA exposure that would not be
reflected in measurement of protein levels via Western blot.

In addition to these mechanisms, 5-HT,cR also undergo a unique form of
regulation through RNA editing. Editing of the 5-HT,cR pre-mRNA results in the
formation of several receptor isoforms, each of which appear to differ in their agonist
binding affinities (Berg et al., 2001a), G-protein coupling (Price et al., 2001), and
functional responses (Herrick-Davis et al., 1999; Price et al., 2001), including alterations
in constitutive activity of the receptor (Herrick-Davis et al., 1999). As such, the relative
expression of different 5-HT,cR isoforms may greatly impact the functional
responsiveness of 5-HT,cR. Changes in synaptic 5-HT concentrations appear to regulate
editing (Gurevich et al., 2002a) and repeated agonist stimulation of 5-HT»cR seems to
increase expression of edited 5-HT>cR mRNA isoforms that ultimately result in
expression of 5-HT»cR protein with lower sensitivity to agonist stimulation and less
efficiency in activation of linked G-proteins (Gurevich et al., 2002a). These studies
suggest that repeated exposure of 5-HT,cR to 5-HT released by (+)-MDMA during the
sensitization regimen may have altered pre-mRNA editing of the 5-HT»cR causing a loss

of responsiveness to agonist stimulation and a reduction in the functional capabilities of
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the 5-HT,cR. Interestingly, differences in RNA editing of the 5-HT,cR have been linked
to certain psychiatric disorders including depression (for review, see Schmauss, 2003).
Thus further examination of the potential for changes in 5-HT,cR editing and the ultimate
expression of non-edited and edited receptor isoforms associated with psychostimulant
sensitization may provide insight into the mechanisms underlying depressive symptoms
and related sequelae seen during early withdrawal from a (+)-MDMA binge (Verheyden
et al., 2002).

Regardless of the mechanisms by which the functional responsiveness of the 5-
HT,cR is altered following repeated (+)-MDMA administration, changes in 5-HT,cR
responsiveness may affect the ability of the 5-HT,cR to modulate DA
mesocorticoaccumbens pathway activation. The 5-HT,cR exerts a unique inhibitory
influence upon DA neurotransmission. For example, systemic administration of 5-HT,cR
agonists reduce, while purported antagonists enhance, basal (Di Giovanni et al., 1999; De
Deurwaerdere et al., 2004) as well as stimulated DA release (Bankson and Yamamoto,
2004), effects which may be related to a 5-HT,cR-mediated inhibition of firing of DA
neurons (Di Giovanni et al., 1999). The 5-HT,cR is thought to exert its inhibitory
influence upon DA neurons indirectly via depolarization of inhibitory y-aminobutyric
acid (GABA) neurons (Di Matteo et al., 2001). In support of this concept, administration
of the 5-HT,¢2sR antagonist SB 206553 directly into the VTA has recently been shown
to depress (x)-MDMA-induced GABA release within the VTA and simultaneously
enhance (+)-MDMA-evoked DA release in the NAc (Bankson and Yamamoto, 2004).
Thus decreases in the functional responsiveness of the 5-HT,cR in response to repeated
(+)-MDMA administration as observed in the present study would likely produce an
effect similar to 5-HT,cR antagonist administration, i.e., disinhibition of DA release
(Bankson and Yamamoto, 2004). The extent of DA released in the NAc is correlated with
the expression of locomotor hyperactivity induced by psychostimulant challenge (Wise
and Bozarth, 1987) and the development of enhanced DA release in the NAc appears to
be a vital component of the process of behavioral sensitization, or enhanced locomotor
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activation (Robinson, 1993) Taken together, the ability of the 5-HT,cR to limit DA
neurotransmission would likely contribute to the inhibitory influence of 5-HT>cR upon
basal and (+)-MDMA-evoked hyperactivity (Bankson and Cunningham, 2001; Bankson
and Cunningham, 2002; Fletcher et al., 2002) and thus, the behavioral sensitization
observed in the present study may be related to a reduced capacity of 5-HT,cR to limit
accumbal DA release following repeated (+)-MDMA administration.

In summary, the results from the present study suggest a potential role for 5-
HT,cR in the short-term sensitization that develops in response to a sub-neurotoxic
regimen of (+)-MDMA, as expression of (+)-MDMA sensitization is associated with
reduced 5-HT,cR responsiveness. The alterations in 5-HT,cR functional responsivity
following exposure to the sub-neurotoxic regimen, which may alter the ability of the 5-
HT,cR to modulate DA neurotransmission, are not due to overall changes in 5-HT,cR
protein expression in the nuclei of the mesocorticoaccumbens circuits. Rather, reduced
5-HTycR responsiveness may be due to more complex mechanisms such as modifications
in 5-HT,cR G-protein coupling, trafficking or RNA editing. Further examination into the
potential of 5-HT,cR RNA editing in association with MDMA sensitization may be
valuable for understanding the potential mechanisms underlying the sequelae (e.g.,

depression) observed following MDMA use.
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CHAPTER 3:

TRANSIENT LOSS OF 5-HT,cR RESPONSIVITY INDUCES
PERSISTENT ENHANCEMENT OF (+)-MDMA-EVOKED
HYPERACTIVITY

INTRODUCTION

The 5-HT,cR has been implicated in a number of physiological and psychological
conditions including schizophrenia, obsessive compulsive disorder, obesity, anxiety and
depression (Dubovsky and Thomas, 1995). In addition, the 5-HT,cR has recently been
touted to potentially play an integral role in modulating the behavioral and rewarding
effects of psychostimulants that are mediated through the DA mesocorticoaccumbens
circuit (for review, see Higgins and Fletcher, 2003) upon which the 5-HT,cR appears to
exert a strong inhibitory influence. The impact of the 5-HT,cR on hyperactivity (Herin
and Cunningham, 2001; Bankson and Cunningham, 2002; Fletcher et al., 2002) and DA
release evoked by MDMA (Bankson and Yamamoto, 2004) suggests that this receptor
may also play an integral role in behavioral sensitization to MDMA, and likewise may be
integral in mediating some of the behavioral sequelae, including depression and anxiety,
observed during withdrawal from an MDMA binge (Morgan, 2000).

In the previous chapter, we demonstrated that the time-course for expression of
(+)-MDMA behavioral sensitization parallels a transient decrease in 5-HT,cR functional
responsivity suggesting that the decrease in 5-HT,cR functional responsiveness may
contribute to the expression of (+)-MDMA sensitization. The present study was
conducted to test the hypothesis that a selective decrease in functional responsiveness of
the 5-HT,cR via repeated pretreatment with the preferential 5-HT,cR agonist MK 212
would result in a sensitization-like enhancement of (+)-MDMA-evoked hyperactivity.
After pretreatment with MK 212 (2 mg/kg, 2x/day, 7 d), rats were challenged with either
MK 212, (+)-MDMA, or saline at 24 h, 72 h, or 2 wks after the last pretreatment and

locomotor activity was measured. The extent of MK 212-induced hypomotility was

32



utilized to determine the responsiveness of the 5-HT»cR, while the extent of locomotor
activity in response to (+)-MDMA challenge revealed the presence or absence of a
sensitization-like enhancement of (+)-MDMA-evoked hyperactivity. In addition,
Western blot analyses were utilized to determine whether the changes in 5-HT,cR
responsiveness were due to alterations in 5-HT,cR protein expression in the VTA, NAc,
or PFC. Two anti-5-HT,cR antibodies that recognize distinct sites of the receptor (N-
terminus vs. C-terminus) were utilized in these analyses to confirm that the changes in
protein expression observed were 5-HT,cR-related. Furthermore, given that a close
homology exists between the 5-HT,cR and the 5-HT,4R (Baxter et al., 1995) and that
MK 212 has modest affinity for the 5-HT,sR (Forbes et al., 1993), we also established
whether the repeated (+)-MDMA regimen altered 5-HT,5R protein expression in these

brain areas.

METHODS

Animals

Adult male Sprague-Dawley rats (N = 176; Harlan Sprague-Dawley, Inc.,
Indianapolis, IN) weighing 225-350g at the beginning of the experimental procedures
were used. See Chapter 2 Methods for details.

Drugs

MK 212, (+)-MDMA, and Chloral hydrate were utilized in the study (See Chapter
2 Methods for details). Drugs were dissolved in sterile saline (0.9% NaCl) and
administered subcutaneously (SC) or intraperitoneally (IP); doses refer to the weight of

the salt.
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Apparatus
Locomotor activity was monitored and quantified under low light conditions
using a modified open field activity system (San Diego Instruments, San Diego, CA; see

Chapter 2 Methods for details).

Experimental Protocols

Repeated MK 212 Pretreatment and Immobility Assessment
Twice a day (08:00h and 16:00h) on each of 7 days, rats (n=8/group) were

removed from their home cage, weighed, and injected with either MK 212 (2 mg/kg, SC)
or saline (1 ml/kg, SC) and immediately returned to their home cage. On days 1, 4, and 7
of the repeated treatment, rats were observed in their home cage for 15 min immediately
following the morning injection. The amount of time during the 15 min period that each
animal was active (i.e., ambulating, rearing, eating, drinking, grooming) vs. inactive (i.e.,
remained motionless) was recorded using a stop watch.

Data are presented as the mean amount of time (in min £SEM) that the rats were
active during the 15-min observation period in their home cage on days 1, 4, and 7 of the
repeated treatment. A two-way analysis of variance (ANOVA) was used to analyze the
effects of MK 212 pretreatment (Factor 1) and the day of injection (Factor 2) on time
active with repeated measures on Factor 2 (day). Because group comparisons were
specifically defined prior to the start of the experiment, a priori planned pairwise
comparisons were then made with Dunnett’s test (Keppel, 1973) with the experimentwise

error rate (0) set at 0.05.

Challenge with MK 212 and (+)-MDMA during Withdrawal
At 24h, 72h, or 2 wks following the last saline or MK 212 pretreatment, rats

(n=8/group)were injected with a challenge injection of MK 212 (2 mg/kg, SC), (+)-
MDMA (3 mg/kg, SC), or saline (1 ml/kg, SC), and locomotor was activity was recorded
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for 90 min as described previously (Chapter 2 Methods); only data collected from the
first 20 min of the test session were analyzed for the MK 212 challenge.

Peripheral and central activity counts were summed to provide a single measure
of horizontal activity for each individual animal throughout the 20-min (MK 212
challenge) or 90-min session [(+)-MDMA challenge]. Data are presented as mean total
horizontal activity counts (=SEM) for the session length. A two-way ANOVA was used
to analyze the effects of repeated MK 212 pretreatment (Factor 1) and challenge injection
(Factor 2) at 24 h, 72 h, or 2 wks of withdrawal in separate groups of rats. 4 priori
planned pairwise comparisons were made with the Fisher’s least significant difference

procedure (Keppel, 1973) with the experimentwise error rate (o) set at 0.05.

5-HT>cR and 5-HT;4R Protein Expression during Withdrawal
Pretreatment Protocol. Naive rats (n=8/group) were removed from their home

cage, weighed, and injected with the same pretreatment regimen of either MK 212 (2
mg/kg, IP) or saline (1 ml/kg, IP) and immediately returned to their home cage each day
for 7 consecutive days.

Western Blot. At 24 h or 2 wks following the last repeated injection, rats were
anesthetized using chloral hydrate (800 mg/kg, IP) and decapitated. The VTA, NAc, and
PFC tissue were microdissected (Heffner et al., 1980) on a cool tray (4°C) and total
membrane-bound protein was isolated, protein concentration was measured, and gel-
electrophoresis were conducted as described in Chapter 2 Methods. Following gel
electrophoresis, proteins were transferred to a PVDF membrane (BIORAD, Hercules,
CA) via semi-dry electroblotting (Alltech, Deerfield, IL). The membrane was blocked
with 5% non-fat dry milk for 1h, followed by incubation in 1% non-fat dry milk with
either the polyclonal goat anti-5-HT,cR antibody (1:500, 4°C overnight; Santa Cruz
Biotechnology, Santa Cruz, CA), the monoclonal mouse anti-5-HT,cR antibody (1:500;
4°C overnight; BD PharMingen, San Diego, CA), the monoclonal mouse anti-5-HT,4R

antibody (1:5000; lhr RT; BD PharMingen), or the monoclonal mouse anti-fB-actin
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antibody (1:5000; lhr RT; Chemicon International, Temecula, CA). After washes with
TBS-T, the membrane was incubated in horseradish peroxidase (HRP) conjugated sheep
anti-mouse (1:5000-1:10000; Sigma, St. Louis, MO) or mouse anti-goat secondary
antibody (1:2000; Santa Cruz) in 1% non-fat dry milk for 1h, RT. Following washes in
TBS-T and an overnight wash in TBS (4°C), the membrane was incubated in ECL Plus
(Amersham) and then exposed to film (Kodak MXR hyperfilm) and developed. Each
membrane was probed with all four antibodies; antibodies were stripped from the
membrane via incubation in Re-blot Plus Mild (Chemicon) prior to re-probing with each
additional antibody according to the procedures described above and in Chapter 2
Methods.

Films were scanned and subjected to densitometric analysis using Scion Image
Analysis Software (Scion Corporation, Fredrick, MD) as described in Chapter 2 Methods.
A Student’s T-test was used to compare the resultant 5-HT,cR or 5-HT,4R band densities
in saline-treated vs. MK 212-treated rats for each brain area (VTA, NAc, or PFC) at each
withdrawal time-point (24 h or 2 wks) with an experimentwise error rate (0) set at p <
0.05. Data are presented as the mean (+ SEM) 5-HT,cR or 5-HT,aR protein expression

expressed as percent change from repeated saline-treated controls.

RESULTS

Repeated MK 212 Pretreatment: Immobility Assessment

A significant main effect of pretreatment (F; 45 = 389.90 ; p < 0.0001), day of
injection (F2425 = 79.16; p < 0.0001) and a pretreatment x day interaction (F2 425 = 54.74;
p < 0.0001) were observed for amount of time active during the 15-min observation
period on days 1, 4, and 7 of the pretreatment regimen. As shown in Fig. 6, MK 212 (2
mg/kg, IP) significantly reduced the amount of time that each rat was active compared to

saline-treated rats on all three pretreatment days. However, as the rats continued to be
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exposed to MK 212 they grew tolerant to the MK 212-induced locomotor suppression,
such that activity following MK 212 pretreatment on days 4 and 7 were significantly
higher than that recorded on day 1 (p < 0.05). Activity levels in the saline-treated rats did
not differ on days 4 or 7 compared to day 1.

Challenge with MK 212 during Withdrawal

A main effect of challenge (Fi2 = 82.13, p < 0.0001), but not of pretreatment
(Fi120=3.57,p =0.07) or a pretreatment x challenge interaction (F; 29 = 3.93; p = 0.058)
were observed for mean horizontal activity across the first 20-min of the test session
following drug challenge at 24 h withdrawal. As shown in Fig. 7, MK 212 significantly
suppressed locomotor activity in all rats tested. Rats that were pretreated with MK 212
were tolerant to the suppressant effects of MK 212 challenge at 24 h withdrawal in that
the MK 212-pretreated rats displayed significantly higher levels of activity following MK
212 challenge compared to saline-pretreated rats challenged with MK 212 (p < 0.05).
These results suggest a decrease in responsiveness of 5-HT,cR following the 5-HT,cR
agonist pretreatment. Levels of activity upon saline challenge were not altered in MK
212-pretreated rats.
While a main effect of MK 212 challenge (F;3; = 79.17; p < 0.0001) was observed for
mean horizontal activity at the 72 h withdrawal time-point, neither a main effect of MK
212 pretreatment (F; 31 =0.82 ; p = 0.37) nor a pretreatment x challenge interaction (F 3
= 0.66; p = 0.42) were observed. As shown in Fig. 7, in contrast to the 24 h withdrawal
time-point, MK 212 pretreatment did not significantly affect the ability of MK 212 to
induce hypomotility in rats at the 72 h time-point, suggesting that the responsiveness of

the 5-HT,cR was no longer compromised.
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Figure 6. Immobility assessment during repeated MK 212 pretreatment. Data
represent the average time (min £ SEM; n = 8/group) that the rats were active during the
15-min observation period in their home cage immediately following the morning
injection of MK 212 (2 mg/kg, IP) on days 1, 4, and 7 of the 7-day repeated regimen. * p
<0.05 vs. SAL day 1; * p=10.05 vs MK 212 Day 1.

38



=

E 1200 * . . Pretreatment Challenge
o p <0.05 vs SAL-SAL at same time-point [—3J sAL SAL
& A p < 0.05 vs SAL-MK at same time-point £ sAL MK
21000 - C3 MK SAL
c MK MK
=

o

L

> 800 4

E - T T

s I I T

< 600 -

©

=

o *A

N 400 4

S

T %* *

S 200 4 L * x

o I *

~ -

c

& 0 :

= 24h 72h 2wk

Withdrawal Time-point

Figure 7. MK 212 challenge during withdrawal from repeated MK 212
administration. Data represent mean total horizontal activity counts (+ SEM; n =
8/group) for the first 20 min of the 90 min session following challenge with saline (SAL;
1 ml/kg, SC) or MK 212 (MK; 2 mg/kg, SC) at 24 h, 72 h, or 2 wk withdrawal from the
repeated saline (1 ml/kg, 2x/day, IP, 7 d) or MK 212 (2 mg/kg, 2x/day, IP, 7 d)
pretreatment regimen. * p < 0.05 vs. SAL-SAL at the same time-point; * p = 0.05 vs.
SAL-MK at same time-point.
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A similar result was observed at the 2 wk withdrawal time-point as at 72h
withdrawal in that a main effect of MK 212 challenge (F;3; = 221.46 ; p < 0.0001) was
observed for mean horizontal activity, without a main effect of MK 212 pretreatment
(Fi131=0.41; p = 0.53) or a pretreatment x challenge interaction (F, 3, =0.07 ; p = 0.79).
Likewise, as shown in Fig. 7, MK 212 pretreatment did not alter the ability of MK 212 to
induce hypomotility in rats suggesting that the responsiveness of the 5-HT,cR had fully

recovered.

Challenge with (+)-MDMA during Withdrawal

A main effect of pretreatment (F;3; = 5.81; p < 0.05), challenge (F31 = 38.47; p
< 0.0001), and a pretreatment x challenge interaction (F,;3 = 4.62; p < 0.05) were
observed for mean horizontal activity following drug challenge at 24 h withdrawal. As
shown in Fig. 8, (+)-MDMA challenge induced significant horizontal hyperactivity in
both MK 212- and saline-pretreated rats at 24 h withdrawal compared to saline challenge.
The hyperactivity induced by (+)-MDMA challenge in MK 212-pretreated rats was
significantly higher than (+)-MDMA-induced hyperactivity displayed by saline-
pretreated rats at 24 h (p < 0.05). MK 212 pretreatment did not significantly alter activity
levels evoked by saline challenge at 24 h withdrawal.

A main effect of pretreatment (F; 31 = 6.73; p < 0.05), challenge (F;3;=34.48; p <
0.0001), and a pretreatment x challenge interaction (F;3; = 6.88; p < 0.05) were also
observed for mean horizontal activity following drug challenge at 72 h withdrawal. As at
the 24 h withdrawal time-point, MK 212 pretreatment significantly enhanced (+)-
MDMA-evoked hyperactivity compared to saline pretreatment (p < 0.05), without

altering levels of activity evoked by saline challenge.
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Figure 8. (+)-MDMA challenge during withdrawal from repeated MK 212
administration. Data represent mean total horizontal activity counts (+ SEM; n = 7-
8/group) for the 90 min session following challenge with saline (SAL; 1 ml/kg, SC) or
(+)-MDMA (MDMA; 3 mg/kg, SC) at 24 h, 72 h, or 2 wk withdrawal from the repeated
saline (1 ml/kg, 2x/day, IP, 7 d) or MK 212 (2 mg/kg, 2x/day, IP, 7 d) pretreatment
regimen. * p < 0.05 vs. SAL-SAL at the same time-point; * p = 0.05 vs. SAL-MDMA at
same time-point.
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A main effect of challenge injection (Fi29 = 34.50; p < 0.0001) for mean
horizontal activity was observed at 2 wks withdrawal, however neither a main effect of
MK 212 treatment (F;29 = 2.82; p = 0.105) nor a pretreatment x challenge interaction
(F120=1.74; p = 0.199) were observed at this withdrawal time-point. As shown in Fig. 8,
in addition to the significant hyperactivity produced by (+)-MDMA challenge in both
MK 212- and saline-pretreated rats (p < 0.05), a priori analyses revealed that (+)-
MDMA-evoked hyperactivity was enhanced in the MK 212-pretreated compared to
saline-pretreated rats, suggesting that the sensitization-like enhancement of (+)-MDMA-

evoked hyperactivity persisted throughout the 2 wk withdrawal period.

5-HT,cR and 5-HT;4R protein expression

Analysis of membrane-bound protein levels revealed a significant enhancement of
5-HTycR protein expression (Fig. 9) in the VTA of MK 212-pretreated rats compared to
saline-pretreated rats at the 2 wk withdrawal time-point using the Santa Cruz anti-5-
HT,cR antibody (p < 0.05; Fig. 9A) that was not present at the 24 h withdrawal time-
point (p = 0.56). These results were confirmed using the PharMingen anti-5-HT,cR
antibody (Fig. 9B), which recognizes the opposite end of the 5-HT,cR (C-terminal
binding site vs. N-terminal binding site for the Santa Cruz antibody), revealing a similar
2-fold increase in 5-HT,cR protein expression in the VTA of MK 212-pretreated rats at
the 2 wk withdrawal time-point (p < 0.05), with no significant difference in 5-HT,cR
protein expression observed in the VTA at the 24 h withdrawal time-point (p = 0.30).

No significant differences in 5-HT,cR protein expression levels were observed
using either the Santa Cruz (Fig. 9A) or PharMingen anti-5-HT,cR antibody (Fig. 9B) at
the 24 h or 2 wk withdrawal time-points, in the NAc or PFC (p < 0.05). In addition, we
did not observe differences in 5-HT,5R protein levels between the saline- or MK 212-

pretreated rats at either time-point in the VTA or NAc (data not shown).
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Figure 9. 5-HT,;cR protein expression during withdrawal from repeated (+)-
MDMA administration. Representative Western blots of membrane-associated 5-HT,cR
protein using [A] the Santa Cruz anti-5-HT,cR antibody and [B] the PharMingen anti-5-
HT,cR antibody in the VTA, NAc, and PFC at 24 h [left panel] or 2 wks [right panel] of
withdrawal from repeated saline (S; 1 ml/kg, 2x/day, IP, 7 d) or MK 212 (M; 2 mg/kg,
2x/day, IP, 7 d) pretreatment. Results of the densitometric analysis, expressed as percent
change from repeated saline controls, represent the mean (+ SEM; n = 6-8) 5-HT,cR
protein expression normalized to actin.
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DISCUSSION

The present study reveals that repeated 5-HT,cR agonist pretreatment, which
induced a transient decrease in 5-HT,cR function, resulted in a sensitization-like
enhancement of (+)-MDMA-evoked hyperactivity that persisted for at least 2 wks. These
results suggest that decreased 5-HT,cR responsiveness, which was not associated with a
detectable decrease in 5-HT,cR protein expression in the mesocorticoaccumbens circuit,
may be integral in the initiation and early expression of sensitization to (+)-MDMA.
However, the ability of the repeated 5-HT,cR agonist pretreatment to induce sensitization
that perists beyond the timeframe of diminished 5-HT,cR function suggests that the
repeated 5-HT»cR stimulation must also induce additional adaptations which are involved
in the maintenance of sensitization. One potential adaptation is an up-regulation of 5-
HT,cR protein expression in the VTA which was observed in the present study at 2wk,
but not 24h, following the repeated 5-HT,cR agonist pretreatment.

The results from the present study demonstrate that repeated exposure to a dose of
MK 212 (2 mg/kg) that causes significant hypomotility in rats, results in the development
of tolerance to MK 212-induced behavioral suppression. This tolerance is suggestive of a
reduction, although not complete abolishment, of functional responsiveness of the 5-
HT,cR, since hypomotility was still evident in MK 212-pretreated rats, albeit to a lesser
degree, both during the repeated MK 212 pretreatment and at 24 h withdrawal. These
results are consistent with studies demonstrating that chronic administration of 5-HT,cR
agonists in vitro results in a decrease in 5-HT,cR-evoked phosphoinosotide hydrolysis
(Berg et al., 2001b) and Ca"" release (Saucier et al., 1998). Studies also suggest that this
decrease in functional outcomes is partially due to a “down-regulation” or decrease in 5-
HT,cR protein levels evidenced by a decrease in Bmax in receptor binding assays
(Sanders-Bush and Breeding, 1990; Pranzatelli et al., 1993; Saucier et al., 1998).
However, the decrease in 5-HT,cR functional responsiveness observed at the 24 h

withdrawal time-point in the present study was not associated with a significant decrease
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in 5-HT,cR (or 5-HT,aR) protein levels in the nuclei of the mesocorticoaccumbens
circuit, which are thought to be critical sites for 5-HT,cR modulation of psychostimulant-
evoked locomotor activation (McMahon et al., 2001; Filip and Cunningham, 2002; Filip
and Cunningham, 2003; Fletcher et al., 2004). These findings are consistent with the
results presented in Chapter 2 which demonstrated a loss in 5-HT,cR function without
detectable changes in 5-HT»cR protein at 24h withdrawal from repeated (+)-MDMA
pretreatment.

As noted in Chapter 2, due to the limitations of the Western blot technique,
discrete differences in 5-HT»cR protein expression may be present in the VTA and NAc
at the 24 h withdrawal time-point that were not detected in the present study.
Alternatively, other regulatory mechanisms, which serve to reduce the ability of 5-HT,cR
to function, without necessarily changing overall protein levels, may be responsible for
the loss of 5-HT,cR functional responsiveness seen during and shortly after repeated MK
212 pretreatment. These alternative mechanisms may include agonist directed trafficking
of the 5-HT,cR effector pathways (Berg et al., 1998), rapid desensitization of the receptor
via uncoupling of the receptors from their G-proteins (Saucier et al., 1998; Berg et al.,
2001b), and/or receptor internalization (Saucier et al., 1998; Schlag et al., 2004)
Interestingly, each of these mechanisms can in turn be regulated by mRNA editing of the
5-HT,cR. This suggests that editing of 5-HT,cR pre-mRNA, which results in the
production of several different isoforms of the 5-HT,cR which differ in agonist affinity,
G-protein coupling, and functional efficacy (Herrick-Davis et al., 1999; Price et al.,
2001), may be the ultimate method of regulation of 5-HT,cR function. Since repeated
agonist treatment has been shown to increase expression of the edited isoforms that
display decreased agonist affinity and potency and decreased efficiency for activation of
linked G-proteins (Gurevich et al., 2002a), it is plausible that the repeated MK 212
pretreatment in the present study also enhanced expression of these edited 5-HT,cR
isoforms resulting in a reduced ability of the 5-HT,cR agonist MK 212 to induce

hypomotility. The recovery of 5-HT,cR functional responsiveness over time during
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withdrawal from either the MK 212 (present study) or (+)-MDMA (Chapter 2)
pretreatment suggests that regulation of 5-HT,cR function through mechanisms such as
mRNA editing, which appear to predominate in response to conditions such as over-
stimulation of the receptor, are likely to be transient, reversing over time upon removal of
the stimulus (i.e., withdrawal).

Previous studies have demonstrated that blockade of 5-HT>cR with the 5-
HT,cnsR antagonist SB 206553 (Bankson and Cunningham, 2002) or the selective 5-
HT,cR antagonist SB 242084 (Herin and Cunningham, 2001; Fletcher et al., 2002)
enhanced acute (+)-MDMA-evoked hyperactivity, suggesting that the 5-HT»cR limits the
amount of locomotor activity evoked by (+)-MDMA challenge. This effect is thought to
be related to the ability of 5-HT,cR to inhibit firing of DA neurons in the VTA and DA
release in the NAc (Di Matteo et al., 1998; Bankson and Cunningham, 2001). Thus, the
present observation that decreased 5-HT»cR function induced by repeated 5-HT,cR
agonist pretreatment is associated with enhanced hyperactivity evoked by (+)-MDMA
challenge, suggests that the repeated 5-HT,cR agonist pretreatment reduces the inhibitory
actions exerted by the 5-HT,cR upon the DA mesocorticoaccumbens pathway. The
enhanced locomotor response to (+)-MDMA after MK 212 pretreatment is similar to the
enhancement of (+)-MDMA-evoked hyperactivity, or “behavioral sensitization,” that is
observed following repeated (+)-MDMA administration (see Chapter 2; McCreary et al.,
1999). In Chapter 2 we demonstrated that a sensitizing regimen of (+)-MDMA resulted in
a similar transient decrease in 5-HT,cR function and that the time-course for expression
of (+)-MDMA sensitization paralleled the changes in 5-HT,cR functional responsiveness.
Thus, repeated treatment with MK 212 and (+)-MDMA may trigger a cascade of neural
events that include reduced responsiveness of 5-HT,cR as a component important in
sensitization-like outcomes. Furthermore this evidence indicates that a decrease in 5-
HT,cR functional responsiveness, which would reduce the inhibitory actions of 5-HT,cR
in the DA mesocorticoaccumbens pathway activation, may be integral in the mechanisms

involved in how sensitization develops to (+)-MDMA.
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Interestingly, as opposed to the transient sensitization observed following
repeated (+)-MDMA pretreatment detailed in the previous Chapter, the sensitization-like
enhancement of (+)-MDMA-evoked hyperactivity observed following the repeated MK
212 pretreatment was not only present at times when there was an observable decrease in
5-HT,cR functional responsiveness (24h withdrawal), but also persisted well beyond the
time frame in which 5-HT,cR functional responsiveness had recovered (72 h and 2 wks
withdrawal). Thus, these data suggest that the ability of the repeated 5-HT,cR agonist
pretreatment to enhance (+)-MDMA-evoked hyperactivity is not limited to the decrease
in functional responsiveness of the 5-HT,cR. Rather, the 5-HT,cR agonist pretreatment
must trigger adaptations in addition to or in conjunction with the loss of 5-HT,cR
functional responsiveness that maintain the sensitization-like response.

The disparity between the time-course of enhanced (+)-MDMA evoked
hyperactivity during withdrawal from repeated MK 212 versus (+)-MDMA pretreatment
cannot be readily explained at present. MK 212 acts a full agonist at 5-HT,cR, having
similar efficacy as 5-HT for inducing 5-HT,cR-mediated inositol phosphate hydrolysis
in vitro (Conn and Sanders-Bush, 1987; Cussac et al., 2002b). On the other hand, MK
212 has lower affinity than 5-HT for both edited and unedited isoforms of the 5-HT,cR
(Quirk et al., 2001). Furthermore, agonists for the 5-HT,cR have been shown to
differentially engage specific 5-HT,cR effector pathways (Berg et al., 1998) and
differentially induce desensitization (Stout et al., 2002) and internalization (Schlag et al.,
2004) of the 5-HT,cR. Thus, since the mechanisms that underlie the diminution of 5-
HT,cR function following each pretreatment regimen are also unknown, it is plausible
that variations in the nature of 5-HT,cR regulation that occurred in response to each
pretreatment may have resulted in differing abilities of the 5-HT,cR to induce
downstream effects. It should also be noted that the repeated MK 212 pretreatment
induced a greater loss of 5-HT,cR function than that induced by (+)-MDMA [i.e., MK
212-induced hypomotility was reduced by 50% in MK 212-pretreated rats versus a 25%

reduction in (+)-MDMA-treated rats]. Thus, since the maintenance of sensitized-like
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response was observed in the group of rats with greater loss of 5-HT»cR responsiveness,
this could indicate that a threshold of diminished 5-HT,cR responsivity must be reached
in order for the downstream adaptations to be initiated. Regardless of the mechanisms
that underlie this discrepancy, the fact that the persistent enhancement of (+)-MDMA-
evoked hyperactivity was induced by pretreatment with a preferential 5-HT,cR agonist
(Forbes et al., 1993) suggests that the mechanisms involved in the maintenance of the
sensitization-like response in MK 212-pretreated rats must in some way be linked to the
5-HTycR.

An unexpected observation of the present study is the presence of increased 5-
HT,cR protein expression in the VTA at the 2 wk withdrawal time-point. Current
evidence suggests that the 5-HT,cR acts to decrease activation of DA
mesocorticoaccumbens neurons and decrease DA release in the NAc (Higgins and
Fletcher, 2003). Thus an up-regulation of 5-HT,cR in the VTA would be expected to
enhance the inhibitory influence of 5-HT,cR upon DA mesocorticoaccumbens
neurotransmission thereby further inhibiting (+)-MDMA-evoked hyperactivity. In
contrast, the present study revealed an enhancement of (+)-MDMA-evoked hyperactivity
in conjunction with an up-regulation of 5-HT,cR. Although the nature of this discrepancy
is not understood at this time, some evidence suggests that it may be related to the
distribution of 5-HT,cR within the VTA. The currently accepted hypothesis, based upon
electrophysiology (Di Giovanni et al., 1999; Di Matteo et al.,, 2001) and in situ
hybridization studies (Eberle-Wang et al., 1997), suggests that the inhibitory influence of
5-HT,cR upon VTA DA neuron firing is mediated indirectly via 5-HT»cR located on
GABA neurons within (and/or outside of) the VTA. Thus, stimulation of 5-HT»cR causes
a depolarization of inhibitory GABA neurons (Di Giovanni et al., 2001) that synapse on
DA neurons in the VTA (Johnson and North, 1992), reducing the firing rate of VTA DA
neurons (Di Matteo et al., 1998). This hypothesis is also supported by recent evidence
that infusion of the 5-HT,cngR antagonist SB 206553 into the VTA simultaneously
reduced (+)-MDMA-evoked GABA release in the VTA and enhanced (*)-MDMA-
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evoked DA release in the NAc (Bankson and Yamamoto, 2004). However, a recent study
from our laboratory suggests that 5-HT,cR may be located on DA neurons in the VTA in
addition to GABA neurons (See Chapters 4 and 5; Bubar and Cunningham, 2003b),
implying that the 5-HT,cR may also exert direct influence upon VTA DA neurons. In
support of this evidence, systemic administration of a 5-HT,cR antagonist has also been
reported to reduce the firing rate of spontaneously active VTA DA neurons (Blackburn et
al., 2002). Therefore, although purely speculative, it is plausible that the repeated 5-
HT,cR agonist pretreatment caused a change in distribution of 5-HT,cR in the VTA,
inducing a greater increase in expression of 5-HT,cR located on DA neurons than on
GABA neurons in the VTA. Under these circumstances, stimulation of 5-HT,cR located
directly on DA neurons by 5-HT release via (+)-MDMA challenge may prevail over the
indirect inhibitory effects of 5-HT,cR located on GABA neurons, resulting in an
enhancement of (+)-MDMA-evoked DA release and, likewise, (+)-MDMA-evoked
hyperactivity.

If these mechanisms are operational, then stimulation of the 5-HT,cR following
administration of an agonist might be expected to induce locomotor hyperactivity, an
effect that is not observed with MK 212 or other 5-HT,cR agonists (present study; Fone
et al., 1998; Vickers et al., 2000). Thus, 5-HT,cR stimulation alone is not sufficient to
induce hyperactivity. Rather, it may be that, under conditions of repeated stimulation, the
inhibitory actions of 5-HT,cR on VTA DA neurons play a less dominant modulatory role,
enabling an “un-masking” of the stimulatory role for 5-HT;gR and 5-HT,sR in (+)-
MDMA-evoked DA release and locomotor hyperactivity. Such un-masking of the 5-
HT;gR and 5-HT,4R influence on (+)-MDMA-evoked hyperactivity has previously been
demonstrated following blockade of 5-HT,cR with SB 206553 (Bankson and
Cunningham, 2002). Thus, it is plausible that the up-regulation of the 5-HT,cR in the
VTA induced during withdrawal from MK 212 pretreatment altered the influence of the
5-HT,cR upon VTA DA neurons such that the 5-HT,cR began to work cooperatively

with 5-HTgR and 5-HT,4R to stimulate locomotor activity, rather than oppositionally as
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typically observed (Bankson and Cunningham, 2001). Further examination, however, is
necessary to fully understand the nature and outcomes of the up-regulation of 5-HT,cR
expression in the VTA observed in the present study following MK 212 pretreatment.

In summary, the results from the present study reveal that a repeated 5-HT,cR
agonist pretreatment, which is associated with a transient loss in 5-HT,cR functional
responsiveness, induces a persistent sensitization-like enhancement of (+)-MDMA-
evoked hyperactivity. Although the transient loss in 5-HT,cR responsiveness was not
associated with reduced 5-HT,cR protein expression within the DA
mesocorticoaccumbens circuit, an unexpected up-regulation of 5-HT,cR protein
expression developed over time during withdrawal which could potentially contribute to
the persistence of enhanced hyperactivity in response to (+)-MDMA challenge. Further
examination into the association of 5-HT,cR up-regulation in the VTA and enhancement
of (+)-MDMA-evoked hyperactivity will not only improve our understanding of 5-
HT,cR mediation of DA neurotransmission and locomotor activity, but may also provide

insight into potential mechanisms involved in sensitization to MDMA.
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CHAPTER 4:

DISTRIBUTION OF 5-HT,c RECEPTORS IN THE
VENTRAL TEGMENTAL AREA

INTRODUCTION

The 5-HT,cR is known to exert inhibitory influence upon DA neurotransmission
(Di Giovanni et al.,, 2002), and likewise, stimulation of the 5-HT,cR inhibits
psychostimulant-evoked behaviors thought to be mediated through the DA system
(Bankson and Cunningham, 2002; Fletcher et al., 2002; Filip et al., 2004; Fletcher et al.,
2004). Conversely, the closely related 5-HT»aR seems to play a stimulatory role in DA
neurotransmission (Lucas and Spampinato, 2000) and psychostimulant-evoked behaviors
(Bankson and Cunningham, 2002; Fletcher et al., 2002; Filip et al., 2004), thereby
opposing the effects of 5-HT,cR. The 5-HT»aR and 5-HT,cR are highly homologous
(Julius et al., 1990), and both receptors primarily couple to the GOgi-protein resulting in
stimulation of phospholipase C and intracellular Ca"" release (Hoyer et al., 2002),
although the ability of these receptors to couple to other G-proteins has been reported
(Berg et al., 1998; Cussac et al., 2002a). In addition, both receptors are prominently
expressed in the nuclei associated with the DA mesocorticoaccumbens pathways,
including the VTA, NAc, and PFC (Pompeiano et al., 1994). Thus, the mechanisms by
which these receptors exert their oppositional effects are not readily apparent.

Studies employing microinfusion of 5-HT,cR or 5-HT,sR ligands into specific
brain areas have reported that 5-HT,cR in the VTA (Fletcher et al., 2004, but see
McMabhon et al., 2001), NAc (McMahon et al., 2001; Filip and Cunningham, 2002), and
PFC (Filip and Cunningham, 2003), and 5-HT,4R in the VTA (McMahon et al., 2001) all
influence cocaine-evoked locomotor activity, without significantly influencing

spontaneous activity. In particular, microinfusion of the selective 5-HT,cR agonist RO
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60,0195 (Fletcher et al., 2004) or the selective 5-HT,4R antagonist M100907 (McMahon
et al., 2001) into the VTA were both shown to decrease cocaine-evoked hyperactivity,
although no effect of 5-HT,cR antagonist microinfusion into the VTA was also reported
(McMahon et al., 2001). These studies indicate that oppositional effects of 5-HT,aR and
5-HT,cR on DA mesocorticoaccumbens pathway activation and psychostimulant-evoked
behaviors may be mediated, in part, through 5-HT,5R and 5-HT,cR located in the VTA.

The VTA is structurally defined by the distribution of DA cell bodies within the
region as part of the A10 mesencephalic catecholamine cell population (Dahlstrom and
Fuxe, 1964). A population of GABA neurons is also present within this region, although
there have been conflicting reports on the relative size of GABA neuron population in the
VTA (Yim and Mogenson, 1980; Johnson and North, 1992). In addition, VTA GABA
neurons appear to contain collaterals which synapse on DA neurons within the VTA as
well as projections that terminate in both the NAc (Van Bockstaele and Pickel, 1995)
and/or PFC (Steffensen et al., 1998; Carr and Sesack, 2000a). The VTA extends from the
level of the supramammillary bodies caudally to the most caudal pole of the caudal linear
raphe nucleus at the level of the pontine nucleus (Swanson, 1982; German and Manaye,
1993) and has been divided, based upon cytoarchitecture, into five subnuclei (see Fig.
10): the paranigral nucleus (PN), the parabrachial pigmented nucleus (PBP), the
intrafascicular nucleus (IF), the rostral linear raphe nucleus (Rli), and the caudal linear
raphe nucleus (CLi). The cell morphology of the DA neurons and their projections to
forebrain sites have been shown to differ among the subnuclei (Phillipson, 1979b;
Swanson, 1982) thereby adding to the complexity of the VTA. Unfortunately, to our
knowledge, there are no reports describing the characteristics of GABA cell populations
within the different subnuclei.

Thus, although the 5-HT,aR and 5-HT,cR are both localized within the VTA, the
particular distribution of these receptors within different subnuclei and on different
subpopulations of neurons may greatly impact the influence of these receptors on the

output of VTA DA neurons. Several researchers have examined the localization of 5-
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HT,AR in the VTA, revealing that these receptors are localized on subsets of DA (and
non-DA) neurons within this region (Ikemoto et al., 2000; Doherty and Pickel, 2000;
Nogcjar et al., 2002). A recent study by Nocjar and colleagues (2002) demonstrated that
the greatest co-localization of 5-HT,aR within DA neurons occurred in the PN, PBP, and
IF, subnuclei which comprise the largest population of VTA neuron efferents that
innervate the NAc and PFC (Swanson, 1982). Thus stimulation of 5-HT,sR receptors on
these neurons would likely induce depolarization of DA neurons and likewise enhance
DA release in the NAc. On the other hand, researchers have hypothesized that 5-HT,cR
are localized on GABA inhibitory neurons in the VTA, rather than DA neurons thereby
indirectly influencing activity of DA neurons. In this circumstance, stimulation of 5-
HT,cR would induce depolarization of GABA neurons that synapse on DA neurons
which, in turn, act to hyperpolarize DA neurons and reduce DA release. Indeed, Eberle-
Wang and colleagues (Eberle-Wang et al., 1997) reported that although 5-HT,cR mRNA
was detected in the VTA, they did not observe co-localization of 5-HT,cR mRNA with
mRNA for tyrosine hydroxylase (TH), the rate limiting enzyme for DA synthesis, and
thus a marker for DA neurons. However, to our knowledge, there are no studies
demonstrating 5-HT>cR mRNA or protein in GABA neurons in the VTA, or confirming
that 5-HT,cR protein is not co-localized within DA neurons in the VTA.

Thus, the goal of the present set of experiments was to examine the distribution of
5-HT,cR within VTA neurons, with the hypothesis that 5-HT,cR would be located on
GABA neurons, but not DA neurons, in this region. To accomplish this goal, we sought
to perform a detailed analysis of double-label fluorescence immunohistochemistry for 5-
HT,cR and glutamic acid decarboxylase (GAD), the rate limiting enzyme for GABA
synthesis and a marker for GABA neurons, as well as for 5-HT,cR and TH in VTA tissue
sections obtained from naive male Sprague-Dawley rats. Unfortunately, none of the
commercially available anti-5-HT,cR antibodies have been extensively utilized in
standard immunohistochemical procedures, thus the effectiveness and specificity of these

antibodies for 5-HT,cR is unknown. As such, prior to initiating the detailed VTA
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localization studies, we analyzed the specificity of two different commercially available
anti-5-HT,cR antibodies: a mouse monoclonal anti-5-HT,cR antibody that is directed
toward amino acids 384-459 of the C-terminal end of the 5-HT,cR (PH 5-HT,cR; BD
PharMingen, San Diego, CA), and a goat polyclonal anti-5-HT,cR antibody that is
directed toward a 19 amino acid sequence at the N-terminus of the receptor (SC 5-
HT,cR; Santa Cruz Biotechnology, Santa Cruz, CA). While both of these antibodies
have demonstrated ability to detect selective changes in 5-HT,cR protein expression in
the VTA to a similar extent via Western blot analysis (see Chapter 3), to our knowledge,
only the PH 5-HT,cR antibody been exploited for immunohistochemical analysis in the
brain (Li et al., 2004). To assess the specificity of the 5-HT,cR antibodies, we first
conducted a double-label immunohistochemistry experiment combining the two 5-HT,cR
antibodies and compared their patterns of immunoreactivity (IR). Second, we compared
5-HT,cR and 5-HT;4R immunoreactivity in 5-HT,cR knockout (KO) mice and their
wildtype (WT) littermates to show that 5-HT,cR immunoreactivity is eliminated in 5-
HT,cR KO mice, while 5-HT,5R immunoreactivity is unaltered. Finally, in order to show
that the 5-HT»cR antibody does not bind to the 5-HT,4R, we examined 5-HT,cR and 5-
HT>4R immunoreactivity in Chinese hamster ovary (CHO) cells, which do not normally

contain 5-HT,cR or 5-HT,4R, and CHO cells transfected with the 5-HT,aR.

METHODS

Tissue Preparation
Naive male Sprague-Dawley rats (N = 6; virus antibody-free; Harlan Sprague-
Dawley, Inc., Houston, TX) were wused. Ratswere deeply anesthetized

with pentobarbital (100 mg/kg, IP, Sigma) and perfused transcardially with phosphate
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buffered saline (PBS) followed by 3% paraformaldehyde in PBS. Brains were removed,
blocked at mid-pons, post-fixed for 2 h at room temperature (RT). 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. All experiments conformed to the NIH Guide for the
Care and Use of Laboratory Animals (National Institutes of Health, 1986) and were
approved by the UTMB Institutional Animal Care and Use Committee.

In addition, frozen brains from the 5-HT,cR knockout mouse (KO) on a
C57B1/6] background and wild-type (WT) littermates (n = 2/genotype) that had been
previously fixed (4% paraformaldehyde/PBS) and cryoprotected (30% sucrose) were
obtained from the laboratory of Dr. Lawerence Tecott at the University of California at
San Francisco. Details on the production of these mutant mice can be found elsewhere
(Tecott et al., 1995).

Coronal sections (20 pm) containing the VTA (-4.8 through -6.5 from Bregma)
were taken from all brains using a cryostat (Leica CM 1850 at 20 °C) according to the
atlas of Paxinos and Watson (Paxinos and Watson, 1998). Free floating sections were

processed as described below.

Cell Culture and Transfection

Chinese hamster ovary (CHO) K1 cells (obtained from the laboratories of Drs.
Kelly Berg and William Clarke at the University of Texas Health Science Center, San
Antonio, TX) were plated onto 4-well Lab-Tek chamber slides (Nalge Nunc, Naperville,
IL) and maintained in a-MEM medium (supplemented with 5% fetal bovine cells and
antibiotics). Cells were transfected using Lipofectamine 2000 (Invitrogen, Carlsbad, CA)
according to the manufacturer’s instructions with a plasmid containing the entire coding
region of the rat 5-HT,4R linked to a 24-base sequence coding for a synthetic marker,
Flag peptide (CHO/5-HT;4R). Cells were incubated at 37°C for 48 hours, then rinsed
with PBS and fixed with 4% paraformaldehyde in PBS. Immunocytochemistry was

performed as described below.
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Immunohistochemistry

The primary and secondary antibodies utilized in the present studies are described
in Table 2. Single- and double-label immunohistochemistry experiments employing
several different antibody combinations were performed as described in Table 3 to
determine: (1). 5-HT»cR antibody specificity employing rat brains, 5-HT>cR KO and WT
mice brains, and the CHO and CHO/5-HT,aR transfected cells, and (2). the distribution
of 5-HT,¢R on different subtypes of cells in the VT A from rat brains.

Free floating rat or mouse brain sections were washed using an orbital shaker in
PBS (2 x 10 min), then incubated in 20 mM sodium acetate (15 min), and washed again
(3 x 10 min) with PBS. The sections were then incubated in a blocking serum [1.5%
normal donkey serum (ImmunoResearch Laboratories, Inc., West Grove, PA) or goat
serum (Vector Laboratories, Burlingame, CA) in PBS] for one hour at room temperature
(RT). The blocking serum was aspirated, and the sections were then incubated on an
orbital shaker with primary antibodies (see Tables 2, 3) diluted in 1.5% normal donkey
or goat serum for 44h at 4°C. The sections were then washed with PBS and incubated
with the secondary antibodies (see Tables 2, 3) diluted in 1.5% normal donkey or goat
serum for 1h RT, protected from light. Sections were washed with PBS (3 x 10 min) and
mounted using a 0.1% Dreft[] solution onto gelatin chrom alum-coated slides. The slides
were then coverslipped using Vectashieldl fluorescent mounting medium with DAPI
(4°,6-diamidoino-2-phenylindole; Vector Laboratories), and stored protected from light at
4°C until viewing.

CHO cells previously plated onto Lab-Tek chamber slides were treated
analogously with the exception of a shorter primary antibody incubation time (2 h, RT).
Following the final PBS washes, chambers were detached from the slides, and the slides

were coverslipped using the Vectashield[] fluorescent mounting medium with DAPI.
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Table 2: List of antibodies employed in the experiments

Primary Dilution Species Catalog # Supplier Location
Antibody
anti-SC 5-HT R 1:100 goat sc-15081 Santa Cruz Santa Cruz, CA
Biotechnology
anti-PH 5-HT ,cR | 1:300 mouse 556335 BD PharMingen San Diego, CA
anti-5-HT ;4 R 1:500 rabbit - Dr. Bryan Roth, Cleveland, Ohio
Case Western
Reserve University
anti-Flag 1:1000 mouse F-3165 Sigma St. Louis, MO
anti-Flag 1:1000 rabbit F-7425 Sigma St. Louis, MO
anti-TH 1:3000 mouse 22941 Immunostar Hudson, WI
anti-GAD 67 1:150 mouse s¢-5602 Santa Cruz Santa Cruz, CA
Biotechnology
Secondary |Dilution Fluorescent Catalog # Supplier Location
Antibody Dye’
donkey anti-goat | 1:2000 | Alexa Fluor 488 | A-11055 Molecular Probes Eugene, OR
donkey anti-mouse | 1:2000 | Alexa Fluor 555 | A-31570 Molecular Probes Eugene, OR
donkey anti-rabbit | 1:2000 | Alexa Fluor 555 | A-31572 Molecular Probes Eugene, OR
goat anti-mouse 1:2000 | Alexa Fluor 488 | A-11029 Molecular Probes Eugene, OR
goat anti-rabbit 1:2000 | Alexa Fluor 555 | A-21429 Molecular Probes Eugene, OR

“ Alexa Fluor 488 dye appears green; Alexa Fluor 555 dye appears red
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Table 3: Experimental design”

Experiment Description | Primary Antibody |Secondary Antibodyb Cell/tissue Tested
1. 5-HT ,¢ R Antibody SC 5-HT,cR donkey anti-goat 488 rat
specificity + +
PH 5-HT,cR donkey anti-mouse 555
SC 5-HT,cR donkey anti-goat 488 WT & 5-HT,cR KO mice
5-HT,4R donkey anti-rabbit 488 WT & 5-HT,¢R KO mice
SC 5-HT,cR donkey anti-goat 488 CHO & CHO/5-HT, 4R cells
+ +
5-HT,,R donkey anti-rabbit 488
SC 5-HT,cR donkey anti-goat 488 CHO & CHO/5-HT, R cells
+ +
Flag donkey anti-rabbit 488
anti-5-HT,,R goat anti-rabbit CHO & CHO/5-HT,R cells
+ +
Flag goat anti-mouse
2. 5-HT . R distribution SC 5-HT,cR donkey anti-goat 488 rat
inthe VTA + +
TH donkey anti-mouse 555
SC 5-HT,cR donkey anti-goat 488 rat
+ +
GAD donkey anti-rabbit 488

antibody combination

* 488 = Alexa Fluor 488, appears green; 555 = Alexa Fluor 555, appears red

“ No antibody, single antibody, and mis-matched primary and secondary controls were also run for each
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Image Analysis

Digital images were captured from brain sections and CHO cells using an
Olympus BX51 fluorescent microscope (Olympus, Melville, NY) equipped with a
Hamamatsu camera (Hamamatsu, Bridgewater, NJ) interfaced to a personal computer and
were analyzed using Simple PCI software (version 5.1, Compix Inc., Imaging Systems,
Cranberry Township, PA). A 20x or 40x objective was used to capture all
photomicrographs for final magnification of 400 and 800, respectively. Green
fluorescence emitted by the Alexa Fluor 488 antibodies was visualized using a yellow
GFP filter set (# 41017; Chroma Technology Corporation, Rockingham, VT), 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). For each section three
images of the same viewing area were captured, one for each filter set detecting
immunoreactivity (IR) for each antibody and DAPI, and then resultant images were
overlaid.

Rostral-caudal patterns of 5-HT,cR distribution on TH-immuoreactive (IR) and
GAD-IR cells in the VTA were analyzed for the five subnuclei of the VTA: paranigral
nucleus (PN), parabrachial pigmented nucleus (PBP), intrafascicular nucleus (IF), rostral
linear raphe nucleus (RLi), and caudal linear raphe nucleus (CLi; Swanson, 1982),
according to Bregma locations described in Fig. 10 and Table 2 (Paxinos and Watson,
1998). Two to five 5-HT,cR/TH-labeled sections and adjacent (when possible) 5-
HT,cR/GAD-labeled sections per rostral/caudal level were examined from each rat (n =
3). For each section, a composite photomicrograph comprised of 20-30 individual
images captured using the 20x objective was assembled to visualize the entire VTA. In an
effort to minimize the differences in the sizes and shapes of the subnuclei throughout the
rostral/caudal levels, rectangular areas of a fixed size were utilized to count cells within
each subnucleus for all sections at the same magnification, as described in Fig. 10. Cells

contained in each rectangular area were counted using the “Region of Interest” function
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of the Simple PCI software, which enabled selection of immunoreactive cells according
to the intensity and area of each signal. First, the number of single-labeled cells was
counted for each different color label (red and green), then the same parameters used for
each single label were applied to the overlay image to determine the number of double-
labeled cells. The total number of 5-HT,cR-IR, TH- IR, and GAD- IR cells was averaged
(mean + SEM) for rostral, middle, and caudal levels of each subnucleus. Additionally, for
each section, the percentage of 5-HT>cR/TH-IR or 5-HT>cR/GAD-IR co-labeled cells
was determined by averaging the number of 5-HT,cR/TH-IR or 5-HT,cR/GAD-IR-co-
labeled cells divided by the total number of TH-IR or GAD-IR cells, respectively. The
resultant values were averaged (mean + SEM) for rostral, middle, and caudal levels of
each subnucleus. Individual one way analysis of variance (ANOVA) tests were utilized to
examine differences in the percentages of total TH- or GAD-IR cells co-labeled with 5-
HT,cR-IR within: 1. the different subnuclei in each rostral-caudal level, and 2. The
different levels of each subnucleus. Significant effects were followed with post hoc
analysis using the Student Newman Keuls procedure (Keppel, 1973). Unpaired 2-tailed
T-tests were utilized to examine the rostral-caudal differences in IF, RLi, and CL1i, since
these subnuclei each only contained two levels.

To verify the observation of co-localization of both 5-HT,cR/TH and 5-
HT,cR/GAD, double-labeled sections were also viewed using a Zeiss LSM 510 META
UV laser scanning confocal microscope in the UTMB Infectious Disease and Toxicology

Optical Imaging Core.
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Rostral

Figure 10. Delineation of the VTA subnuclei. [A,C,E] Schematic diagrams of the VTA
subnuclei at rostral [Bregma -5.30 mm; A], middle [Bregma -5.60 mm; C], and caudal
[Bregma -6.04 mm; C] levels of the VTA. [B,D,F] Representative composite
photomicrographs displaying TH immunoreactivity (red) in rostral [B], middle [D] and
caudal [F] levels of the VTA. White boxes represent the fixed rectangular areas used for
counting immunoreactive cells. Two separate regions of similar size (64.52 cm?2 each)
were used in all levels for the paranigral nucleus (PN) and parabrachial nucleus (PBP),
while a single region was used for the intrafascicular nucleus (IF; 58.06 cm2), rostral
linear raphe nucleus (RLi; 58.06 cm2), and caudal linear raphe nucleus (CLi; 64.52 cm?2).
The fascicular retroflexus (fr), mammillary peduncle (mp), and interpeduncular nucleus
(IP) are also labeled for orientation purposes.
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RESULTS

1. 5-HT,cR Antibody Specificity
SC 5-HT>cR vs. PH 5-HT>cR immunoreactivity in Rat VTA Sections
Immunoreactivity for the SC 5-HT,cR antibody in the VTA appeared punctate

and was widely distributed throughout the region. The 5-HT,cR- immunoreactivity (IR)
tended to form clusters that appeared similar in shape to neuronal cell bodies (Fig.
11A,E). These clusters of immunoreactivity were typically associated with DAPI-labeled
nuclei (Fig. 11D,H), suggesting that the 5-HT,cR-IR is localized to cell bodies. In
addition, strings of immunoreactivity that took on the appearance of neuronal processes
were also present (arrowheads, Fig. 11A,C); however this type of IR was not as
prominent as the cell body clusters of IR staining.

Immunoreactivity for the PH 5-HT,cR antibody (Fig. 11B,F) was also punctate,
but much more diffuse than SC 5-HT,cR immunoreactivity. Although similar clusters of
IR were evident and found to be associated with DAPI-labeled nuclei, the amount of IR
within these clusters appeared much less concentrated than that observed for the SC 5-
HT,cR antibody. In addition, double-label experiments conducted with both 5-HT,cR
antibodies demonstrated that the majority of the cell body clusters contained IR for both
the SC 5-HT>cR antibody and the PH 5-HT,cR antibody (Fig. 11C,G), however labeling
for the PH 5-HT,cR was less concentrated and less prominent in within the clusters.

Single-label experiments conducted for each 5-HT,cR antibody demonstrated that
the simultaneous application of the two antibodies in double-label experiments did not
alter the pattern of staining of either antibody (data not shown). Experiments conducted
in the absence of primary or secondary antibody revealed the presence of minimal auto-
fluorescence and non-specific secondary antibody labeling (data not shown). This
staining was minimal compared to the intense IR that was detected following either anti-

5-HT,cR antibody/secondary antibody combination.
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Figure 11. Co-labeling for the SC 5-HT,cR and the PH S5-HT,cR. Representative
photomicrographs displaying immunoreactivity for the SC 5-HT,cR antibody [A,E;
green], the PH 5-HT,cR antibody [B,F; red], the overlay of SC 5-HT,cR and PH 5-
HT,cR images [C,G], and DAPI [D,H; blue] in a 20 um section of the VTA. Double-
labeling in the overlaid image appears yellow. [E-H] High magnification
photomicrographs of the boxed area in A-D, respectively. = 5-HT,cR-IR cell bodies; »
neuronal processes. Scale bars = 50um [A-D]; 10 um [E-H].
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Similar patterns of staining for each 5-HT,cR antibody were also observed in
other brain areas examined [NAc, PFC, septum, striatum (STR), substantia nigra (SN),
ventral pallidum (VP); data not shown], however the patterns of IR observed with the SC
5-HT,cR antibody were much more analogous to the type of staining previously
described by immunohistochemical analyses conducted using a 5-HT>cR antibody which
is not commercially available (Clemett et al., 2000). Thus, since the IR for the SC 5-
HT,cR antibody was more concentrated than PH 5-HT,cR-IR and SC 5-HT,cR-IR was
more comparable to previous reports of 5-HT»cR antibody staining (Clemett et al., 2000),
subsequent studies were conducted using the SC 5-HT,¢R antibody.

SC 5-HT>cR and 5-HT>4R Immunoreactivity in the VTA of 5-HT>cR KO and WT Mice
Application of the SC 5-HT,cR resulted in intense IR-staining throughout the

rostral/caudal extent of the VTA in WT C57B1/6J mice (Fig. 12A,C). This staining was
similar to that observed in rat VTA tissue in that the IR occurred in clusters associated
with DAPI-labeled nuclei (Fig. 12C), suggesting the presence of 5-HT,cR-IR on cell
bodies. Similar patterns of intense staining were also observed throughout other brain
regions [NAc, PFC, septum, STR, SN; data not shown].

Immunoreactivity for the 5-HT»aR in the WT C57B1/6] mice also produced
intense staining throughout the VTA (Fig. 12E). 5-HT;sR-IR was comparable in
appearance to IR produced by the SC 5-HT,cR antibody, forming clusters of
immunoreactivity surrounding DAPI nuclei (data not show), and was analagous to the 5-
HT,AR-IR described for this antibody in the rat VTA (Nocjar et al., 2002).

In the 5-HT,cR KO mice, SC 5-HT,¢R antibody IR was virtually undetectable in
the VTA of 5-HT,cR KO mice (Fig. 12B,D), with only minor residual IR remaining,
despite the detection of similar numbers of DAPI-stained nuclei as observed in WT
littermates (Fig. 12C,D). A similar lack of 5-HT,cR-IR was also observed in other brain
areas examined (NAc, PFC, septum, STR, SN; data not shown). In contrast, the 5-HT;sR
antibody produced intense IR in the VTA of 5-HT,cR KO mice (Fig. 12F) similar to the
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Figure 12. SC 5-HT,cR and 5-HT;sR immunoreactivity in WT and 5-HT,cR KO
mice. Representative photomicrographs of SC 5-HT,cR [A-D; green] and 5-HT,sR
immunoreactivity in a 20 um sections of the VTA from a wildtype mouse [WT; A,C,E]
or a 5-HT,cR knockout mouse [KO; B,D,F]. [C,D] High magnification photomicrographs
of boxed regions in A and B, respectively. DAPI-labeled nuclei [C,D; blue] show the
presence of cells, despite the lack of 5-HT,cR staining in the 5-HT,cR KO mouse. Scale
bars = 100 pm [A-B], 30 um [C-D], and 50 pum [E,F].
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levels of IR detected in the VTA (and other brain regions; data not shown) of the WT
littermates (Fig. 12E).

Immunohistochemical experiments conducted in the absence of primary or
secondary antibodies revealed the presence of some auto-fluorescence and non-specific
secondary antibody labeling (data not shown), however, this staining was minimal
compared to the intense IR that was detected following either anti-5-HT,cR or anti-5-

HT,AR antibody/secondary antibody combinations.

SC 5-HT>cR, 5-HT,4R, and Flag Immunoreactivity in CHO and CHO/5-HT;4R cells
In order to determine whether the SC 5-HT,cR antibody also exhibits cross-

reactivity for the closely related 5-HT,aR, IR for the SC 5-HT,cR antibody was
examined in CHO cells that were either untransfected or transfected with the 5-HT4R
containing a Flag tag at the C-terminal end of the receptor. In the untransfected CHO
cells, there was little to no staining observed following administration of the SC 5-HT,cR
(Fig. 13A), 5-HT,4R (Fig. 13B), or Flag (Fig. 13C) antibodies tested separately or in
double-label combinations (data not shown). The weak fluorescence that was detected in
the untransfected CHO cells following SC 5-HT,cR (Fig. 13A) and 5-HT,4R (Fig. 13B)
antibody incubation was also observed in the absence of the primary antibodies
suggesting that the sparse fluorescence detected in the non-transfected CHO cells was
due to auto-fluorescence or non-specific binding of the secondary antibodies (data not
shown). In addition, this also suggests that, as previously reported, the untransfected
CHO cells are devoid of 5-HT,cR or 5-HTsR (Berg et al., 1994). Conversely, the
fluorescence detected in the untransfected CHO cells incubated with the Flag antibody
(Fig. 13C) was slightly more intense than that observed in the absence of the Flag
antibody (data not shown), suggesting that some non-specific binding of the anti-Flag

antibodies was evident.
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Untransfected CHO cells
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Figure 13. 5-HT,cR, 5-HT24R and Flag Immunoreactivity in CHO cells. [A-C]
Representative photomicrographs of untransfected CHO cells incubated with antibodies
for the 5-HT,cR [green; A], 5-HT,aR [red, B], and Flag [red, C]. DAPI-stained nuclei
(blue) indicate the location of CHO cells. [D-L] Representative photomicrographs of
CHO cells transfected with the 5-HT»4R containing the Flag tag sequence incubated with
the 5-HT,cR [green; D,H], 5-HT,4R, [red; E,I], and Flag [green, F; red, G] antibodies.
DAPI-stained nuclei (blue) are shown in images of 5-HT,cR-IR in CHO/5-HT,aR cells
[D,H] to indicate the location of the CHO cells in the photomicrographs. [J] Overlay of
images in D and G. [K] Overlay of images in E and H. [L] Overlay of images in F and I
demonstrates double-labeling for 5-HT,4R and Flag (yellow). Scale bars = 100 um.
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On the other hand, while IR for the SC 5-HT,cR antibody was also undetectable
in the CHO cells transfected with the 5-HT,5R containing the Flag sequence (Fig.
13D,H), intense IR for the 5-HT»4R (Fig. 13E,I) and Flag (Fig. 13F,G) were observed in
CHO/5-HT4R transfected cells. To ensure efficiency of the transfection, double-label
studies were conducted for 5-HT,cR + Flag (Fig. 13J), 5-HT,cR + 5-HT,4R (Fig. 13K),
and 5-HT,sR + Flag (Fig. 13L). The simultaneous application of two antibodies in each
of the double-label experiments did not alter the pattern of staining of any individual
antibody (data not shown). As shown in Fig. 13L, all cells containing 5-HT,4R IR were
co-labeled for Flag, suggesting that the 5-HT,sR staining in these cells was due to the
transfection of the 5-HT,5R containing the Flag sequence. In addition, 5-HT,cR-IR was
not detected in cells immunoreactive for either Flag (Fig. 13J) or the 5-HT:2aR (Fig.
13K) suggesting that the SC 5-HT,¢R antibody does not bind to 5-HT,4R.

2. 5-HT,cR distribution in the VTA

5-HT>cR immunoreactivity in the VTA
Intense 5-HT,cR-IR was observed throughout the rostral (Figs. 14-15), middle

(Fig. 16), and caudal levels (Fig. 17) of all subnuclei in the VTA. The 5-HT,cR-IR in
each subnucleus was most prominently expressed in cells bodies, although labeling of
neuronal processes was also detected (see arrowheads Figs. 14A, 15A), albeit less
frequently, particularly within the PBP, RLi, and CLi. Furthermore, tiny clusters of 5-
HT,cR-IR much smaller in diameter than the cell bodies were also observed (see open
arrows, Figs. 14C, 15C). These small clusters, which may be indicative of terminal
boutons, were most commonly present within the IF, RLi and CLi. Although all three
patterns of staining were present throughout the VTA, analysis was focused upon the
detection of 5-HT,cR-IR in cell bodies, as this type of staining could be most easily and

consistently detected and quantified.
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Figure 14. Co-localization of 5-HT,cR and GAD immunoreactivity in the Rostral
VTA. Representative photomicrographs displaying GAD-IR (red; left column) and 5-
HT,cR-IR (green, middle column) in the rostral levels of the PBP [A], PN [B], IF [C],
and RLi [D]. Overlay of GAD (left) and 5-HT,cR (middle) images indicate cells which
contain immunoreactivity for both GAD and 5-HT,cR (yellow, right column). = GAD +
5-HT,cR double-labeled cells; = potential terminal boutons; » neuronal processes; Scale
bar = 20 pm.
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Rostral VTA
ﬂ-HTcR

Figure 15. Co-localization of 5-HT,cR and TH immunoreactivity in the Rostral
VTA. Representative photomicrographs displaying TH-IR (red; left column) and 5-
HT,cR-IR (green, middle column) in the rostral levels of the PBP [A], PN [B], IF [C],
and RLi [D]. Overlay of TH (left) and 5-HT,cR (middle) images indicate cells which
contain immunoreactivity for both TH and 5-HT,cR (yellow, right column). = TH + 5-
HT,cR double-labeled cells; = potential terminal boutons; » neuronal processes; Scale
bar = 20 pm.
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Middle VTA

GAD TH

Figure 16. Co-localization of 5S-HT,cR/GAD and 5-HT,cR/TH Immunoreactivity in
the Middle VTA. Representative composite photomicrographs of the middle level of the
VTA displaying GAD-IR [red; A], 5-HT,cR-IR [green; B] and the overlay of B and C
showing co-localization of GAD- and 5-HT,cR-IR [yellow; C]. Photomicrographs of TH-
IR [red; D], 5-HT,cR-IR [green; E] and the overlay of D and E showing co-localization
of TH- and 5-HT,cR-IR [yellow; F] throughout the subnuclei (labeled) of the middle-
VTA are also displayed. Scale bar =100 um.
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Caudal VTA
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Figure 17. Co-localization of 5-HT,cR/GAD and 5-HT,cR/TH immunoreactivity in
the Caudal VTA. Representative photomicrographs displaying the overlay images of
[A-C] GAD (red) and 5-HT,cR (green) immunoreactivity and [D-F] TH (red) and 5-
HT,cR (green) immunoreactivity in the caudal PBP [A,D], PN [B,E], an CLi [C,F].
Arrows indicate cells containing co-localization of 5-HT,cR/GAD or 5-HT>cR/TH IR
(yellow). Scale bar = 20 pm.

72



As described in Table 4, the number of 5-HT,cR-IR cells in the rostral-caudal
levels of each subnucleus were as follows: PBP and PN: middle > rostral > caudal; IF:

middle > caudal; RLi: rostral = middle = caudal CLi.

GAD and TH immunoreactivity in the VTA
Both GAD- (Figs. 14, 16-17) and TH-IR cells (Figs. 15-17.) and processes were

clearly visible in each of the subnuclei throughout the rostral-caudal extent of the VTA,
and the subnuclei were readily distinguished with either type of staining (see composite
images, Fig. 16). The patterns of TH IR and morphology of TH-immunoreactive cells
was similar to that described previously (Phillipson, 1979b; Swanson, 1982; Nocjar et al.,
2002). Briefly, TH-IR cells in the IF were relatively small and tightly packed (Figs. 15C,
16D), while the cells in the RLi, just dorsal to the IF, were less dense, but similar in size
or slightly larger and displayed a dorsal-ventral orientation (Figs. 15D, 16D). Cells in the
caudal CLi were similar in size and orientation to the RLi TH-IR cells (Fig. 17F). The
TH-IR cells in the PN and PBP were larger than those in other subnuclei. Cells in the PN
subnucleus were typically oriented horizontally and followed along the interpeduncular
nucleus (IP) found ventral to the VTA in middle and caudal sections (Figs. 15B, 16D,
17E). TH-IR cells in the PBP, on the other hand, were spread diffusely with no particular
orientation (Figs. 15A, 16D, 17A). The number of TH-IR cells for each subnucleus were
as follows: PBP: rostral = middle > caudal; PN: middle > rostral > caudal; IF: middle >
rostral; RLi: rostral = middle < caudal CLi (Table 4).

GAD-IR cells exhibited similar morphology and followed similar patterns as that
described above for TH-immunoreactive cells (Figs. 14, 16-17.). GAD-IR cells were
more equally distributed throughout the different levels of each subnucleus than TH-IR
cells. Similar numbers of cells were found in all levels of each subnucleus, except for the
IF, where more cells were detected in the middle vs. rostral level, and in the PN where
fewer cells were detected in the caudal vs. rostral or middle levels (Table 4).

When comparing the density of TH- vs. GAD-IR cells in each subnucleus (Table
4), TH-IR cells were more prominent than GAD-IR cells in all levels of the IF, PBP, and
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Table 4: Total number of TH-, GAD- and 5-HT2cR-immunoreactive

cells detected in the various VTA subnuclei

Subnucleus Bregma TH- GAD- 5-HT2cR-
Location” immunoreactive | immunoreactive immunoreactive
cells” cells” cells’
PBP
Rostral] -5.00 to -5.40 | 132.73 £ 9.09 88.70 = 11.45 107.05 = 6.51
Mid] -5.50 to -5.80 | 141.08 +=12.88 99.22 + 6.49 124.62 = 7.55
Caudal] -5.90 to -6.30 | 109.29 +£13.71 91.88 + 8.54 73.73 + 7.07
PN
Rostral] -5.00 to -5.40 | 107.45 + 8.87 | 100.50 = 11.65 110.71 + 9.12
Mid] -5.50 to -5.80 | 157.00 + 16.87 | 112.91 + 10.18 133.91 = 9.01
Caudal] -5.90 to -6.30 | 80.25 £ 12.85 83.50 = 8.06 87.31 + 8.44
IF
Rostral ] -5.00 to -5.40 79.18 = 3.52 6436 + 7.36 67.23 + 4.26
Mid] -5.50 to -5.80 | 107.82 +£11.12 84.56 = 8.20 96.05 = 6.55
Rli
Rostral | -5.00 to -5.40 60.55 £ 5.56 71.82 = 6.49 78.73 + 4.77
Mid] -5.50 to -5.80 69.33 = 491 63.36 =+ 5.26 80.95 + 6.38
Cli
Caudal] -5.90 to -6.30 | 116.88 = 10.30 73.14 £ 6.73 76.33 + 7.70

“ Bregma locations according to the brain atlas of Paxinos and Watson (1998)

" TH: average of 10-12 rostral and mid sections, 8-9 caudal sections

“ GAD: average of 9-11 rostral and mid sections, 7-8 caudal sections

¢ 5. HT2CR: average of 21-22 restral and mid sections, 15-16 caudal sections
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CLi, and the middle PN, while approximately equal numbers of cells were observed in

both levels of the Rli and in the rostral and caudal PN.

Co-labeling for the 5-HT>cR and GAD
5-HT,cR-IR was co-localized in a subset of GAD-IR cells (Figs. 14, 16-18). The

extent of co-localization varied slightly among the subnuclei, ranging from ~21 - 37% of
total GAD-IR cells (Fig. 18A). There was not a significant main effect of subnucleus
location on percentage of GAD/5-HT,cR-co-labeled cells within in the rostral (F33s =
1.84; p = 0.16), middle (Fs36 = 1.84; p = 0.77), or caudal levels (F220 = 0.26; p = 0.77,;
Fig. 18A). However, there was a significant main effect of rostro-caudal level on the
percentage of co-labeled cells in the PBP (Fz24 = 3.55; p <0.05) and PN (F226 = 1.84; p =
0.16) reflecting higher proportions of GAD/5-HT,cR-co-labeled cells in the middle PBP
compared to rostral PBP (Fig 18A).

Co-labeling for 5-HT>cR and TH
5-HT,cR-IR was also found to be co-localized in a subset of TH-IR cells (Figs.

15-18). The presence of 5-HT,cR-IR within TH-IR cells was confirmed through
examination of the images captured on a confocal microscope (Fig. 19), which
demonstrated the presence 5-HT,cR-IR throughout the cell membrane and cytoplasm if
TH-IR and non-TH-IR cells. The extent of co-localization for 5-HT>cR and TH was more
variable than 5-HT,cR/GAD co-labeling, ranging from ~17 — 48% of total TH-
immunoreactive cells (Fig. 18B). A significant main effect of subnucleus location on the
percentage of TH/5-HT,cR-co-labeled cells observed in the middle (Fz39 = 5.52; p <
0.01) and caudal levels (F»20 = 4.34; p < 0.01), but not the rostral level of the VTA (F3 40
=2.06; p = 0.12; Fig. 18B). In the middle VTA, a significantly smaller proportion of total
TH-IR cells co-labeled for 5-HT,cR-IR was observed in RLi compared to the PBP, PN

75



65 -
60 4
55 4

|§so .

0’45 p

oz 40 1
Q‘35-
< 30 -

% 5-HT2cR/GAD

% 5-HT2cR/TH

Figure 18. Percentage of 5-HT,cR/GAD and 5-HT,cR/TH co-localized cells in the
various VTA subnuclei. Data represent the mean (+x SEM; n = 7-12/group) percentage
of [A] 5-HT»cR/GAD co-localized cells and [B] 5-HT,cR/TH co-localized cells in the
rostral, middle and caudal levels of the VTA subnuclei. Data were calculated by dividing
the % of co-labeled cells by the total number of GAD or TH labeled cells, respectively, in
each subnucleus for each VTA tissue section. Resultant values were averaged for the
middle, rostral and caudal levels of each subnucleus. * p < 0.05 between subnuclei; * p <
0.05 vs. rostral level of the subnucleus; * p < 0.05 vs. middle level of the subnucleus.
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Figure 19. Co-localization of TH and 5-HT,cR Immunoreactivity. Series of
photomicrographs (from left to right) captured using a confocal microscope displaying
TH [A; red] and 5-HT,cR [B; green] immunoreactivity in the VTA. [C] Overlay of
images in A and B shows co-localization of TH + 5-HT,cR immunoreactivity (yellow) as
indicated by arrows. Arrowheads point to a 5-HT,cR-IR cell that is devoid of TH-IR.
Scale bar = 10 pm.
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and IF subnuclei. The significant effect in the caudal VTA, reflected a significantly
higher percentage of TH/5-HT,cR-co-labeled cells in the CLi compared to the PN.

In addition, a significant main effect of rostro-caudal level on the percentage of
co-labeled cells in each subnucleus were also observed for the PBP (F,27 = 7.49; p <
0.01) and PN (F227 = 14.47; p = 0.001), and IF (p < 0.001; Fig 18B). A significantly
lower proportion of TH/5-HT,cR-co-labled cells were observed in the caudal PBP and
PN subnuclei compared to the rostral or middle levels. Additionally, a significantly
higher percentage of TH/5-HT,cR was observed in the middle compared to rostral PN

and IF subnuclei.

DISCUSSION

The present study is the first to report that 5-HT>cR immunoreactivity is co-
localized within subsets of both GAD- and TH-IR cells throughout the VTA subnuclei,
suggesting that 5-HT,cR are located on subpopulations of hoth GABA and DA cells in
the VTA. While the percentage of 5-HT,cR co-localization with GAD-IR was relatively
similar across most subnuclei, the proportion of TH-IR cells co-labeled with 5-HT,cR-IR
differed significantly across a number of subnuclei, with the greatest incidence of co-
localization occurring in the middle-levels of the VTA. These findings indicate that the
ability of 5-HT,cR to regulate the function of VTA neurons is much more complex than
previously thought, potentially involving both direct and indirect modulation of DA

mesolimbic circuits by 5-HT,cR.
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5-HT,cR antibody specificity

In the present study, we performed a number of experiments to confirm the
specificity of the 5-HT,cR antibody used in the co-localization experiments. The first
step was to compare the pattern of IR of two commercially available anti-5-HT,cR
antibodies, a rabbit polyclonal anti-5-HT,cR antibody (SC 5-HT,cR; Santa Cruz
Biotechnology) and a mouse monoclonal anti-5-HT,cR antibody (PH 5-HT,cR; BD
PharMingen). Similar to reports of immunohistochemical analyses conducted with anti-5-
HT,cR antibodies which are not commercially available (Clemett et al., 2000), IR for
both antibodies appeared to label cell bodies indicated by the association of the clusters
of 5-HT,cR-IR with DAPI-stained nuclei. However, the IR for the SC 5-HT,cR antibody
was much more concentrated in these areas compared to PH 5-HT,cR-IR, thereby
appearing more analogous to previous reports of 5-HT>cR staining (Clemett et al., 2000).
This difference in staining intensity of the two antibodies may be due to the
characteristics of their target epitopes. While the SC 5-HT,cR antibody was raised
against a peptide that mapped near the extracellular N-terminus of the human 5-HT,cR,
the PH 5-HT,cR was raised against a GST fusion protein targeting the intracellular C-
terminus of the human 5-HT,cR. Although these two antibodies are highly reactive with
the rat 5-HT,cR, in order for the PH 5-HT,cR antibody to bind to the receptor, it must
first penetrate the cell membrane, while the SC 5-HT,cR antibody does not have this
restriction and thus may have greater accessibility to 5-HT,cR binding sites (Goldenthal
et al., 1985). Unfortunately, use of a detergent such as Triton X to permeableize cellular
membranes and promote availability of intracellular binding sites (Polack and Van
Noorden, 1997) actually seemed to reduce, rather than enhance, PH 5-HT,cR antibody
staining (data not shown), as has been demonstrated for some other membrane proteins
(Goldenthal et al., 1985). Thus, since the staining with the SC 5-HT>cR was more
concentrated and more analogous to that observed in previous 5-HT,cR
immunohistochemical studies (Clemett et al., 2000), the subsequent specificity and

distribution studies were performed using the SC 5-HT,cR antibody.
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In addition to expressing patterns of immunoreactivity similar to that reported for
other 5-HT,cR antibodies, SC 5-HT,cR immunoreactivity was virtually eliminated in the
VTA and other brain areas of 5-HT,cR KO mice, compared to the intense
immunoreactivity observed in the brains of WT littermates. These results thereby indicate
that the SC 5-HT,cR antibody does bind to the 5-HT,cR as reduced 5-HT,cR density was
also observed in the 5-HT,cR KO mice via autoradiography (Lopez-Gimenez et al.,
2002). The 5-HT>cR KO mice were developed by generating a mutation that truncates the
receptor within the fifth transmembrane domain (Tecott et al., 1995). Thus, it is plausible
that non-functional, truncated 5-HT,cR proteins could still be produced in the brains of
KO mice. This truncated receptor might be detected by the SC 5-HT,cR antibody, which
targets the N-terminus of the receptor, thereby resulting in the minor residual staining that
was observed in the 5-HT,cR KO mice. Alternatively, the residual staining present in the
KO mice could indicate some non-specific binding of the SC 5-HT,cR antibody,
however, if this is the case, it is not likely that the antibody was binding to 5-HT,aR,
since immunoreactivity for the 5-HT,4R antibody was unaltered in the 5-HT,cR KO mice
compared to the WT littermates and much more intense than the low levels of SC 5-
HT,cR immunoreactivity that remained in the 5-HT,cR KO mice.

To further demonstrate that the SC 5-HT,cR did not cross-react with the 5-
HT,AR, we also examined SC 5-HT,cR immunoreactivity in CHO cells transfected with
the 5-HT;aR containing the Flag peptide sequence at the C-terminus. Although
immunoreactivity for 5-HT,aR and Flag antibodies was present in the 5-HT,aR-
transfected CHO cells, no SC 5-HT,cR immunoreactivity was detected in the CHO/5-
HT,4R cells. As such, these studies demonstrated that the SC 5-HT,cR antibody bound to
5-HT,cR and did not cross-react with 5-HT,sR, suggesting that this antibody was

suitable for use in the 5-HT,cR distribution studies.
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5-HT,cR distribution in the VTA

The present study revealed that the 5-HT,cR 1s widely distributed in all subnuclei
throughout the rostral-caudal extent of the VTA. Studies examining the distribution of 5-
HT>cR mRNA and protein throughout the brain have detected low to moderate levels of
5-HT,cR mRNA in the in the VTA of rats (Hoffman and Mezey, 1989; Wright et al.,
1995; Eberle-Wang et al., 1997) and monkeys (Lopez-Gimenez et al., 2001), and high
levels of 5-HT»cR protein in the ventral mesencephalon of rats (Clemett et al., 2000).
Most other studies either did not specifically mention the VTA (Mengod et al., 1990;
Abramowski et al., 1995; Sharma et al., 1997) or did not examine the VTA (Pasqualetti et
al., 1999), while a single study reported undetectable levels of 5-HT,cR protein in the
VTA (Li et al., 2004). This latter study utilized the PH5-HT»¢R that, in our hands, proved
to be unreliable, producing inconsistent results upon replication. Conversely, the SC5-
HT,cR antibody to utilized in the present studies has produced consistent, replicable
staining in the VTA and other brain areas (PFC) similar to that described by Clemett and
colleagues (2000).

Based upon analysis of mRNA expression, electrophysiology, and microdialysis
studies, researchers have hypothesized that 5-HT,cR are localized to GABA neurons
within the VTA. For example, systemic administration of a 5-HT,cR agonist, which
would be expected to cause depolarization of neurons (Sheldon and Aghajanian, 1991),
resulted in increased firing of non-dopaminergic neurons (presumably GABA neurons;
(Di Giovanni et al., 2001) and decreased firing of DA neurons in the VTA (D1 Giovanni
et al., 2000). Although this hypothesis has been held for a number of years, we report the
first evidence to show the co-localization of 5-HT,cR protein in GABA neurons.
Curiously, we also identify a co-localization of 5-HT,cR in a subpopulation of DA
neurons in the VTA.

The present study examined the distribution of 5-HT,cR protein on neurons
within the VTA via double-label immunofluorescence studies combining the SC 5-

HT,cR antibody with an anti-GAD 67 antibody to label GABA neurons, or an anti-TH
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antibody to label DA neurons. Both TH- and GAD-immunoreactive cells were found to
display a variety of sizes and shapes dependent upon the VTA subnucleus. However,
since the size and shape of both types of cells were similar within each subnucleus, it
does not appear that the neuronal type (i.e. GABA vs. DA) can be determined by these
gross morphological features alone, as has been previously suggested (Domesick et al.,
1983). The five subnuclei of the VTA could be readily distinguished for both TH- and
GAD-immunoreactive cells, with the IF containing small densely packed cells, the PN
containing larger horizontally-oriented cells, the PBP containing large diffuse cells with
no particular orientation, and the RLi or CLi containing small to medium dorsal-ventral
oriented cells (Phillipson, 1979b; Nocjar et al., 2002). Although reports on the relative
concentration of different neuronal subtypes in the VTA vary widely (Yim and
Mogenson, 1980; Swanson, 1982; Johnson and North, 1992), of the total number of TH
and GAD cells detected in the present study, ~55% were TH-immunoreactive, while
~44% were GAD-immunoreactive. We detected a greater number of TH- than GAD-
immunoreactive cells in all levels of the PBP and IF, and the middle PN, while a slightly
larger number of GAD-positive vs. TH-positive neurons was observed in the rostral RLi.
Our results are the first to confirm that the 5-HT,cR protein is localized to a
subpopulation of GABA neurons within the VTA. In addition, we unexpectedly revealed
that the 5-HT,cR is also co-localized to a subpopulation of DA neurons in the VTA. The
5-HT,cR appears to be prominently distributed in the membrane and cytoplasm of both
TH-IR and GAD-IR perikarya, along with some labeling of neuronal processes. This type
of cellular distribution is similar to that described for 5-HT»cR in the substantia nigra
(Clemett et al., 2000) as well as for 5-HT,sR in the VTA (Cornea-Hebert et al., 1999;
Doherty and Pickel, 2000; Nocjar et al., 2002). Some of the 5-HT,cR-IR detected may,
upon quick glance, appear to be localized within the vicinity of the nucleus. While the
possibility of nuclear localization of some 5-HT,cR cannot be ruled out at present as no
studies have examined the ultrastructural localization of 5-HT,cR in the VTA, this is

more likely an artifact of the light microscopy techniques utilized, representing, instead,
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IR of 5-HT,cR in the peri-nuclear cytoplasm of these cells. The morphology DA and
non-DA cells in the VTA are similar and vary in shape and size (Domesick et al., 1983).
A proportion of these cells have large nuclei that appear to encompass the majority of the
perikaryal space, permitting only a thin layer of cytoplasm surrounding the nucleus
(Domesick et al., 1983). Indeed, close examination of TH-IR in the confocal images ( see
Fig. 19) demonstrates low-levels of TH-IR in the area representative of the nucleus that is
indicative of the presence of cytoplasm potentially located behind the nucleus of that cell.
This thin layer of cytoplasm is likely the origin of the 5-HT»cR-IR detected in that area.

These preliminary results revealing co-localization of 5-HT»cR in a subpopulation
of DA neurons in the VTA are in contrast to a previous study by Eberle-Wang and
colleagues (1997) who reported that 5-HT,cR mRNA was not observed to co-localize
with TH-mRNA in the VTA. This discrepancy may be due to the fact that only low
levels of 5-HT,cR mRNA were detected in the study. Furthermore, the details of the
degree to which the co-localization studies for 5-HT,cR and TH mRNA were conducted
in the VT A were not provided. Thus, given that incidence of 5-HT,cR/TH co-localization
in the present study ranged from ~17 — 48% of all TH-IR neurons, among the different
VTA subnuclei, the co-localization of 5-HT,cR mRNA with TH mRNA might have gone
unnoticed if only a small number of cells were examined.

The co-localization of 5-HT,cR and GAD immunoreactivity varied mildly from
~21 - 37% of total GAD-immunoreactive cells, depending on subnucleus and rostral-
caudal level. The greatest co-localization tended to occur in the middle levels of the VTA
subnuclei, as well as in the rostral RLi, however the only significantly higher proportions
of co-localized cells were detected in the middle compared to rostral PBP. As opposed to
the minimal variation in proportions of total GAD-IR cells co-localized with 5-HT,cR,
the proportion of TH-IR cells containing 5-HT,cR-IR significantly differed both across
subnuclei and rostral-caudal levels. In general, the greatest incidence of co-localization
for TH- and 5-HT,cR-IR was detected in the middle-level PBP, PN and IF, while the

lowest percentages of co-localization occurred in the caudal levels. Incidently, the PN,
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PBP, and IF are also reported to contain the greatest populations of neurons projecting to
the NAc (Swanson, 1982). In addition, both DA (Swanson, 1982) and GABA neurons
(Van Bockstaele and Pickel, 1995) are reported to project from the subnuclei to the NAc.
Thus, these results indicate that 5-HT,cR have the potential to exert direct effects upon
both DA and GABA neurons that project to the NAc, thereby providing multiple sites of

action for 5-HT>cR modulation of DA mesoaccumbens function.

Functional implications

The localization of 5-HT,cR on both GABA and DA neurons in the VTA suggest
that, in contrast to current dogma, 5-HT,cR have the potential to exert direct influence
upon the function of VTA DA neurons in addition to any indirect influence that may be
mediated through 5-HT,cR located on GABA neurons. The differences in co-localization,
particularly of TH-IR and 5-HT,cR-IR, across subnuclei and rostral-caudal level suggest
that the 5-HT,cR control of VTA DA neuron firing may be tightly regulated by discrete
populations of 5-HT,cR within different subnuclei.

The discovery of 5-HT»cR localization on DA neurons is surprising considering
that 5-HT,cR are generally thought to exert an indirect inhibitory influence over DA
mesocorticoaccumbens activation (Di Matteo et al., 2001). For example, systemic
administration of the 5-HT,cR agonists MK 212 (Di Giovanni et al., 2000) or RO
60,0175 has been shown to decrease basal VTA DA neuron firing (Di Matteo et al.,
1999; Gobert et al., 2000) and DA release in the NAc (Di Matteo et al., 1999; Gobert et
al., 2000; De Deurwaerdere et al., 2004) and PFC (RO 60,0175 only; Gobert et al., 2000),
while systemic administration of the purported 5-HT,c2sR antagonist SB 206553 (Gobert
et al., 2000) and the 5-HT>cR antagonist SB 242084 (Di Matteo et al., 1999) enhance the
basal firing rate of VTA DA neurons and DA release in the NAc (Di Matteo et al., 1999;
Gobert et al., 2000) and PFC (Gobert et al., 2000). Conversely others have reported no
effect of SB 242084 on basal DA neuron firing (Di Giovanni et al., 2000) or basal DA
release in the NAc (Di Giovanni et al., 2000; Gobert et al., 2000) and no effect of RO
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60,0175 on basal DA release in the NAc (Navailles et al., 2004)or PFC (Pozzi et al.,
2002). Futhermore, the 5-HT,cR antagonist SB 243213 was shown to reduce firing of
spontaneously active VTA DA neurons (Blackburn et al., 2002). Thus, the discrepancies
reported among these studies may be due to opposing influences of 5-HT,cR located on
GABA vs. DA neurons in the VTA competing against one another to modulate firing of
VTA DA neurons and likewise DA release in terminal regions.

In further support of the present findings, studies examining the neurochemical
and locomotor activating effects of intra-VTA infusion of 5-HT,cR ligands suggest that
the presence of the two subpopulations of 5-HT,cR within the VTA, i.e. 5-HT»cR located
on DA and GABA neurons, likely results in negation of each others actions. For example,
microinfusion RO 60,0175 into the VTA did not alter basal levels of DA measured in the
PFC nor did intra-VTA infusion of the 5-HT,cR antagonist SB 206553 affect basal DA
levels in the NAc. Likewise, local administration of these compounds into the VTA also
did not alter basal locomotor activation (McMahon et al., 2001; Fletcher et al., 2004).
Conversely, local infusion of RO 60,0175 into the VTA was shown to reduce stress-
evoked DA release in the PFC (Pozzi et al., 2002) and cocaine-evoked hyperactivity
(Fletcher et al., 2004), while SB 206553 enhanced (+)-MDMA-induced DA release in the
NAc (Bankson and Yamamoto, 2004). Thus these data suggest that the ability of 5-
HT,cR within the VTA to exert an inhibitory influence upon DA mesocorticoaccumbens
activation may be dependent upon input from other brain regions, potentially via
feedback loops to the VTA or interactions within the terminal regions.

Studies have demonstrated that various isoforms of 5-HT»cR exist as a result of
pre-mRNA editing which exhibit varying levels of constitutive activity (Herrick-Davis et
al., 1999). Thus it is plausible that 5-HT,cR isoforms present in the VTA have low levels
of constitutive activity, and thus do not exert tonic inhibition over VTA DA neurons.
Variations in the types of 5-HT,cR isoforms expressed within the different
subpopulations of 5-HT,cR in the VTA (i.e. those located on GABA vs. DA neurons)
also potentially add another level of complexity to the interplay of these 5-HT,cR
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subpopulations in control of DA mesocorticoaccumbens pathway activity. As such,
future studies employing microinfusion of selective 5-HT,cR ligands into the VTA are
necessary to further delineate the contribution of particular subpopulations of 5-HT,cR in
the VTA on DA mesocorticoaccumbens pathway activation. In particular, systematic
studies examining the effects of local 5-HT,cR ligand infusion of the VTA on DA and
GABA neuron activity and DA release are needed to examine how the differences in the
topographical organization of 5-HT,cR throughout the various rostral-caudal levels and
subnuclei of the VTA differentially mediate these measures.

In summary, the present study is the first to demonstrate localization of 5-HT,cR
on a subpopulation of GABA neurons in the VTA, and, furthermore, that 5-HT,cR are
also localized to a subpopulation of DA neurons within the VTA. Although the
distribution of the 5-HT>cR on these two neuronal subtypes appears to vary slightly
among the rostral-caudal levels of the various subnuclei, the incidence of co-localization
of 5-HT,cR with DA neurons appears to predominate in several subnuclei, particularly in
the middle-VTA. While the functional implications of these differences in co-
localization of 5-HT,cR across subnuclei and rostral-caudal level are not known at
present, they suggest that the 5-HT»cR control of VTA DA neuron firing may be tightly
regulated by discrete subpopulations of 5-HT,cR within different subnuclei. However,
further examination into the impact of these different 5-HT,cR subpopulations through
systematic microinfusion studies is necessary to fully understand how 5-HT,cR in the

VTA regulate activation of the DA mesocorticoaccumbens pathways.
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CHAPTER S:

LOCALIZATION OF 5-HT,;c RECEPTORS ON DOPAMINE
AND GABA NEURONS IN THE VENTRAL TEGMENTAL
AREA THAT PROJECT TO THE NUCLEUS ACCUMBENS

INTRODUCTION

The DA mesoaccumbens pathway, consisting of DA neurons that originate in the
VTA and terminate in the NAc, is known to play an integral role in mediating attention,
motivation, cognition, and reward (Kalivas and Nemeroff, 1988). This pathway is highly
modulated by the 5-HT system, which innervates both the cell body and terminal fields of
the DA mesoaccumbens pathway (Azmitia and Segal, 1978; Herve et al., 1987).
However, 5-HT has been shown to exert both excitatory and inhibitory influence upon
this pathway (Bankson and Cunningham, 2001), an effect that likely is the result of 5-HT
acting at the multitude of 5-HT receptor subtypes, many of which are present within the
nuclei associated with the pathway (Hoyer et al., 2002).

A probable candidate for mediating, at least in part, the inhibitory influence of 5-
HT on the DA mesoaccumbens pathway is the 5-HT»cR, which inhibits tonic and phasic
VTA DA neuron firing and DA release in the NAc (for review, see Di Matteo et al.,
2002). The ability of 5-HT,cR stimulation to result in inhibition of DA firing and release
is thought to be mediated indirectly via depolarization of inhibitory GABA neurons that
synapse onto DA cell bodies in the VTA (Di Matteo et al., 2002). However, the discovery
that 5-HT,cR are located on both GABA and DA neurons in the VTA (Chapter 4),
indicates that the 5-HT,cR may also exert a direct influence upon VTA DA neurons, and
suggests that the ability of the 5-HT,cR to exert its inhibitory actions may be
multifaceted.

Efferents from the VTA project to a variety of areas throughout the brain
including, but not limited to, the NAc, PFC, hypothalamus, and amygdala. A large
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proportion of VTA neurons were shown to project to the NAc (Swanson, 1982), and the
majority of these neurons seem to originate in the PN and PBP subnuclei of the VTA
(Swanson, 1982). These are the same subnuclei in which the greatest proportion of 5-
HT,cR co-localization on TH and GAD-immunoreactive neurons were observed, as
described in the Chapter 4. Taken together, these studies suggest that the 5-HT,cR has a
high potential to exert direct effects upon VTA DA neurons that project to the NAc.
Interestingly, although 85% of the neurons projecting to the NAc were reported to be DA
neurons (Swanson, 1982), a separate study reported that 39% of VTA projection neurons
to the NAc contained GABA immunoreactivity (Van Bockstaele and Pickel, 1995).
Although little is known of the actions that these GABA projection neurons exert in the
NAc (see Discussion, Van Bockstaele and Pickel, 1995), the 5-HT,cR may also be
located on, and likewise exert influence upon, these VTA GABA projection neurons to
the NAc.

The present study was conducted to examine the distribution of 5-HT,cR on DA
and GABA neurons that project to the NAc. To accomplish this, we combined retrograde
tracing with the compound FluoroGold (FG), which can be detected by light microscopy
using ultraviolet excitation/emission filters, and double-label immunofluroescence
techniques for simultaneous detection of 5-HT,cR and TH or GAD 67. The retrograde
tracer FG, which has previously been shown to be effective in labeling mesoaccumbens
neurons (Van Bockstaele et al., 1994), was unilaterally injected into the NAc shell of
male Sprague-Dawley rats. Subsequently, double-label immunofluroescence for TH and
the 5-HT,cR or GAD and the 5-HT,cR was performed on VTA sections of the FG-
injected brains. Thus, cells that were labeled for FG, TH and 5-HT,cR would indicate the
localization of 5-HT,cR on DA cells that project to the NAc, while co-localization of FG,
GAD and 5-HT,cR would reflect the presence of 5-HT>cR on GABA neurons projecting
to the NAc.
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METHODS
Retrograde Tracing

Naive male Sprague-Dawley rats (N = 6; virus antibody-free; Harlan,
Houston, TX) weighing 250-300g were used in these studies. All rats were maintained in
the colony room for a minimum of 7 days after arrival, where food and water was
available ad libitum. Rats were deeply anesthetized using an intramuscular injection of 43
mg/kg of ketamine, 8.6 mg/kg of xylazine and 1.5 mg/kg of acepromazine in 0.9% saline.
With the upper incisor bar of a stereotaxic instrument positioned at -3.8 mm below the
interaural line and using the intersection of bregma and longitudinal sutures as the origin,
FluoroGold (FG; Fluorochrome, Englewood, CO) was unilaterally injected into the NAc
shell at 1.4 mm anterior to bregma, 0.75 mm lateral to the midline, and 8.0 mm ventral to
the skull surface. A 1-2% FG solution (dissolved in 0.9% saline) was injected through a
Hamilton syringe at a rate of 10 nL/min over 20 min for a total volume of 100 nL.
Following infusion, rats received a single injection of sodium ampicillin after surgery and
recovered for 1 week, during which the rats were handled and weighed daily. All
experiments conformed to the NIH Guide for the Care and Use of Laboratory Animals
and were approved by the UTMB Animal Care and Use Committee.

Seven days following FG infusion, ratswere deeply anesthetized
with pentobarbital (100 mg/kg, IP) then perfused transcardially with phosphate buffered
saline (PBS) followed by ~500 ml of 3% paraformaldehyde in PBS. Brains were then
removed, post-fixed for 2 h, then cryoprotected in 30% sucrose for 2 days at 4° C. Using
crushed dry ice, the brains were rapidly frozen and stored at —80°C until sectioning.
Coronal sections containing the NAc (30 um; Bregma +0.70 mm through +2.0 mm) and
VTA (20 pm; Bregma mm -4.8 through -6.5 mm) were taken from all brains using
a cryostat (Leica) according to the atlas of Paxinos and Watson (Paxinos and Watson,

1998). Free floating sections were processed as described below.
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Immunohistochemistry

The following antibodies were used in the present studies (for further details, see
Chapter 4, Table 2): a goat polyclonal anti-5-HT,cR antibody (5-HT»cR; 1:100; Santa
Cruz Biotechnology) a mouse monoclonal anti-TH antibody (1:3000; Immunostar); and a
rabbit polyclonal anti-GAD 67 antibody (GAD; 1:150; Santa Cruz). Fluorescent-
conjugated secondary antibodies (1:2000) obtained from Molecular Probes were utilized
to visualize primary antibody staining: Alexa Fluor 488 donkey anti-goat, Alexa Fluor
555 donkey anti-rabbit, Alexa Fluor 555 donkey anti-mouse, The Alexa Fluor 488
antibody has an excitation/emission maxima of 491/515 and appears green, while the
Alexa Fluor 555 antibodies have an excitation/emission maxima of 573/596 and appear
red. Double-label immunohistochemistry experiments for 5-HT,cR and TH and 5-HT,cR
and GAD were performed, as well as immunohistochemistry in the presence or absence
of each antibody alone, on the FG-injected rat brains to determine the distribution of 5-
HT,cR on DA and GABA cells that project to the NAc. In addition, to examine the
possibility of co-labeling of TH and GAD in the same cells, we also conducted double-
label immunohistochemistry on a few of the FG-labeled VTA brain sections for TH and
GAD using Alexa Fluor 488 goat anti-mouse, and Alexa Fluor 555 goat anti-rabbit
secondary antibodies, respectively.

Free floating rat brain sections were washed using an orbital shaker in PBS (2x10
min), then incubated in 20 mM sodium acetate (1 x 15 min, RT), and washed again (3 x
10 min) with PBS. The sections were then incubated in a blocking serum (1.5%
normal donkey or goat serum in PBS) for one hour (RT). The blocking serum was
aspirated, and the sections were then incubated with primary antibodies diluted in 1.5%
normal donkey or goat serum for 44 h on an orbital shaker at 4°C. The sections were
then washed with PBS (6 x 6 min) on an orbital shaker and incubated with the secondary
antibodies diluted in 1.5% normal donkey or goat serum for 1 h at room temperature
(protected from light). The sections were washed with PBS (3 x 10 min) and mounted

using a 0.1% Drefts solution onto slides previously coated with gelatin chrom alum. The
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slides were then coverslipped using Vectashield fluorescent mounting medium (Vector

Laboratories), and stored protected from light at 4°C until viewing.

Image Analysis

Digital images were captured from brain sections using an Olympus BXS51
fluorescent microscope equipped with a Hamamatsu digital camera (Hamamatsu,
Bridgewater, NJ) interfaced to a personal computer and were analyzed using Simple PCI
software (version 5.1, Compix Inc., Imaging Systems, Cranberry Township, PA). A 20x
or 40x objective was used to capture all photomicrographs for final magnification of
400x or 800x, respectively. Green fluorescence emitted by the Alexa Fluor 488
antibodies was visualized using a yellow GFP filter set (# 41017; Chroma Technology
Corporation, Rockingham, VT), 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, FG staining was visualized using a wideband ultraviolet excitation
filter set (U-MWU2, Olympus). For each section three images of the same viewing area
were captured, one for each filter set, and then resultant images were overlaid.

Rostro-caudal patterns of FG labeling and 5-HT,cR-, TH-, and GAD-
immunoreactivity in cells were analyzed at rostral (Bregma -5.00 to -5.40 mm), middle
(Bregma -5.50 to -5.80 mm), and caudal (Bregma -5.90 to — 6.30 mm) levels of the VTA
(Paxinos and Watson, 1998). Three to four FG/5-HT,cR/TH-labeled sections and
adjacent (when possible) FG/5-HT,cR/GAD-labeled sections per each rostro-caudal level
were examined from each rat (n = 3). For each section, a composite photomicrograph
comprised of 20-30 individual images captured using the 20x objective was assembled to
visualize the entire VTA. Each individual FG labeled cell was identified by hand as being
labeled for FG alone, FG + 5-HT,cR, FG + TH, FG + 5-HT,cR + TH, FG + GAD, and
FG + 5-HT,cR + GAD and the number of each combination of labels was counted for

each section using the “Region of Interest” function of the Simple PCI software.
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For each section, the total number FG-labeled cells that contained FG alone, 5-
HT,cR (sum of FG/5-HT,cR and FG/TH/5-HT,cR or FG/GAD/5-HT,cR) and TH (sum
of FG/TH and FG/TH/5-HT,cR) or FG/GAD (sum of FG/GAD and FG/GAD/5-HT,cR)
were calculated, and then averaged (+ SEM) for rostral, mid and caudal levels. The
percentage of FG/TH or FG/GAD co-labeled cells was determined by dividing the
number of total FG/TH or FG/GAD co-labeled cells, respectively, by the total number of
FG-labeled cells in that section. The resultant values were averaged (mean + SEM) for
rostral, middle, and caudal levels of each subnucleus. In addition, the percentage of
FG/TH or FG/GAD cells that also contained 5-HT>cR was determined for each section
by dividing the number of FG/TH/5-HT,cR or FG/GAD/5-HT,cR co-labeled cells by the
total FG/TH or FG/GAD co-labeled cells, respectively. Individual one way analysis of
variance (ANOVA) was used to determine significant differences in co-labeling across
the rostro-caudal levels of the VTA. The total number of FG-, FG/TH-, FG/GAD-, and
FG/5-HT,cR-co-labeled cells; the percentage of total FG cells labeled with TH-IR or
GAD-IR; and the percentage of FG/TH or FG/GAD cells that contained 5-HT,cR-IR
were each examined for differences in the number of cells detected in the rostral, middle
and caudal levels of the VTA. Significant effects were followed with post hoc analyses

using the Student Newman Keuls procedure (Keppel, 1973).

RESULTS
Retrograde Labeling with FG

Of the six animals that received FG injections into the NAc, three animals had
unilateral injections that were correctly placed in the NAc shell (NAcSh; Fig. 20). Thus,
only these three brains were sectioned through the VTA and processed for
immunohistochemistry. While the FG was primarily confined to the NAcSh, diffusion
appeared to allow some distribution into the NAc core and surrounding regions including

the ventral pallidum and the islands of calleja (Fig. 20).
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VTA sections from the NAc FG-injected brains displayed large numbers of
intensely labeled FG cells and processes. FG-labeled cells were visible throughout the
rostro-caudal extent of the VTA (Fig. 21). The vast majority of FG-labeled cells were
confined to the side of the brain ipsilateral to the injection site. However, a small number
of FG-labeled cells were visible on the contralateral side of the VTA, as well as in the
ipsilateral substantia nigra (data not shown).

The total number of FG-labeled cells counted in the VTA of each brain (11
sections/brain; n = 3 brains) ranged from 1521-2429. A significant main effect of rostro-
caudal level on the distribution of FG cells was observed (F263 = 45.82 p < 0.001; Table
5). Significant differences in the number of FG-labeled cells detected was seen across
the rostro-caudal levels, with the highest number of FG-labeled cells detected in the
middle sections, followed by the rostral level, and the lowest number of FG-labeled cells
present in the caudal VTA. Although not quantified by subnuclei, in general, the majority
of FG-labeled cells were confined to the PBP, PN, and IF subnuclei, except in the caudal
VTA, where most FG-labeled cells were found in the CLi (see Figs. 23, 25).

Distribution of TH-IR in FG-labeled cells

Immunofluorescence studies for TH in VTA sections following unilateral
injection of FG into the NAcSh revealed that a subset of FG-labeled cells throughout the
VTA contained immunoreactivity (IR) for TH (Figs. 22, 23). A main effect of rostro-
caudal level was observed for the distribution of FG/TH cells in the VTA (F,30 = 28.06;
p < 0.001; Table 5). As observed for total FG-labeled cells, the number of FG/TH-co-
labeled cells detected in each level was significantly different than the other levels, with
the greatest overall abundance of FG/TH-co-labeled cells in the middle levels of the
VTA. A main effect rostro-caudal level was also observed for the percentage of total FG
cells containing TH-IR (F230 = 11.46 p <0.001; Table 5). This effect was engendered by
significantly lower percentages of total FG cells containing TH-IR detected in the rostral

compared to middle or caudal levels of the VTA.
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Figure 20. FG staining at injection site in the NAc. Schematic diagram depicting the
NAc shell (NAcSh) and surrounding brain areas at Bregma +1.60 mm (Paxinos and
Watson,1998) overlaid on top of a representative photomicrograph depicting a the FG
injection (100 nL; 1-2% FQG) correctly placed in the NAcSh. Other areas labeled include
the anterior commisure (AC), caudate putamen (CPu), islands of calleja (ICj), NAc core
(NAcC), and ventral pallidum (VP).
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Rostral

Bregma -6.04

Figure 21. FG-labeled cells in the VTA following NAc FG infusion. Schematic
diagrams depicting the five subnuclei of the VTA [parabrachial pigmented nucleus
(PBP), paranigral nucleus (PN), intrafascicular nucleus (IF), rostral linear raphe nucleus
(RL1) and caudal linear raphe nucleus (CLi; Paxinos and Watson, 1998) overlaid on top
of representative photomicrographs displaying FG (blue) labeling in the rostral [Bregma -
5.30 mm; A], middle [Bregma -5.60 mm; B], and caudal [Bregma -6.04 mm; C] levels of
the VTA one week following infusion of FG into the NAc shell. Other brain regions
labeled for orientation purposes include: fasiculus retroflexus (fr), mammillary peduncle
(mp), and interpeduncular nucleus (IP). [D, E, F] Higher power magnification of yellow
boxed regions in A, B, and C, respectively. Scale bars =20 pm.
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Table 5: Total FG-labeled cells containing immunoreactivity
for TH, GAD, and 5-HT,cR (2C)

Level Rostral Middle Caudal ANOVA
Bregma Location®| _5.00 to -5.40 | -5.50 to -5.80 | -5.90 to -6.30
Totals:
FG "[ 7871 + 634 [124.13 + 6.84*[37.39 + 5.23*"| (s = 45.82; p <0.001
FG/TH"| 55.00 + 4.67 |108.92 +10.65*|28.44 + 10.06*"| F,5, = 28.06; p <0.001
FG/GAD" | 61.83 + 8.48 |100.33 + 7.84%|33.78 = 6.13*"| F,3=19.05; p <0.001
FG/2C"] 61.08 + 4.54]101.21 + 5.28%[27.50 = 4.06*"| Fae5 = 59.01; p <0.001
Percentages:
%FG/TH | 72.50 « 3.13| 88.80 + 1.20%|82.95 + 3.42 | F,30=11.46; p <0.001
%FG/TH/2C°] 83.09 + 2.24| 86.76 = 2.28 |77.52 + 5.01 | Fy50= 2.33;p <0.12
%FG/GAD’ | 78.31 + 2.06| 79.01 + 1.72 |8536 + 3.27 |F.50= 2.86;p =0.07
%FG/GAD/2C?| 82.68 + 1.98| 87.76 + 2.47 | 76.83 + 5.04 |Fy5= 2.19;p <0.13

“ Bregma locations according to the brain atlas of Paxinos and Watson (1998)

b average (+ SEM) per section of 12 rostral and mid sections, 9 caudal sections

¢ average (+ SEM) number of total FG/5-HT,cR-co-labeled cells per section in 24 rostral and mid,

18 caudal sections

a average (+ SEM) of FG/TH-co-labeled cells/total FG cells in 12 rostral and mid, 9 caudal sections
¢ average (+ SEM) of FG/GAD-co-labeled cells/total FG cells in 12 rostral and mid, 9 caudal sections
v average (+ SEM) of FG/TH/5-HT2CR-co-labeled cells/total FG/TH-co-labeled cells in 12 rostral and

mid, 9 caudal sections

¢ average (x SEM) of FG/GAD/5-HT2CR-co-labeled cells/total FG/GAD-co-labeled cells in 12 rostral

and mid, 9 caudal sections

' P <0.05 vs. rostral level
A p <0.05 vs. middle level
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Examination of the distribution of FG/TH-co-labeled cells within the different
subnuclei across the rostro-caudal levels of the VTA revealed that FG/TH-co-labeled
cells appeared to be most abundant within the PN subnucleus, compared to the other
subnuclei in the rostral (Fig. 23, top) and middle levels (Fig. 23, middle), with few co-
labeled cells present in the RLi. Conversely, the majority of FG/TH-co-labeled cells in
the caudal VTA were present in the CLi (Fig. 23, bottom). These results are displayed in
Fig. 23, which illustrates the distribution of the TH/FG-co-labeled cells detected in a one
rostral, middle, and caudal section of the VTA of a single rat injected with FG into the
NAcSh.

Distribution of 5-HT,cR-IR in FG-labeled cells

5-HT,cR immunoreactivity was found to be co-localized on a subset of FG-
labeled cells throughout the VTA (Figs. 22-25). A main effect of rostro-caudal level was
observed for the distribution of FG/5-HT,cR-co-labled cells in the VTA (F,63 = 59.01; p
< 0.001; Table 5). This effect reflected significant differences in the percentage of total
FG-labeled cells that contained 5-HT>cR-IR between all three levels of the VTA. The
greatest numbers of FG/5-HT,cR co-localized cells were detected in the middle VTA
(101.21 £ 5.28/section), followed by the rostral VTA (61.08 + 8.48/section), with the
fewest number of FG/5-HT,cR co-localized cells found in the caudal VTA (27.50 £
4.006).

Distribution of 5-HT,cR-IR in FG/TH-co-labeled cells

Immunoreactivity for the 5-HT,cR was observed to be present in the majority of
the FG/TH-co-labeled cells (Figs. 22, 23; Table 5), ranging from ~78 — 88% of total
FG/TH-co-labeled cells throughout the VTA. However, there was no main effect of
rostro-caudal level on the percentage of FG/TH-co-labeled cells containing 5-HT,cR-IR
(F230=2.33; p=0.12; Table 5). Examination of the distribution of FG/TH/5-HT,cR-co-
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Figure 22. Co-localization of TH and 5-HT,cR immuonoreactivity with FG-labeled
cells in the VTA. Representative photomicrographs depicting FG labeling [blue; A], TH-
IR [red, B], and 5-HT,cR-IR [green, C] in the rostral [left column], middle [middle
column], and caudal [right column] levels of the VTA. [D] overlay of images in A, B,
and C. Arrows represent cells triple-labeled for FG, TH, and 5-HT,cR (which appear
white). Scale bars = 40 pm.

98



FG+TH+5-HT2cR
Rostral Bregma -5.20
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Figure 23. FG/TH- and FG/TH/5-HT,cR-co-labeled cells in the VTA. Schematic
representation of the distribution of FG/TH- (red) and FG/TH/5-HT,cR-co-labled cells
(black) in the five subnuclei across the rostral [Bregma -5.20 mm, top], mid [Bregma -
5.60 mm; middle], and caudal [Bregma -6.04 mm; bottom] levels of the VTA (Paxinos
and Watson, 1998}. Data represent the number and distribution of cells counted in one of
three brains injected with FG in the NAcSh. See Fig. 21 for explanation of abbreviations.

99



labeled cells across the subnuclei of the VTA (Fig. 23) revealed that the co-labeled cells
were present in all subnuclei across all levels of the VTA. The distribution patterns of
FG/TH/5-HT,cR cells followed that of the total FG/TH cells, with the greatest abundance
in the middle level PN subnucleus (Fig. 23, middle).

Distribution of FG/GAD-co-labeled cells

A subset of FG cells throughout the VTA contained GAD-IR (Figs. 24, 25). A
main effect of rostro-caudal level was observed for the total number of FG/GAD-co-
labeled cells (F230 = 19.05; p < 0.001; Table 5), which also reflected significant
differences between all three levels of the VTA, with the greatest number of FG/GAD-
co-labeled cells detected in the middle level. However, there was no main effect of
rostro-caudal level on the percentage of FG-labeled cells containing GAD-IR (Fy30 =
2.86; p=0.07; Table 5).

The distribution of the FG/GAD-co-labeled cells in the VTA subnuclei in one
rostral, middle, and caudal section from a single rat injected with FG into the NAcSh is
illustrated in Fig. 25. The sections displayed in this figure are adjacent to those utilized to
illustrate FG/TH-co-labeled cells in Fig. 23. FG/GAD-co-labeled cells were present in all
subnuclei of the VTA, with the fewest cells observed in the RLi. The FG/GAD-co-
labeled cells in the rostral VTA appeared to be most abundant within the PBP subnucleus
versus other subnuclei (Fig. 25, top), while numbers of FG/GAD-co-labeled cells in the
middle VTA were equally distributed between PBP and PN (Fig. 25, middle), and those
in the caudal VTA were similar between the PBP and CLi (Fig. 25, bottom).
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Figure 24. Co-localization of GAD and 5-HT,cR immuonoreactivity with FG-
labeled cells in the VTA. Representative photomicrographs depicting FG labeling [blue;
A], GAD-IR [red, B], and 5-HT,cR-IR [green, C] in the rostral [left column], middle
[middle column], and caudal [right column] levels of the VTA. [D] Overlay of images in
A, B, and C. Arrows represent cells triple-labeled for FG, TH, and 5-HT,cR. Scale bars =
40 pm.
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Figure 25. FG/GAD- and FG/GAD/5-HT,cR-co-labeled cells in the VTA. Schematic
representation of the distribution of FG/GAD- (red) and FG/GAD/5-HT,cR-co-labled
cells (black) in the five subnuclei across the rostral [Bregma -5.20 mm, top], mid
[Bregma -5.60 mm; middle], and caudal [Bregma -6.04 mm; bottom] levels of the VTA
(Paxinos and Watson, 1998). Data represent the number and distribution of cells counted
in one of three brains (sections adjacent to those in Fig. 23) injected with FG in the
NACcSh. See Fig. 21 for explanation of abbreviations.
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Distribution of 5-HT,cR-IR in FG/GAD-labeled cells

Immunoreactivity for the 5S-HT,cR was observed to be present in the majority of
the FG/GAD-co-labeled cells (Figs. 24,25; Table 5), ranging from ~77 — 88% of total
FG/GAD-co-labeled cells throughout the VTA. However, there was no main effect of
rostro-caudal level on the percentage of FG/GAD-co-labeled cells containing 5-HT,cR-
IR (F230 = 2.19; p = 0.13; Table 5). Examination of the distribution of FG/GAD/5-
HT,cR-co-labeled cells across the subnuclei of the VTA (Fig. 25) revealed that the co-
labeled cells were present in all subnuclei across all levels of the VTA. The distribution
patterns of FG/GAD/5-HT,cR cells followed that of the total FG/GAD cells described
above, there was a noticeably smaller number of FG/GAD/5-HT,cR-labeled cells in the
IF subnucleus, particularly in the rostral level of the VTA (Fig. 25, top).

TH and GAD-co-localization in the VTA

The observation that sum of the percentages of total FG cells labeled with TH and
GAD was greater than 100% for all levels of the VTA (Table 5) brought us to examine
whether some of the FG-labeled cells contained immunoreactivity for both TH and GAD,
when labeled in the same section. Although a thorough analysis of the distribution was
not conducted, we examined one section/level of VTA from one of the NAc FG-injected
brains for TH and GAD co-localization. From these few sections, it appeared that >60%
of the total FG-labeled cells contained immunoreactivity for both TH and GAD (Figs. 26,
27), as did a large number of non-FG labeled cells (Fig. 26). TH/GAD co-localization
was present throughout the various subnuclei of the VTA, but were particularly

prominent within the mid PN and IF, and the caudal CLi (Fig. 27).
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Figure 26. Co-localization of TH and GAD immuonoreactivity with FG-labeled cells
in the VTA. Representative photomicrographs depicting FG labeling [blue; A], GAD-IR
[red, B], and TH-IR [green, C] in the rostral [left column], mid [middle column], and
caudal [right column] levels of the VTA. [D] overlay of images in A, B, and C show cells
triple-labeled for FG, TH, and 5-HT,cR (usually white) as indicated by the arrows, and
cells double-labeled for TH- and GAD-IR in yellow) Scale bars = 40 um.
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Figure 27. FG/TH-, FG/GAD-, and FG/TH/GAD-co-labeled cells in the VTA.
Schematic representation of the distribution of FG/TH- (green), FG/GAD- (red) and
FG/TH/GAD-co-labled cells (black) in the five subnuclei across the rostral [Bregma -
5.20 mm, top], mid [Bregma -5.60 mm; middle], and caudal [Bregma -6.04 mm; bottom]
levels of the VTA. Data represent the distribution of cells observed in one brain (same
brain as in Figs. 23,25) injected with FG in the NAcSh. See Fig. 21 for explanation of
abbreviations.
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DISCUSSION

Using combined retrograde tracing and double-label immunofluorescence
techniques, the present study demonstrates that a large number of neurons projecting
from the VTA to the NAc can be detected via retrograde labeling with FG. These FG-
labeled neurons were most frequently detected in the middle level of the VTA, and
similar proportions of the FG-labeled neurons detected contained immunoreactivity for
TH or GAD. In addition, across the rostro-caudal extent of the VTA, >70% of both
FG/TH and FG/GAD co-labeled cells also contained immunoreactivity for the 5-HT»cR,
suggesting that 5-HT>cR are located on the majority of DA and GABA neurons in the
VTA identified as projecting to the NAc. Furthermore, although all the subpopulations of
NAc-projecting neurons were most prominent in the middle level of the VTA, modest
differences in the distribution of these different neuronal subpopulations were observed
among the VTA subnuclei, with a larger number of FG-labeled neurons in the rostral
PBP containing GAD immunoreactivity. These studies suggest that 5-HT,cR have the
potential to exert direct influence upon both DA and GABA VTA neurons that project to
the NAcSh. Furthermore, the observation that a large proportion of FG-labeled (and non-
FG-labeled) cells contain immunoreactivity for both TH and GAD, adds additional
complexity to the framework of the VTA.

The present study demonstrates that unilateral injection of FG into the NAc shell
resulted in intense labeling of a large number of cells in the ipsilateral VTA. Although
FG-labeling was detected in all rostro-caudal levels of the VTA, significantly greater
numbers of FG-labeled cells were detected in the middle level of the VTA, compared to
rostral or caudal levels, although this may be related to the site of FG injection in the
NAc. In addition, FG-labeled neurons were generally confined to the PN, PBP, and IF
subnuclei in rostral and mid levels, but were primarily located in the CLi in the caudal
VTA. These results coincide with previous reports describing the distribution of VTA
neurons that project to the NAc (Swanson, 1982; Van Bockstacle et al., 1994).
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Immunofluorescent staining for TH, to identify DA neurons, and GAD 67, to identify
GABA neurons, revealed that these VTA projection neurons to the NAc are comprised of
both DA and GABA neurons. Previous studies examining DA (Swanson, 1982) or
GABA (Van Bockstaele and Pickel, 1995) projections from the VTA to the NAc reported
that ~85% of these neurons were DA neurons (Swanson, 1982), while a separate study
reported 36% of the projections neurons contained GABA. Conversely, in the present
study, when the co-localization of FG with immunoreactivity for DA and GAD was
examined in adjacent sections, we found that >70% of the FG-labeled neurons contained
immunoreactivity for TH and >70% of FG-labeled neurons contained GAD. Thus, the
sum of these percentages was greater than 100% of the FG cells. This numeric
discrepancy may be due to the fact that the sections were examined and images were
captured using light microscopy. Using this method, it is possible that some of the
immunoreactivity that was designated to be part of certain cell was actually present in
terminals adjacent to that cell, thus resulting in a high number of false positive cells and
an over-estimation of the number of cells that contained immunoreactivity for TH and/or
GAD. Alternatively, the high percentages of TH- and GAD-immunoreactivity being
detected in FG-labeled cells could indicate that some of the cells contained
immunoreactivity for both TH and GAD. Indeed, examination of a small number of VTA
sections that were double-labeled for TH and GAD, revealed that >60% of all FG-labeled
cells as well as a large number of non-FG labeled cells contained immunoreactivity for
both TH and GAD in the same cell.

Co-localization of GABA and catecholamines in the same cell has been reported
throughout the brain (Kosaka et al., 1987; Hedou et al., 2000), although co-localization of
GABA and TH was originally not thought to occur in the VTA (Kosaka et al., 1987;
Bayer and Pickel, 1991; Van Bockstaele and Pickel, 1995). However, more recent studies
have demonstrated evidence for co-localization of TH and GAD in neurons of the VTA
and the closely related substantia nigra (SN). For example, studies have shown the co-

localization of TH and GAD mRNA in the SN and lateral VTA (Gonzalez-Hernandez et
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al., 2001) as well as the co-localization of TH and GAD protein in the SN neurons via
immunofluorescence (Hedou et al., 2000). In addition, the presence of TH and GAD
mRNA in the same cell has been demonstrated in the VT A and/or SN via single-cell RT-
PCR (Klink, 2001; Korotkova 2003). However, we are the first to demonstrate the
presence of TH and GAD protein in the same cells in the VTA. Although we can only
speculate that the presence of both TH and GAD equates to the production of both DA
and GABA in these cells, the large proportion of the FG labeled neurons containing
immunoreactivity for both enzymes suggests the possibility of simultaneous release of
the two neurotransmitters within the NAc. Unfortunately, the functional implications of
TH and GAD co-localization are not known at the present time. Thus, further studies are
necessary to understand the full implications of TH and GAD co-localization, and the
potential that these neurotransmitters are co-released from the same neurons.

This study is the first to report the presence of 5-HT,cR-IR in the subpopulations
of TH- and GAD-IR neurons that project from the VTA to the NAc. The present findings
coincide with the results of the studies described in Chapter 4 demonstrating the co-
localization of 5-HT,cR-IR in both TH-IR as well as GAD-IR cells in the VTA. Thus, it
appears that the 5-HT,cR has the ability to exert direct control over both DA and GABA
neurons located in the VTA that project to the NAcSh. Considering that the 5-HT,cR is
known to increase intracellular Ca’ (Hoyer et al., 2002) and induce neuronal
depolarization (Sheldon and Aghajanian, 1991), stimulation of 5-HT,cR located directly
on DA neurons would be expected to enhance VTA DA output. Indeed, systemic
administration of the 5-HT,cR antagonist SB 243214 was shown to inhibit firing of
spontaneously active VTA DA neurons (Blackburn et al., 2002). However, this study
contrasts all other studies which demonstrate that 5-HT,cR antagonists increase, or have
no effect on basal VTA DA neuron firing rates (Di Matteo et al., 1999; Di Giovanni et
al., 2000; Gobert et al., 2000) as well as DA release in the NAc (Di Matteo et al., 1999;
Di Giovanni et al., 2000; Gobert et al., 2000; De Deurwaerdere et al., 2004). Although
this discrepancy cannot be fully explained at the present time, the disparity is likely due

108



to the competing influence of 5-HT,cR localized to GABA neurons in the VTA, which
act to indirectly inhibit VTA DA neuron firing and DA release in the NAc through
induction of GABA release. For example, local infusion of the 5-HT,cR agonist mCPP
into the VTA induced firing of non-DA (presumably GABA) neurons in the VTA (Di
Giovanni et al., 2001), while infusion of the 5-HT,cR antagonist SB 206553 into the
VTA blocked local GABA release while simultaneously enhancing DA release evoked
by systemic administration of (¥)-MDMA (Bankson and Yamamoto, 2004). This 5-
HT,cR-induced inhibition of VTA DA neuron firing and DA release in the NAc is
thought to be mediated through induction of GABA release from axonal collaterals that
synapse upon DA neurons within the VTA (Steffensen et al., 1998). However, the
discovery of 5-HT,cR on GABA neurons projecting to the NAc (present study) in
combination with evidence for an interaction of DA and GABA terminals within the NAc
(Pickel et al., 1988) provide the potential for the 5-HT,cR within the VTA to also
modulate accumbal DA release through the action of GABA released in the NAc.

Little is known about the functional role of the GABA mesoaccumbens circuit.
Researchers have suggested that VTA GABA neurons may also be involved mediating
the reinforcing and rewarding properties of drugs via non-DA related mechanisms
(Steffensen et al., 1998), potentially playing a critical role in cortical activation and
attention to rewarding stimuli (Steffensen et al., 2001). GABA terminals within the NAc
have been shown to form synaptic junctions with both GABAergic and non-GABAergic
cells and dendrites as well as TH-IR terminals (Pickel et al., 1988), although the majority
of GABA terminals seem to principally interact with non-GABAeric dendrites (Pickel et
al., 1988), which are likely processes of aspiny acetycholine (ACh) interneurons (Rada et
al., 1993; See Fig. 28) However, it is not known which of these GABA terminal synapses
are derived from GABA neurons that originate in the VTA. The functional interactions of
GABA, ACh, and DA within the NAc are extremely complex and unclear at present (Fig.
28); however they appear to be involved in both direct and indirect feedback inhibition

loops to the VTA (Domesick, 1988). Thus further investigation into
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Figure 28. Potential interactions of VTA GABA neurons projecting to the NAc.
[llustration depicts the interactions of GABA terminals with DA, acetylcholine (ACh),
glutamate (glu), GABA interneurons, and GABA medium spiny neurons (MSN) in the
NAc based upon electron microscopic analysis of GABA terminals in the NAc (Pickel et
al., 1988). Thus, GABA neurons projecting from the VTA to the NAc have the potential
to synapse on ACh interneurons, GABA interneurons, DA terminals, or GABA medium
spiny projection neurons that feedback to the VTA either directly or via the ventral
pallidum (VP).
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the complex interactions of these neuronal systems within the NAc are necessary before
we can begin to understand the consequences of 5-HT,cR-induced GABA release in the
NAc.

Analysis of the distribution of TH- and GAD-IR on FG-labeled cells across the
rostro-caudal extent of the VTA revealed that while similar proportions of FG/GAD-IR
cells were observed across all three levels of the VTA, a significantly lower number of
FG-labeled cells contained TH-IR in the rostral VTA compared to the middle and caudal
levels. Thus, even though similar proportions of total FG/TH- and FG/GAD-co-labeled
cells contained 5-HT,cR-IR throughout the rostro-caudal levels of the VTA, discrete
differences in the distribution of 5-HT,cR on these neuronal subpopulations may be
apparent. Further examination into the distribution of the different subtypes of FG-co-
labeled cells within the subnuclei at each rostro-caudal level of the VTA revealed what
appears to be a greater abundance of FG/GAD/5-HT,cR- than FG/TH/5-HT,cR-co-
labeled cells in the rostral PBP. The opposite trend was observed in the middle PN,
where a greater number of FG/TH/5-HT,cR-co-labeled cells than FG/GAD/5-HT,cR-co-
labeled cells were observed. Thus, discrete topographical differences appear to exist in
the relative proportion of 5-HT»cR on these DA vs. GABA mesoaccumbens neurons
across the different levels/subnuclei of the VTA.

The lack of functional studies examining the differences in the particular
subnuclei of the VTA make it difficult to speculate on the impact of the topographical
distribution of 5-HT»cR on DA vs. GABA mesoaccumbens function. One might expect
that differences in serotonergic innervation to the different VT A subnuclei (Herve et al.,
1987) or even to the different neuronal subpopulations may greatly impact the potential
of different subpopulations of 5-HT,cR to exert their respective actions. In addition, this
regional distribution may also affect electrophysiological recordings as well as studies
involving microinfusion of ligands into the VTA. These topographical differences may
help explain certain anomalies that have been discovered following systemic and local

administration of 5-HT,cR ligands. For example, in electrophysiological studies,
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Blackburn et al (1996) noted that systemic administration of a 5-HT,cR antagonist
decreased spontaneous firing of VTA DA neurons, while all other studies noted
enhancement (Di Matteo et al., 1999; Gobert et al., 2000) or no effect (Di Giovanni et al.,
2000) of systemic 5-HT>cR antagonists on VTA DA neuron firing. Additionally,
microinfusion of a 5-HT»cR agonist into the VTA was shown to reduce cocaine evoked
hyperactivity (Fletcher et al., 2004), while intra-VTA infusion of a 5-HT»cR antagonist
had no effect on cocaine-evoked hyperactivity (McMahon et al., 2001). Thus, these
discrepancies may be accounted for by differential activation of 5-HT,cR expressed on
DA vs. GABA neurons based upon slight variations in anatomical placements of
electrodes or cannula.

Although we were not able to directly examine whether 5-HT,cR are localized to
the mesoaccumbens neurons displaying co-localization for TH and GAD, given that
>70% of FG-labeled neurons contained 5-HT,cR immunoreactivity and >60% of FG-
labeled neurons contained co-localization of TH- and GAD-immunoreactivity, it may be
inferred that a minimum of 30% of these neurons likely overlap. Unfortunately, since the
characteristics of these TH/GAD-IR mesoaccumbens neurons are unknown at the present
time, it is difficult to speculate how stimulation of 5-HT,cR with neurons containing both
DA and GABA would contribute to the overall interactions of 5-HT,cR, DA, and GABA
within the VTA.

In summary, the present study reveals that 5-HT,cR immunoreactivity is co-
localized with subsets of TH- and GAD-immunoreactive neurons in the VTA that project
to the NAc, with modest differences in distribution of these neuronal subtypes across the
rostral-caudal levels of the VTA subnuclei. In addition, TH and GAD immunoreactivity
appeared to be co-localized in a large population of the mesoaccumbens-projecting
neurons. These novel findings provide a complex picture of 5-HT,cR/TH/GAD
interaction within the VTA and suggest that regulation of NAc DA release by 5-HT>cR

may be multifaceted. However, further investigation is required to fully understand the
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functional effects of both the 5-HT>cR localization on DA and GABA mesoaccumbens

neurons as well as the co-localization of TH and GAD within these neurons.
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CHAPTER 6:
CONCLUSIONS

The studies described here were conducted to gain further insight into the
functional adaptations of 5-HT,cR in response to repeated (+)-MDMA administration and
whether these adaptations may contribute to behavioral sensitization, as well as to
examine the distribution of 5-HT,cR on neurons within the VTA and the potential sites of
action for these receptors to influence activity of DA mesoaccumbens neurons. Indeed,
these studies demonstrate that diminished function of the 5-HT,cR is likely to play an
integral role in the induction and early expression of (+)-MDMA sensitization, while
enhanced expression of 5-HTcR in the VTA may contribute to the persistence of
enhanced (+)-MDMA-evoked hyperactivity. This up-regulation of 5-HT,cR may occur
on DA and/or GABA neurons in the VTA, since 5-HT,cR were shown to be expressed in
both types of neurons, including subpopulations of each that directly project to the NAc.

In general, evidence in the literature indicates that the 5-HT,cR serves to exert an
overall inhibition of behavioral effects elicited by a variety of compounds (for reviews,
see Higgins and Fletcher, 2003; Giorgetti and Tecott, 2004), and that this receptor is a
prominent mediator of the broad serotonergic influence in the effects of
psychostimulants, antidepressants, and antipsychotics (see Higgins and Fletcher, 2003;
Giorgetti and Tecott, 2004). The inhibitory influence of 5-HT,cR on behavior, which is
likely due to inhibition of DA mesocorticoaccumbens pathway activation (D1 Giovanni et
al., 2000; Di Matteo et al., 2002), has been demonstrated through pharmacological
manipulation of 5-HT,cR as well in 5-HT,cR KO mice. The 5-HT,cR KO mice, for
example, have been shown to display enhanced hyperactivity, reinforcing effects, and
NAc DA release in response to cocaine administration compared to wildtype littermates
(Rocha et al., 2002). In keeping with this notion, the studies described in Chapters 2 and
3 reveal that a decrease in the functional responsiveness of 5-HT,cR was associated with

an enhancement of (+)-MDMA evoked hyperactivity, or behavioral sensitization, during
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early withdrawal from repeated pretreatment with either (+)-MDMA or the 5-HT,cR
agonist MK 212. Thus, since repeated (+)-MDMA pretreatment can induce diminution of
5-HT»cR function, and, in turn, the loss of 5-HT,cR function can induce enhancement of
(+)-MDMA-evoked hyperactivity, these results suggest that the diminished function of
the 5-HT,cR is an integral component of the induction and early expression of (+)-
MDMA sensitization.

The experiments described in Chapters 4 and 5 reveal that in contrast to current
dogma, 5-HT,cR are localized to subpopulations of both GABA and DA neurons (and
those that potentially release both neurotransmitters) in the VTA. Examination of the few
studies in the literature employing intra-VTA 5-HT,cR ligand infusion (McMahon et al.,
2001; Pozzi et al., 2002; Fletcher et al., 2004; Bankson and Yamamoto, 2004) suggests
that under basal conditions these two subpopulations of 5-HT,cR within the VTA (i.e., 5-
HT>cR located on DA vs. GABA neurons) counteract one another, neutralizing any
influence that either population alone would exert upon DA mesocorticoaccumbens
activation (Fig. 29). Conversely, under circumstances in which extrinsic influences upon
the VTA are engaged, such as in response to systemic 5-HT,cR ligand (Di Matteo et al.,
1999; Di Giovanni et al., 1999; Gobert et al., 2000) or psychostimulant (Fletcher et al.,
2004; Bankson and Yamamoto, 2004) administration, the indirect inhibitory influence
upon DA mesoaccumbens output mediated by populations of 5-HT,cR located on VTA
GABA neurons seems to be enhanced, thereby superseding the effect of the direct
depolarizing action of 5-HT,cR located directly on VTA DA neurons that project to the
NAc (and potentially the PFC).

The enhanced inhibition of DA mesocorticoaccumbens output upon systemic 5-
HT,cR ligand or psychostimulant administration may be a result of feedback to the VTA
from extrinsic sources that converge upon GABA and/or DA neurons to influence their

firing rates (Fig. 30). For example, glutamate neurons from the PFC have been shown to
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Figure 29. Sites of S-HT,cR interaction with DA and GABA neurons in the VTA.
Ilustration depicts the localization of 5-HT,cR (blue squares) on both DA (green) and
GABA (red) neurons in the VTA. Stimulation 5-HT,cR localized to VTA DA neurons
would be expected to induce depolarization of DA neurons and increase release of DA in
the NAc. Stimulation of 5-HT>cR on GABA neurons would likewise induce GABA
neuron depolarization resulting in release of GABA both locally in the VTA and in the
NAc, resulting in inhibition of DA neuron firing and decreased DA release. The
competing influence of these two VTA 5-HT,cR subpopulations would be expected to
result in no net effect of local 5-HT,¢R ligand administration into the VTA on DA neuron
firing and DA release in the NAc.
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Figure 30. Extrinsic influence upon 5-HT,cR interaction with DA and GABA
neurons in the VTA. Illustration depicts the innervation of VTA DA and GABA neurons
by GABA neurons (red) from the NAc or ventral pallidum (VP; Kalivas et al., 1993) and
the selective innervation of GABA mesoaccumbens neurons by glutamate neurons (Glu;
light blue) from the PFC (Carr and Sesack, 2000b). Convergence of these inputs onto
VTA GABA neurons enhances the inhibitory influence of GABA upon DA neuron firing
and DA release, thereby overriding the stimulatory effect of 5-HT,cR (blue squares)
located directly on VTA DA neurons. The potential for localization of the 5-HT,cR on
GABA neurons in the NAc and/or VP and Glu neurons in the PFC is also illustrated. The
dominance of GABA inhibition upon engagement of extrinsic influences into the VTA
following systemic 5-HT,cR agonist administration would result in a decrease in DA
neuron firing and DA release in the NAc (or vice versa following 5-HT,cR antagonist
administration).
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exclusively innervate VTA GABA, but not DA, neurons that project to the NAc, thus
providing a source for selective stimulation of GABA neurons that may in turn inhibit
DA neurons projecting to the NAc (Carr and Sesack, 2000b). In addition, feedback from
GABA neurons that originate in the NAc and/or ventral pallidum may work in concert to
inhibit VTA DA and GABA neurons (Kalivas et al., 1993a; Steffensen et al., 1998; Carr
and Sesack, 2000b; Korotkova et al., 2004). Collectively these influences would work
together with the populations of 5-HT,cR on VTA GABA neurons to promote inhibition
of VTA DA neuron firing and DA release in terminal regions. Furthermore, since the 5-
HT,cR has been localized to the NAc, PFC, and VP (Pompeiano et al., 1994; Eberle-
Wang et al., 1997), stimulation of 5-HT,cR in these regions may also be involved in
modulation of these feedback circuits to the VTA (Fig. 30).

The influence of the different subpopulations of 5-HT,cR in the VTA (or other
regions) is likely altered as a consequence of the recurring indirect or direct stimulation
of 5-HT,cR during (and subsequent to) repeated (+)-MDMA or MK 212 pretreatment,
respectively. No studies to date have examined the potential alterations in the influence of
different populations of 5-HT»cR on DA neuron firing or DA release in terminal regions
following repeated (+)-MDMA or other psychostimulant activation. However, the
suggestion of diminished 5-HT,cR function in early withdrawal from repeated (+)-
MDMA or MK 212 pretreatment in the present studies may indicate a reduction in the
indirect inhibitory influence of VTA 5-HT,cR via GABA neurons on DA neuron firing
and control of DA release in terminal regions. These early alterations in 5-HT,cR
function are seemingly not due to changes in the levels of 5-HT,cR expression, but rather
are likely due to forms of receptor regulation such as differential mRNA editing. The
unique regulation of 5-HT,¢cR function through mRNA editing is enhanced in response to
both increased levels of 5-HT and repeated 5-HT agonist treatment (Gurevich et al.,
2002a). Enhancement of 5-HT>cR mRNA editing leads to expression of 5-HT,cR
isoforms with reduced agonist affinity and functional efficacy (Herrick-Davis et al.,

1999), and thus could account for the reduced functional efficacy of the 5-HT>cR agonist
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in the MK 212 and (+)-MDMA pretreated rats. Furthermore, increased expression of
edited isoforms were also detected in the PFC human suicide victims with a history of
major depressive disorder (Gurevich et al., 2002b), suggesting a link between 5-HT,cR
mRNA editing and depression. Thus, changes in 5-HT,cR mRNA editing may be an
important factor in the depressive component of the sequelae observed in early
withdrawal from an MDMA binge, as well as during withdrawal from other drugs of
abuse, in particular those that have been shown to cross-sensitize with MDMA (Callaway
and Geyer, 1992b; Morgan et al., 1997; Kalivas et al., 1998).

Interestingly, the persistent enhancement of (+)-MDMA-evoked hyperactivity
observed at the 2 wk withdrawal time-point in repeated MK 212, but not (+)-MDMA
pretreated rats, was associated with an unexpected up-regulation of 5-HT,cR protein
expression in the VTA (see Chapter 4). One may speculate based on the anatomical data
that this paradoxical observation is due to increased expression of the 5-HT,cR within
VTA DA neurons, thereby causing the direct depolarizing effect on VTA DA neurons to
dominate over the inhibitory influence that other populations of 5-HT,cR may exert
through their actions at GABA neurons. As noted in the Discussion in Chapter 4, this
loss of inhibitory influence of 5-HT>cR may also function to unmask actions of other 5-
HT,cR, namely the 5-HT;gR and the 5-HT;sR, that serve to facilitate expression of
behavioral sensitization, resulting in cooperative actions of these receptors upon DA
mesococorticoaccumbens pathway activation.

In conclusion, the studies conducted herein demonstrate that both the initiation
and maintenance of enhanced (+)-MDMA-evoked hyperactivity is associated with
alterations in function and/or expression of 5-HT,cR, particularly within subpopulations
of 5-HT,cR that function to modulate DA release within the mesocorticoaccumbens
“reward” circuit. The 5-HT,cR exerts a complex modulatory influence upon VTA
mesocorticoaccumbens pathway activation that is mediated by a variety of
subpopulations of 5-HT,¢cR located on neurons both within and outside of the VTA. The
localization of the 5-HT,cR on subpopulations of both GABA and DA neurons in the
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VTA indicates that although an indirect inhibitory action of 5-HT,cR tends to dictate the
firing patterns of DA mesocorticoaccumbens neurons, the potential for a dominant
stimulatory effect upon DA mesocorticoaccumbens pathway activation also exists, which
may be influential in the maintenance of sensitization.

The intricacy of 5-HT>cR modulation of DA mesocorticoaccumbens reward
pathway activation in combination with the role for the 5-HT,cR in the induction and
maintenance of sensitization suggest that 5-HT,cR may be a potential target for the
development of therapies to modulate the efficacy of reward pathway stimulation. The 5-
HT>cR agonist RO-60,0175 has been shown to reduce the self-administration of both
food (Grottick et al., 2000; Fletcher et al., 2004) and several drugs of abuse including
cocaine (Grottick et al., 2000; Fletcher et al., 2004), nicotine (Grottick et al., 2001) and
ethanol (Tomkins et al., 2002), suggesting that 5-HT,cR agonists may be effective in
reducing the reinforcing value of compounds that engage the DA mesocorticoaccumbens
reward pathways. Indeed, 5-HT,cR agonists are being developed for Phase I clinical
trials for treatment of obesity (Vernalis Announcement, 2002), and if proven effective
may pave the way for the examination of these compounds as treatments for drug
dependence to reduce the reinforcing value of the drugs. Furthermore, 5-HT,cR agonists
have also been shown to reduce the ability of cocaine to reinstate responding for cocaine
self-administration (Grottick et al., 2000) suggesting that administration of 5-HT,cR
agonists may also prove to be effective in preventing relapse to drug use. Alternatively,
the 5-HT,cR antagonist agomelatine (S 20098) was shown to be useful in the treatment of
major depressive disorder and alleviating anxiety associated with depression (Loo et al.,
2002), suggesting that 5-HT>cR antagonists may be useful in alleviating the depressive
and anxiolytic components of psychostimulant withdrawal. Taken together these studies
indicate a potential for use of 5-HT,cR ligands in the treatment of drug dependence,
prevention of relapse, and/or the alleviation of withdrawal symptoms. However, follow-

up studies to those described herein are necessary to better understand the implications of
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5-HT>cR locale and adaptations in response to repeated ligand administration prior to

initiation of 5-HT,¢R ligands in treatment for drug dependence or psychiatric disorders.
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Abstract

The role for serotonin (5-HT) in mediating the behavioral effects of cocaine may be related in part to the ability of 5-HT to
modulate the function of the dopamine (DA) mesoaccumbens pathways. In the present study. the ability of the selective serotonin
reuptake inhibitors {SSRIs) fluoxeting (10 mg'kg. [P) and Auvoxamine (10 and 20 mgkg, [P) to alter cocaine (10 mghkg, 1P)-
induced hyperctivity and DA release in the nucleus accumbens (NAc) was analyzed in male Sprague—Dawley rats. Systernic
administration of either Aluoxetine or Huvoxamine enhanced cocaine-induced locomotor activity in a dose-dependent manner; fAluoxe-
tine (10 mgkg, 1P} also enhanced cocaine (10 mghkg, IP)-induced DA efflux in the NAc, To test the hypothesis that the NAc
serves as the locus of action underlying these effects following systemic cocaine administration, fluoxetine (1 and 3 1g/0.2 ul/side)
or fluvoxamine (1 and 3 ng/0.2 uliside) was microinfused into the NA¢ shell prior to systemic administration of cocaine (10 mgkg,
IP). Intra-NAe shell infusion of 3 ug of fluoxetine or fluvoxamine enhanced cocaine-induced hyperactivity, while infusion of
fluoxetine (1 (M) through the microdialysis probe implanted into the NAc shell enhanced cocaine (10 mghkg, [P)-induced DA
efflux in the NAc. Thus, the ability of systemic injection of S5RIs to enhance cocaine-evoked hyperactivity and DA efflux in the
NAc is mediated in part by local actions of the SSRIs in the NAe.

3 2003 Elsevier Science Ltd. All rights reserved.

Keywords: Cocaine; Fluoxetine: Fluvoxamine; Locomotor activity: Dopamine microdialysis; Nucleus acceumbens

hyperlocomotive, discriminative stimulus, and reinfore-
ing properties of cocaine are thought to be principally
controlled via elevation of dopamine (DA transmission,
in particular that of the DA mesoaccumbens pathway

1. Introduction

As cocaing abuse and dependence continue to afflict
our society, emphasis has been placed upon understand-

ing the neurcbiology of cocaine to ultimately enable
more effective management of cocaine dependence. The
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(for review see ErinofT and Brown, 1994). However, in
addition to enhancing efflux of DA via blockade of the
DA reuptake transporter (DAT). cocaine also blocks the
ability of the serotonin (3-HT) and norepinephrine (NE)
reuptake transporters to transfer their respective neuro-
transmitter out of the synapse. thereby increasing the
extracellular concentrations of 5-HT and NE as well as
DA (Koe, 1976). Serotonin neurons innervate both the
ventral tegmental area (VTA) and nucleus accumbens
(NAc), the origin and terminal of the DA mesoaccum-
bens pathway. respectively (Broderick and Phelix, 1997),
and 5-HT is capable of modulating DA efflux in the NAc

2003 Elsevier Science Ltd. All rights reserved.

1 Reprinted from Neuropharmacology, Vol 44, No 3, Bubar et al., “Selective serotonin reuptake inhibitors
enhance cocaine-induced locomotor activity and dopamine release in the nucleus accumbens.” Pg. 343-353,
2003, with permission from Elselvier.
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{Parsons and Justice, [993). Thus it is not surprising that
manipulation of the 5-HT system has also been shown
to alter the behavioral effects of cocaine (Walsh and
Cunningham, 1997).

Selective serotonin reuplake inhibitors (SSRls) are
frequently used as tools to pharmacologically elevate
synaptic 3-HT levels (Jordan et al., 1994), and are
reported to augment the in vivo effects of indirect cat-
echolamine agonists. For example. acute treatment with
the SSRI1 fluoxetine enhanced amphetamine-induced

hyperactivity as well as amphetamine-induced release of

DA in the NAc (Sills et al., 1999a), and pretreatment
with the SSRI fluvoxamine enhanced hyperactivity
induced by the DA and NE reuptake blocker mazindol
{McMahon and Cunningham, 2001b). While the SSRIs
Auoxetine and fluvoxamine are also reported to potenti-
ate the behavioral effects of cocaine (Cunningham and
Callahan, 1991: Herges and Taylor, 1998: Reith et al.,
1991), conflicting results have been observed (Reith et
al., 1991). However, it is important to note that several

variables, including sex, species, dose. and route of

administration, differed across these studies. Thus in an
effort to clarify the interaction between SSRIs and
cocaine, we have chosen to study the effects of the
SSRIs fluoxetine and fluvoxamine on cocaine-induced
hyperactivity and NAc DA efflux in male Sprague-Daw-
ley rats.

[n addition to testing the hypothesis that systemic
administration of these SSRIs will dose-dependently
enhance cocaine-induced hyperactivity and DA efflux in
the MNAc, we have also tested the hypothesis that the
NAc is a principle site of action for SSRIs to enhance
the in vivo effects of cocaine. Studies have shown that
cocaine administration preferentially increases DA in the
shell of the NAc relative to the core (Pontieri et al.,
1995) and that the extracellular concentration of DA in
the NAc shell is positively correlated with increases in
locomotor activity (Hedou et al., 1999}, Thus, the SSRIs
were microinfused into the NAc shell prior to a systemic
cocaine injection, and locomotor activity and NAc DA
elflux were assessed.

2. Materials and methods
24 Animals

Male Sprague-Dawley rats (n = 42, Harlan, Houston,
TX: n = 32, IFFA CREDO, Lyon, France) weighing
300-350 g at the beginning of the experiment were used.
The rats were housed 2 or 3 per 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 (lights
on at 0700 h). Rats surgically fitted with indwelling
bilateral or unilateral guide cannulae (for microdialysis)
were housed individually. Each rat was provided with
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continuous access o tap waler and rodent chow excepl
during experimental sessions. All experiments were con-
ducted during the light phase of the light-dark cycle
(between 09001400 h), and were carried out in accord-
ance with the National [nstitutes of Health Guide for the
Care and Use of Laboratory Animals and approval from
the Institutional Animal Care and Use Committee, and
with the International European Ethical Standards
(86/609-EEC) and the French National Committee
(décret 8T7/848) for the care and use of laboratory ani-
mals. All efforts were made to minimize animal suffer-
ing and to reduce the number of animals used.

The following drugs were used: cocaine hydrochloride
(National Institute of Drug Abuse, Research Triangle
Park, NC, USA: and Calaire Chimie, Calais, France):
fluvoxamine maleate (Solvay, Marietta, GA). and fluox-
etine hydrochloride, kindly provided by Ely Lilly
{Indianapolis, IN, USA). All other chemicals and
reagents were the purest commercially available (Merck
Eurolab, Sigma).

All the drugs used were dissolved in sterile saline
(0.9% NaCl), and injected either intraperitoneally (1P) in
a volume of | ml’kg, or intracranially (Huvoxamine and
fluoxetine only) in a volume of 0.2 pl/side. All solutions
injected centrally were adjusted to pH 7.0. All drug
doses were calculated as the salt. In reverse microdialy-
sis experiments, Huoxetine was directly dissolved in the
artificial cerebro-spinal fluid (aCSF, see Surgery and
microdialysis, section 2.4.1).

2.3, Behavioral experiments

2.3.4. Surgery and cannulae implentation

Rats underwent surgical implantation of 22-gauge
stainless steel bilateral guide cannulae (Small Parts Inc.,
Miami Lakes, FL, USA). Each rat was anesthetized
using an intramuscular (IM) injection of 43 mgkg of
ketamine, 8.6 mg/'kg of xylazine and 1.5 mg/kg of ace-
promazine in physiological saline (0.9% NaCl). With the
upper incisor bar of a slereotaxic instrument [(Kopf
Instruments, Tujunga, CA, USA) 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 pos-
itioned 2 mm above the NAc shell (AP = + 1.7 mm,
ML = =+ 0.75 mm, and DV = —6 mm: Paxinos and
Watson, 1998). The guide cannulae were fastened to the
skull with stainless steel screws (Small Parts Inc.) and
cranioplastic cement (Plastics One, Inc., Roanoke, VA,
USA) and were fitted with 28-gauge stainless steel bilat-
eral obturators (Plastics One, [nc.). Rats received a sin-
ale injection of 300,000 units (IM) of sodium ampicillin
after surgery and were allowed a 1-week recovery period
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during which rats were handled and weighed daily. Fol-
lowing the initial 1-week recovery period. each rat was
habituated to the brief confinement associated with intra-
cranial microinjections by removing the 28-gauge
internal obturator, gently restraining the rat for approxi-
mately 3 min, and replacing the obturator. For each intra-
NAc shell microinjection, the obturators were removed
and two internal cannulae (Plastics One) were positioned
s0 as to extend 2 mm below the tips of the bilateral guide
cannulae. The bilateral internal cannulae were attached
to two 5-U1 syringes (Hamilton Co., Reno, NV, USA)
via PE-30 tubing (Clay-Adams, Parsippany. NJ. USA).
A microsyringe drive (Baby Bee, Bioanalytical Systems,
West Lafayette, IN, USA) driven by a programmable
controller (Bee Hive Controller, Bioanalytical Systems)
delivered a volume of 0.2 |l/side at a rate of 0.1 ul/min.
The injection cannulae remained in place for an
additional 1 min to allow for diffusion away from the
cannulag tips.

3.2 Measurement of locomotor activity

3200 Apparatus  Locomotor activity was monitored
and quantified using a modified open field activity sys-
tem under low light conditions {San Diego Instruments,
San  Diego, CA). Fach clear plexiglass chamber
(40 cm > 40 cm = 40 cm) was housed within a sound-
attenuating enclosure and was surrounded with a 4 = 4
photobeam matrix located 4 cm from the floor surface.

-
<

b b

Interruptions of the photobeams resulted in counts of

activity in the peripheral and central fields of the

chamber. Activity recorded in the inner 16 * 16 cm of

the open field was counted as central activity while the
field bounded by the outer 12 em band registered periph-
eral activity. Another horizontal row of 16 photobeams,
located 16 cm from the HAoor surface, provided each
chamber with a measurement of vertical activity
(rearing). Separate counts of peripheral. central, and ver-
tical activity were made by the control software
(Photobeam Activity Software, San Diego Instruments)
and stored for subsequent statistical evaluation. Video
cameras positioned above the chambers permitted con-
tinuous observation of behavior without disruption.

2.3.2.2. Behavioral protocols: sysfemic infections  All
rats were habituated to the test environment for 3 h/day
on each of the 2 days before the start of the experiment,
and on each test day for | h before the administration
of drugs. Using a repeated measures design and four or
six test sessions, one group of rats (# = 15) received
either saline (1 ml/kg) or fAuoxetine (10 myg/keg, [P), and

a second group of rats (r = 8) received an injection of

either saline (1 mlkg. 1P} or fluvoxamine (10 or 20
mg/'ke, [P); each injection was followed 60 min later by
an injection of either saline (1 ml'kg, 1) or cocaine (10
mg/ke, [P Measurements of locomotor activity began
immediately after the cocaine injection and were taken

fusions
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for a total of 60 min. Test sessions were conducted every
2 days. and the order of fluoxetine or fluvoxamine tests
were counterbalanced for each rat. Systemic cocaine

injections were given every other test.

2.3.2.3. Behavioral protocols: intra-NAc shell microin-
Surgically-implanted rats were habituated to
the test environment for 3 h/day on each of the 2 days
before the start of the experiment, and on each test day
for 1 h before the administration of drugs. Using a
repeated measures design and six test sessions, one
aroup of rats (n 8) an intra-NAc shell
microinjection of either saline (0.2 pl/side) or fluoxetine
(1 or 3 ug/0.2 uliside), and a second group of animals
(n =11y received an intra-NAc shell microinjection of
either saline (0.2 ul/side) or fluvoxamine (1 or 3 1g/0.2
L/side): each microinjection was immediately followed
by an I[P injection of either saline {1 mlkg) or cocaine
(10 mg/kg). Measurements of locomotor activity began
immediately after the systemic injection and were taken
for a total of 60 min. The interval between test sessions
was 3-7 days, and the order of microinjections was
counterbalanced for each rat. Systemic cocaine injec-
tions were given every other test and only once per
week.

received

2.3.3. Histology

At the completion of the study, rats that had received
cuide cannulae were overdosed with chloral hydrate
(800 mg/ke, i.p.), the brains were removed and stored
in a 20% sucrose/10% formalin solution for at least 3
days before sectioning. Brain sections (30 [m) were
mounted onto gelatin-coated glass slides. The brain sec-
tions were defatted, stained with cresyl violet, cleared
with xylene and cover-slipped. The cannulae placements
were verified using a light microscope. Only those ani-
mals whose cannulae were within the shell of the NAc
were included for statistical analysis (Paxinos and Walt-
son, 1998). No significant tissue damage was evident
upon histological examination of sections.

2.4 Microdialysis experiments

240, Surgery and microdialysis

Microdialysis experiments were performed in freely-
moving animals according to procedures previously
described (Lucas et al., 2001). Briefly, a siliconized
stainless steel puide-cannula (Carnegie Medicin, Phy-
mep. Paris, France) was stereotaxically implanted under
chloral hydrate (400 mg/kg, 1P) anesthesia just above the
right shell of the nucleus accumbens (MAc) (coordinates
in mm, relative to the interaural point: AP = 106, L
0.9,V = 4; Paxinos and Watson, 1998), and permanently
fixed to the skull with stainless steel screws and methyl-
acrylic cement. Five to seven days afler surgery, a
microdialysis probe (CMA 11, cuprophan, 240 Lm outer
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diameter, 2 mm length, Carnegie Medicin, Phymep) was
filled with aCSF, containing {in mMYy 1541 C1—, 147
Na*, 2.7 K*. 1 Mg, and 1.2 Ca*, adjusted to pH 7.4
with 2 mM sodium phosphate buffer, and lowered
through the puide-cannula so that the tip of the probe
reached a depth value of 2 mm above the interaural
point. After an 18 h stabilization period, the probe was
connected to a two channel liquid swivel (Carnegie Med-
icin, Phymep) and perfused at a constant flow rate of 2
ul/min with the aCSF by means of a microperfusion
pump (CMAT00, Carnegie Medicin, Phymep). Dialysate
fractions (30 pl) were collected every 15 min. The in
vitro recovery of the probes was approximately 10% for
DAL AL the end of each experiment, the animal was sac-
rificed with an overdose of chloral hydrate (200 mg/ke.
1P}, and its brain was removed and fixed with 10% par-
aformaldehyde in NaCl (0.9%). The location of the
probe was determined histologically on serial coronal
sections (60 Wm) stained with cresyl violet. Only those
animals (40 of a total cohort of 52 animals) whose can-
nulag were within the shell of the NAc were included
for statistical analysis.

24.2. Chromatographic analysis

Dialysate samples were immediately analyzed by
reverse-phase  HPLC coupled with electrochemical
detection, as previously described (Bonhomme et al..
[995). The mobile phase [containing (in mM) 70
NaH:PO, 0.1 NaEDTA, 0.7 triethylamine and 0.1
octylsulfonic acid plus 10% methanol, adjusted to pH
4.8 with ortophosphoric acid] was delivered at 1 ml/min
HAow rate (system LC-10AD-FP, Shimadzu, Touzard &
Matignon, Paris. France) through a Hypersyl column
(C18; 4.6 = 150 mm; particle size, 5 Wm: Shimadzu,
Touzard & Matignon). Detection of DA was carried out
with a coulometric detector (Coulochem I1, ESA, Paris.
France) coupled to a dual electrode analytic cell (model
3011). The potential of the electrodes was set at —175
and +175 mV. Output signals were recorded on a com-
puter (system class VP-4, Shimadzu, Touzard &
Matiznon). Under these conditions, the sensitivity for
DA was 0.5 pe/30 Ul with a signal/noise ratio of 3:1.

243, Pharmacological treatments

Pharmacological treatments were performed after the
stabilization of DA levels in the perfusate. A stable base-
line, defined as three consecutive samples in which DA
contents varied by less than 10%, was generally obtained
120 min after the beginning of the perfusion
(stabilization period).

Fluoxetine (10 mg/'kg. IP) was administered 60 min
prior to cocaine injection (10 mg/dkg, 1P). When locally
applied into the NAc, Huoxeting (1 uM) was adminis-
tered through the microdialysis probe by means of a 3-
way liquid switch system (CMALLL, Carnegie Medicin,

Phymep), and taking into account the total dead volume
of the perfusion system.

Fluoxetine perfusion started 30 min before 10 mg/kg,
[P cocaine administration, and was maintained over 120
min. In each experimental group, animals received either
drugs or their appropriate vehicle. In the case of local
perfusion, control rats underwent the same manipulation
as animals treated with fluoxetine, but syringes contained
aCsE only. Rats received only one pharmacological
treatment.

2.5, Statistical analyses

251, Behavioral experiments

Locomotor activity data are presented as mean total
activity counts (£5.E.M.) for the 60 min observation per-
iod and the dependent measures were total horizontal
{peripheral + central activity counts) or vertical activity
observed during the test session. Because group com-
parisons were specifically defined prior to the start of
the experiment, plannad comparisons were conducted in
lieu of an overall F test in a multifactorial ANOV A this
statistical analysis has been supported in a number of
statistical tests (e.g. Keppel, 1973). Thus, each experi-
ment was subjecled to a one-way ANOVA for repeated
measures with levels of the treatment factor correspond-
ing to the drug combinations administered to that group.
Planned, pairwise comparisons of the treatment means
were made with least significant difference test (Keppel.
1973 SAS for Windows, Version &.1). Horizontal and
vertical activity were also divided into separate 15-min
time bins and analyzed with a two-way ANOVA with
time as a repeated measures factor to examine treatment
X tme interactions. Significant interactions were fol-
lowed by planned pairwise comparisons using Fisher's
Least Significant Difference test. A repeated measures
ANOVA across the days of testing was utilized to estab-
lish if there was a main effect of treatment order. All
comparisons were conducted with an experiment wise
error rate of o = 0.05.

252 Microdialysis experiments

DA content in each sample was expressed as the per-
centage of the average baseline level calculated from the
3 fractions collected before the first drug administration.
Data correspond to the mean £5.E.NM. of the percentape
obtained in each experimental group.

The effect of cocaine on DA extracellular levels was
assessed by using a one-way ANOWVA with time as a
repeated measures factor, for the 8 samples that followed
its  administration.  The  ability  of  fluoxetine
(pretreatment) to  modify the action of cocaine
{treatment) was evaluated by a two-way ANOVA
(pretreatment * treatment) with time as a repeated meas-
ures factor for the 8 samples that followed cocaine
administration. When significant, the two-way ANOVA
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was followed by a post-hoc Tukey's test to allow
adequate multiple comparisons among groups. A separ-
ate one-way ANOVA with time as repeated measures
factor was performed to assess whether systemic or local
fuoxetine administration modified DA dialysate content
by itself (12 or 10 samples in the case of systemic or
local fluoxetine administration, respectively). [n all
cases, p < 0.05 was chosen as a criterion for signifi-

cance.
3. Results

3.1, Behavioral experiments

3.0.1. Effects of systemic infections of fluoxetine on
basal and cocaine-stinndated locomotor activity

Horizontal (Fig. 1) and wertical activity counts (data
not shown) were assessed following 1P injection of
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Fig. 1. Horizontal activity following systemic pretreatment with
fluoxetine. (A). Mean total horizontal activity (counts/60 min) (SEM:
n = 15) following systemic pretreatment with saline (Sal; 1 ml/kg, [P}
or fluoxeting (Fx; 10 mg/kg, [P) followed 1 h later by treatment with
saline (1 ml/kg) or cocaine (Coc: 10 mg/ke, [P). + activity levels that
were significantly different (p < 0.05) from Sal-Sal controls. “activity
levels that were significantly different (p = 0.05) from Sal-Coc con-
trols based upon Fisher's Least Significant Difference test. Time course
of horizontal activity plotted in 15-min bins across the G0-min test
session following [P injection of saline of fluoxetine (10 mgkg) fol-
lowed by treatment injection of saline (B) or cocaine (10 mg/'kg, [P)
(C) #++ activity levels that were significantly different from Sal-Coc
controls at the corresponding time point based upon Fisher's Least
Significant Difference test.

saline or fluoxeting (10 mgkg) 60 min prior to an [P
injection of saline or cocaine (10 mgfkg). A significant
main effect of drug was observed for total horizontal
(Fise = 1334, p <= 0.001) and total vertical activity
counts (Fs s = 358, p < 0.01) summed across the 60
min session. Cocaine significantly increased total hori-
zontal activity (Fig. 1A} in rats pretreated with saline or
RAuoxetine (10 mg/kg) as compared to saline-saline con-
trols (p < 0.05). Cocaine significantly increased total
vertical activity in rats pretreated with fluoxetine (p <
0.03), but not in rats pretreated with saline as compared
to saline-saline controls {data not shown). Pretreatment
with 10 mgkg of fluoxetine significantly enhanced
cocaine-induced horizontal activity {(p < 0.05; Fig. 1A).
Administration of fluoxetine alone did not significantly
alter basal horizontal (Fig. 1A) or vertical activity (data
not shown).

A significant treatment x  Hme interaction was
observed for horizontal activity (Fg,,, = 6.600 p <
0.001) and vertical activity (Fg 25 = 2.72: p < 0.01) div-
ided into 4 separate 15-min time bins. Cocaine-induced
increases in  horizontal activity were significantly
enhanced by pretreatment with 10 mg/kg of fluoxetine
during the second interval (p << 0.05; Fig. 1C). Cocaine-
induced increases in vertical activity were not signifi-
cantly enhanced by pretreatment with fluoxetine (data
not shown). Fluoxetine did not significantly alter spon-
taneous horizontal (Fig. 1A and B) or vertical activity
{data not shown) at any time point after saline injection.

3020 Effects of systemic infections of fluvexamine on
basal and cocaine-stimulated locomotor activity

Horizontal (Fig. 2) and wertical activity counts (data
not shown) were assessed following [P injection of
saline or fluvoxamine (10 or 20 mg'kg) 60 min prior to
an 1P injection of saline or cocaine (10 mg/'kg). A sig-
nificant main effect of drug was observed for total hori-
zontal (Fs 5, =8.21, p << 0.001) and total vertical activity
(Faze = 1485, p << 0.001) summed across the 60 min
session. Cocaine significantly increased both total hori-
zontal activity (Fig. 2A) and total vertical activity (data
not shown) in rats pretreated with saline or fluvoxamine
(10 and 20 ma/kg) as compared to saline—saline controls
(p <= 0.05). Pretreatment with 20 mg/kg of Auvoxamine
significantly enhanced cocaine-induced horizontal (p <
0.05: Fig. 2A) and vertical activity (p << 0.05; data not
shown ). Administration of doses of fluvoxamine alone
did not significantly alter basal horizontal (Fig. 2A) or
vertical activity (data not shown).

A significant treatment * time interaction was
observed for horizontal activity (Fiseq = 748 p <
0.001) and wvertical activity (Fiseq = 4.731 p <= 0.001)
divided into 4 separate 15-min time bins. Cocaine-
induced increases in horizontal activity were signifi-
cantly enhanced by pretreatment with 20 mg/kg of flu-
voxamine during the frst, third, and fourth intervals
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Fig. 2. Horizontal activity following systemic pretreatment with flu-
voxamine. (A). Mean total horizontal activity (counts/60 min) (£SEM:
n = &) following svstemic pretreatment with saline (Sal; 1| ml/kg, 1P
of fluvoxamine (Fv; 10 or 20 mg/ke, 1P) followed 1 h later by treatment
with saline (1 ml‘/kg) or cocaine (Coe; 10 mgkg, IP). = activity levels
that were significantly different (p = 005) from Sal-Sal controls.
activity levels that were significantly different (p = 0.05) from Sal-
Coc controls based upon Fisher's Least Significant Difference test.
Time course of horizontal activity plotted in 15-min bins across the
Gi0-min test session following IP injection of saline of fluvoxamine (10
or 20 mg'kg) followed by treatment injection of saline (B) or cocaine
(10 mg'kg, [P (C). + =+ activity levels that were significantly different
from Sal-Coc controls at the corresponding time point based upon
Fisher’s Least Significant Difference test.

(p < 0.05; Fig. 2C). Cocaine-induced increases in verti-
cal activity were also significantly enhanced by pretreat-
ment with 20 mgkg fluvoxamine during the first,
second, and fourth intervals (p << 0.05; data not shown ).
Pretreatment with 10 mg/kg of fluvoxamine did not sig-
nificantly alter cocaine-induced horizontal or wertical
activity at any of the four intervals (Fig. 2C). Fluvoxam-
ine did not significantly alter spontansous horizontal
(Fig. 2A and B) or vertical activity (data not shown) at
any time point after saline injection.

3.4.3. Effects of infra-NAc shell microinjections of
fluoxetine on basal and cocaine-stimulated locomotor
activity

Of the & rats originally cannulated and tested. 7 rats
exhibited cannula placements that were bilaterally pos-
itioned in the center of the NAc shell; only data from
these 7 rats were included in the analyses. Horizontal

(Fig. 3) and wertical activity counts (data not shown)
were assessed following pretreatment with intra-NAc
shell saline or fluoxetine (1 or 3 1g/0.2 ul/side) and sys-
temic treatment with saline or cocaine (10 mg'kg). A
significant main effect of drug was observed for total
horizontal (Fs,, = 1025; p << 0.001), but not vertical,
activity counts (Fs ., = 2.07: p = 0.05) summed across
the 60 min session. Systemic cocaine injection signifi-
cantly increased horizontal activity following intra-NAc
shell saline and | or 3 ug of fluoxetine as compared to
saling-saline controls (p << 0.05; Fig. 3A). Intra-NAc
shell pretreatment with 3 Lg of fluoxetine significantly
enhanced cocaine-induced horizontal activity (Fig. 3A:
p = 0.05). Systemic cocaine also significantly increased
total vertical activity following pretreatment with 1 Hg
intra-NAc fluoxetine (p < 0.05: data not shown), how-
ever cocaine alone or in combination with 3 Lg intra-
MNAc fuoxetine did not alter vertical activity as com-
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Fig. 3. Horizomal activity following intra-NaAc shell pretreatment
with fluoxetine. (A) Mean total horizontal activity (counts/60 min)
(+8EM; 7 = 7) following intra-N Ac shell pretreatment with saline (Sal;
0.2 pl/side) or fluoxetine (Fx; 1 or 3 pg/0.2 pl'side) followed by treat-
ment with saline (1 mlkg, 1P) or cocaine (Coe: 10 mg'kg, 1M
+ activity levels significantly different (p = 0.03) from Sal-Sal con-
trols. “activity levels significantly different (p < 0.05) from Sal-Coc
controls based upon Fisher's Least Significant Difference test. Time
course of horizontal activity plotted in 15-min bins across the &0-min
test session following pretreatment injection of saline (0.2 pl/side) ar
fluoxetine {1 or 3 ug/0.2 pl'side) followed by systemic treabment injec-
tion of saline (B} or cocaine (10 mgkg, [Py (C) activity levels
that were significantly different from Sal-Coc controls at the come-
sponding time point based upon Fisher's Least Significant Differ-
ence test.
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pared to saling-saline controls (p = 0.05; data not
shown). Intra-NAc shell pretreatment with fAuoxetine
alone did not significantly alter basal horizontal (Fig.
3A) or vertical activity (data not shown). A one-way
ANOVA for repeated measures showed that the dose-
dependent enhancement of cocaine-evoked hyperactivity
by intra-NAc Auoxetine was not dependent on the order
of treatment (Fqqs = 0.78; p = 0.05).

A significant treatment = time interaction was
observed for horizontal activity c[, o = 5800 p o<
0.001 ) and vertical activity (F s = << 0.01) div-
ided into 4 separate 15-min time l‘IH\ ( umlm induced
increases  in horizontal activity were  significantly
enhanced by pretreatment with 3 Lg of fluoxetine during
the second and third intervals, and by pretreatment with
I pg of fluoxetine during the third interval
(p =< 005 Fig. 3C). In addition, cocaine-induced
increases in vertical activity were significantly attenu-
ated by pretreatment with 3 ug of fluoxetine at the first
interval and enhanced by pretreatment with 1 pg of
fluoxetine at the third and fourth intervals (data not
shown). Intra-NAc shell pretreatment with fluoxetine did
not significantly alter spontaneous horizontal (Fig. 3A
and B} or vertical activity (data not shown) at any time
point after saline injection.

344 Effects of intra-NAc shell microinfections of
Suvoxamine on basal and cocaine-stinndated
locomotor activity
Of the 11 rats originally cannulated and tested. 7 rats

exhibited cannulae placements bilaterally positioned in
the center of the NAc shell; only data from these 7 rats
were included in the analyses. Horizontal (Fig. 4) and
vertical activity counts (data not shown) were determ-
ined following pretreatment with intra-NAc shell saline
or fluvoxamine (1 or 3 pg/0.2 uliside) and systemic
treatment with saline or cocaine (10 mg/kg). A signifi-
cant main effect of drug was observed for total horizon-
tal activity (Fq =635, p << 0.001), but not total vertical
activity (Fsas = 1.77, p = 0.05) summed across the 60
min session. Systemic cocaine significantly increased
total horizontal activity following intra-NAc shell saline
or Auvoxamine (1 or 3 ug: p <2 0.05: Fig. 4A) as com-
pared to saline-saline controls. Systemic cocaine also
significantly increased total wertical activity following
intra-NAc shell pretreatment with fluvoxamine (1 pg:
) <2 0.05; data not shown), however cocaine did not sig-
nificantly increase wvertical activity following intra-NAc
pretreatment with saline or 3 Ug fluvoxamine, as com-
pared to saling-saline controls (p << 0.05; data not
shown). Intra-NAc shell pretreatment with 3 Ug of Au-
voxamine significantly enhanced cocaine-evoked hori-
zontal activity (Fig. 4A: p < 0.05) and | Ug of fluvox-
amine significantly enhanced cocaine-evoked wvertical
activity (p =2 0.05; data not shown). [ntra-NAc pretreat-
ment with fuvoxamine (1 or 3 fg) alone did not alter
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Fig. 4. Horizontal activity following intra-NaAc shell pretreatment
with fluvoxamine. (A) Mean total horizomtal activity (counts/60 minj
(+5EM; 7 = Ty ollowing intra-NAc shell pretreatment with saline (Sal;
0.2 pliside) or fluvoxamine (Fv: 1 or 3 pg/.2 pliside) followed by
treatment with saline (1 mikg. [Py or cocaine (Coc: 10 mg'ka, IP).
+ activity levels significantly different ip < 0.05) from Sal-Sal con-
trols, “activity levels significantly different (p < 0.05) from Sal-Coc
controls based upon Fisher's Least Significant Difference test. Time
course of horizontal activity plotted in 15-min bins across the 60-min
test session following pretreatment injection of saline (0.2 pl/side) or
fluvoxamine (1 or 3 pg/0.2 pliside) followed by systemic treatment
injection of saline (B) or cocaine (10 mgkg, P) (Ch

basal horizontal (Fig. 4A) or vertical activity (data not
shown). A one-way ANOVA for repeated measures
showed that the dose-dependent enhancement of
cocaine-evoked hyperactivity by intra-NAc fluvoxamine
was not dependent on the order of treatment (F; .4 =
0.63; p = 0.05).

There was not a significant treatment x time interac-
tion observed for horizontal activity (Fipen = 1450 p
= 0.05) or vertical activity (Fpz = 1.920 p = 0.05)
divided into 4 separate |5-min time bins.

3.2, Microdialysis experiments

3.2.0. Basal extracellular DA concentration in
dialysates from the NAc shell

All measurements were carried out 120 min after the
beginning of perfusion, by which time a steady state was
achieved. Absolute basal levels of DA in dialysate col-
lected from the NAc shell were (without adjusting for
probe recovery) 2.9 £ 0.5 pg/30 UL
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3.2.2. Effects of the systemic administration of
flwoxetine on cocaine-induced DA outflow
Administration of cocaine (10 mg/kg, 1P} enhanced
DA outflow in the NAc [one-way ANOVA, F, =
1058, p =2 0.001; Fig. 5]. The maximal increase was

observed 30 min after drug injection (368 + 14% over

baseline values). The I[P administration of fluoxetine (10
mg/'kg) significantly enhanced the increase in DA oul-
fAow induced by cocaine [two-way ANOVA, Fi: =
249, p =< 0001; Fig. 5A]. NAc DA outflow in the
fluoxetine + cocaine group was increased up to 614 £

JA " p<0.001 vs. Sal + Sal

+44 o< 0.001 vs. Sal + Cec
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Fig. 5. Cocaine-induced DA outflow in the NAc shell following sys-
temic or intra-NAc flucxetine. Time course of the effect of the sys-
temic (10 mgkg, IP) (A) or intra-NAc (1 uM) (B) administration of
fluoxetine on cocaine-stimulated DA outflow in the NAc shell of
freely-moving rats. Data, obtained from 4-6 animals per group, are
presented as the mean +5. E.M. percentages of the baseline calculated
from the three samples preceding the first drug administration. Cocaine
(Coe; 10 mg/kg, 1P) was administered at time zero. When systemically
administerad, fluoxetine (Fx: 10 mgke, 1P) was injected (vertical
arrow) 60 min before cocaine administration (A) whereas its local
infusion (1 pM) (horizental bar) started 30 min before cocaine admin-
istration (B). Systemic and local fluoxetine administration potentiated
the increase in DA outflow induced by cocaine. +++ p < 0001 vs,
the wehicle (Veh Hsaline (Sal) group; ++ p < 0,001 vs. the Veh+Coe
group (Tukey's test).
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2% of baseline 30 min after cocaine administration.
Thereafter, DA outflow remained significantly higher
than values found in the saline + cocaine group through-
out the entire experimental period (Tukey’s test, p <
0.001 vs the saline + cocaine group). Systemic adminis-
tration of fluoxetine alone had no significant effect on
basal DA outflow |[one-way ANOVA F,, =28 p =
0.05].

3.2.3. Effects of the intra-NAc inficsion of fluoxetine
on cocaine-induced DA owtflow

Local infusion of fluoxetine (I puM]) potentiated the
facilitatory effect of cocaine on DA outflow in the NAc
[two-way ANOWVA, F,; = 27.7, p << 0.001; Tukey's
test, p << 0.001 vs the vehicle + cocaine group; Fig. 3B].
The maximal effect was observed 30 min after cocaine
administration and reached 627 £ 49% of basal values
in the fluoxetine + cocaine group compared to 345 +
20% in the vehicle + cocaine group. Dialysate DA con-
tent remained significantly higher in the fluoxetine +
cocaine group throughout the entire experimental period
{Tukey's test, p << 0.001 vs the saline + cocaine group).
[ntra-NAc perfusion of fluoxetine alone had no signifi-
cant effect on basal DA outflow [one-way ANOVA
Fie =33 p = 005].

4. Discussion

In the present study, systemic and intra-NAc adminis-
tration of the SSRIs fluoxetine and fluvoxamine were
shown to enhance cocaine-evoked locomotor activity in
male rats. In addition, delivery of luoxetine systemically
or through the dialysis probe into the NAc shell
enhanced cocaine-evoked DA efflux in the NAc. Thus
the present results suggest that SSRIs enhance the
behavioral effects of cocaine via actions localized, in
part, to the NAc.

In support of previous findings (Herges and Taylor,
1993; Reith et al., 1991}, systemic pretreatment with the
S5RIs fluoxetine (10 mg/kg) or fluvoxamine (10 or 20
mg/kg} | h prior to systemic cocaine (10 mg/kg) admin-
istration enhanced cocaine-evoked locomotor activity.
Since similar doses of these SSR1s have been shown to
enhance extracellular 5-HT (Jordan et al.. 1994}, these
data suggest that elevated levels of 5-HT augment the
locomotor stimulant effects of cocaine. Studies show that
elevated accumbal 5-HT modulates DA efflux in the
NAc (Parsons and Justice, Jr., 1993}, which is con-
sidered to be an important process in the generation of
stimulant-induced hyperactivity. Thus, we hypothesize
that the ability of SSRIs to enhance cocaine-induced
locomotor activity is due to the enhancement of 5-HT
levels and consequent 5-HT-mediated augmentation of
DA efflux in the NAc. In support of this hypothesis, the
present results confirm that systemic administration of
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fluoxetine (10 mg'kg) enhanced cocaine-induced DA
efflux in the NAc, as measured by microdialysis in the
NA¢ shell.

To more closely explore the potential for 5-HT trans-
porters (SERT) in the NAc to serve as a principle site
of action for S8RIs to augment cocaine-evoked hyperac-
tivity and DA efflux, SSRIs were infused directly into
the NAc shell prior to systemic cocaine injection. Hyper-
activity evoked by a systemic injection of cocaine (10
mg'kg) was enhanced by HAuoxetineg or fluvoxamine
infused into the NAc¢ shell, and in addition, intra-MAc
shell infusion of fAuoxeting enhanced cocaine-evoked
DA efflux in the NAc. Thus, administration of SSRIs
directly into the NAc produces a similar enhancement
of systemic cocaine-induced hyperactivity and DA efflux
in the NAc as observed with systemic administration of
SSRIs, indicating that the NAc is a key site for the action
of SSRIs to enhance cocaine-evoked locomotor activity
and DA efflux in the NAc.

The extent of DA efflux in the NAc following psycho-
stimulant administration has been correlated not only
with hyperactivity, but also with the discriminative
stimulus and reinforcing properties of the drugs (for
review see Erinoft’ and Brown, 1994). Thus, enhance-
ment of cocaine-induced NAc DA efflux by SSRIs might
be expected to enhance both the discriminative stimulus
and reinforcing effects as well as hyperactivity at a given
dose of cocaine. Indeed the SSRIs fluvoxamine and
fuoxetine have been shown to enhance the discriminat-
ive stimulus effects of cocaine (Callahan and Cun-
ningham, 1995; Cunningham and Callahan, 1991}, a
result that is consistent with current ohservations. In
addition, fluoxetine has been shown to attenuate the rate
of cocaine self-administration on a fixed ratio (FR)
schedule of reinforcement (Carroll et al., 1990). This
observed attenuation may be due to the ability of fluoxe-
tine to enhance cocaine-induced DA efflux in the NAc
resulting in less cocaine intake required to achieve the
desired levels of NAc DA efflux. Howewver, a limitation
of the FR self-administration paradigm is the difficulty in
interpreting attenuations in the rate of self-administration
(Richardson and Roberts, 1996). On a progressive ratio
(PR} schedule of cocaine self-administration, fluoxetine
has been shown to reduce the breaking point { Richardson
and Roberts, 1991} sugpesting that the reinforcing value
of the drug is decreased (Richardson and Roberts, 1991 ),
an observation inconsistent with present and cited stud-
ies. Contrary to these results, additional studies found
SS5RIs had no effect on cocaine self~administration
(Porrino et al., 1989 Tella, 1995). Full dose response
curves for the effects of SSRI1s on cocaine self-adminis-
tration under both FR and PR schedules would provide
more insight as to the nature and specificity of the inter-
action.

A logical mechanism by which SSRIs enhance
cocaine-evoked hyperactivity and DA release is wia
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indirect activation of 5-HT receptors. Antagonism of 3-
HTyu (Castanon et al., 2000), 5-HT,, iMcMahon and
Cunningham, 2001a), 3-HT,. (McCreary and Cun-
ningham, 1999, or 3-HT, (Reith, 1990) receptors has
been shown to attenuate the locomotor response (o
cocaine, suggesting that stimulation of each of these
receptors by 5-HT released by SSRIs could act to aug-
ment cocaine-evoked locomotor activity. Unlike the 5-
HT,p and 3-HT 2 receptors which appear to exert control
over basal mesoaccumbens DA activity (Di Giovanni et
al., 1999 Yan and Yan, 2001), evidence sugpgests that
5-HT.s and 5-HT; receptors do not exhibit tonic control
over NAc DA release ( De Deurwaerdere et al., 1998; De
Deurwaerdere and Spampinato, 1999). Rather, activating
these receptors appears to predominantly enhance NAc
DA release under conditions in which the DA system is
activated (i.e. following cocaine administration or elec-
trical stimulation of the dorsal raphe nucleus: De Deur-
waerdere et al., 1998; De Deurwaerdere and Spampinato,
1999}, The effects of 5-HT., and/or 5-HT, receptor
stimulation on DA release are consistent with the present
results which demonstrate that both systemic and intra-
NAc fluoxetine have the ability to enhance systemic
cocaine-induced DA efflux to a similar extent, without
altering basal extracellular DA concentration in the NAc.
Our findings support previous studies which indicate that
5-HT efflux generated by SSRIs does not affect basal
DA efflux (Guan and McBride, 1988: Lucas et al., 2000),
but facilitates DA efflux under conditions in which DA
transmission is activated { Lucas et al., 2000). In addition,
these results are consistent with the present observation
that the chosen doses of fluvoxamine and fluoxetine were
able to enhance cocaine-evoked hyperactivity, but did
not alter basal locomotor activity. Thus, it is plausible
that stimulation of 3-HT.s and/or 3-HT 4 receptors may
contribute to the enhancement of cocaine-evoked hyper-
activity and DA release achieved by SSRI administration
observed in the present study.

Alternative theories to explain why SSRIs enhance
DA-mediated behaviors and DA efflux in the presence
of cocaine but not when administered alone propose
mechanisms that do not involve modulation of DA trans-
mission by 5-HT. Pozzi and colleagues (19949} hypothes-
ized that fluoxetine-induced increases in DA concen-
tration in the prefrontal cortex were not dependent upon
5-HT, but rather occurred via blockade of NE uptake.
While a possible explanation for the results observed
with fuoxetine which has moderate affinity for the NE
transporter (NET: K, = 240 nM: Tatsumi et al., 1997),
this postulate is unlikely to hold true for Auvoxamine,
which has relatively low affinity for NET (K; = 1300
nM: Tatsumi et al., 1997}, but is efficacious in enhancing
cocaine-induced activity and enhancing cocaine-induced
increases in NAc DA levels.

A second mechanism to explain the state-dependent
effect of fluoxetine on DA efflux in the NAc is an alter-
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ation in the distribution of cocaine binding to monoam-
ing transporters. Cocaine has higher affinity for SERT
than DAT (Kozikowski et al., 1998), thus theoretically.
more cocaine molecules could bind to SERT than to
DAT. However, in the presence of fluoxetine, the ratio
of cocaine binding to SERT and DAT may shift, as
fluoxetineg would compete with cocaine for the binding
site on SERT. Fluoxetine has higher affinity for SERT
than does cocaine (Damaj et al., 1999; Owens et al.,
1997), therefore it is plausible that fewer cocaine mol-

ecules are able to bind to SERT in the presence of

Auoxetine than when cocaine is administered alone. ther-
eby rendering more cocaine available to bind DAT.
Thus, the present behavioral and neurochemical effects
could be explained by increased blockade of DAT by
cocaine in the presence of SSRIs, which also would
likely result in enhanced DA efflux in the NAc.

Tella and Goldberg (1993 ) reported that when cocaine
was administered intravenously (I1V), pretreatment with
Auoxetine or other monoamine reuptake inhibitors

caused a rapid. but brief (<3 min), enhancement of

plasma cocaine levels in a time frame consistent with
the distribution phase of IV cocaine, suggesting altered
distribution characteristics of 1V cocaine in the presence
of monoamine reuptake inhibitors. However, to our
knowledge, brain drug levels have not been measured
following administration of fluoxetine plus cocaine.
Therefore, whether changes in plasma cocaine concen-
trations correspond to changes in brain cocaine concen-
tration and altered cocaine binding distribution specifi-

cally in the brain is unknown. In addition, the effect of

Auoxetine on plasma cocaine levels was not dose-depen-
dent (Tella and Goldberg, 1993}, while the present
results show a clear dose-dependent effect. Furthermaore,
Auoxeting has been shown to potentiate increases in DA
efflux in the NAc induced by the selective DA/NE
uptake inhibitor bupropion (Li et al., 2002), and the
SSRI Auvoxamine is able to enhance the locomotor acti-
vating effects of the DA/NE uptake inhibitor mazindol
i(McMahon and Cunningham, 2001 b). In these instances,
since the drug molecules bind to different transporters,
competition between the S5RIs and the respective
DA/NE uptake inhibitor for binding sites should be nom-
inal. Thus the enhancement of extracellular DA levels
and DA-mediated behaviors is not likely to be due to
altered distribution characteristics, but rather due to the
influence of 5-HT on DA release. These studies demon-
strate that 5-HT has the ability to enhance NAc DA
efflux and DA mediated behaviors and thus provide sup-
porting evidence for our proposed mechanism that the
enhancement of cocaine-induced hyperactivity and DA

efflux in the NAc by S5RIs is due to the influence of

5-HT on DA efflux. Nonetheless, to rule out the potential
mechanistic involvement of an altered cocaine distri-
bution, binding studies could be performed to measure
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the amount of cocaine binding to SERT and/or DAT in
the presence or absence of fluoxetine.

Potential pharmacological interactions between the
SSRIs fluoxetine or fluvoxamine and cocaine must also
be considered. Sills et al. (1999 ) proposed a pharmaco-
kinetic mechanism to explain the facilitation of ampheta-
mine-induced hyperactivity and DA efflux in the NAc
by systemic fuoxetine. [n this study animals pretreated
with fluoxetine had higher levels of amphetamine in the
NAc than animals given amphetamine alone and the
authors postulated that fluoxetine interfered with the
metabolism of amphetamine. A similar mechanism is
plausible for an interaction between cocaine and fluvox-
amine since fluvoxamine is known to inhibit the P450
3A4 (Fleishaker and Hulst, 1994), which contributes to
the metabolism of cocaine to norcocaine (Ladona et al.,
2000y, Thus, it P450 enzymes are inhibited by fuvox-
amine, the amount of cocaine available in the brain could
increase. It is ditficult to attribute our findings solely to
a pharmacokinetic interaction between the SSRIs and
cocaine, since we saw a similar behavioral response with
the SSRI fluoxetine as we did with fluvoxamine, but
fuoxetine has little effect on P430 3A4 (von Maoltke et
al., 1995). [n addition, our results show that intra-NAc
infusion of either Auvoxamine or fluoxetine caused an
immediate enhancement of cocaine-induced locomotor
activity. This time course would be unexpected if the
observed effects were dependent upon P450 3A4
mediated metabolism of cocaine in the NAc., Nonethe-
less, measurements of the concentration of cocaine fol-
lowing SSRI treatment by microdialysis would be neces-
sary to confirm or deny this hypothesis.

In conclusion, the present study provides additional
evidence for a facilitory role of 5-HT in the effects of
cocaine mediated by the DA mesoaccumbens pathway.
Both systemic and intra-NAc administration of SSRIs
enhanced cocaine-evoked locomotor activity, as well as
the elevation of NAc DA efflux following cocaine
administration, suggesting that SERT in the NAc is a
potential site of action for SSRIs to augment the in vivo
effects of cocaine. The lack of effect of the SSRIs on
both basal locomotor activity as well as basal DA release
in the NAc suggests that DA activation is required for
positive modulation of NAc DA concentrations by SSRI
generated 3-HT efflux. The effects of SSRIs may be
mediated by a number of 5-HT receptors, however the
relative contributions of each receptor to the wide spec-
trum of effects of systemically administered 55RIs on
cocaine-induced changes in DA neurotransmission and
the subsequent behavioral effects must be further investi-
oated.
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Abstract  Rationale: Both dopamine (DA) and seroto-
nin (5-HT) release are evoked by (+)-MDMA; however,
little is known of the contribution of DA D;- and D,-like
receptors (DR and D,R, respectively) in the behavioral
effects of (+)-MDMA.  Objectives: To test the hypoth-
esis that a DR or D,R antagonist would attenuate the
hypermotive or discriminative stimulus effects of (+)-
MDMA. Methods: Male Sprague-Dawley rats (n=164)
were pretreated with the DR antagonist SCH 23390
(3.125-50 ugkg, SC) or the D;R antagonist eticlopride
(12.5-50 pg'kg, SC) prior to treatment with (+)-MDMA
(3 mg/'kg, SC) and locomotor activity was recorded using
photobeam monitors. Twelve additional rats trained to
discriminate (+)-MDMA (1 mgkg, [P) from saline in a
two-lever water-reinforced FR20 task were administered
SCH 23390 (6.25 ug'kg, IP) or eticlopride (12.5 ng'kg,
[P) prior to (+)-MDMA (0.375-1.0 mg/kg, IP). Rats were
then placed in the drug discrimination chambers and the
percent (+)}-MDMA appropriate responding and response
rate were measured. Results: Both SCH 23390 and
eticlopride blocked (+)-MDMA-evoked hyperactivity in a
dose-related manner; the highest doses of the antagonists
also effectively suppressed basal locomotor activity. In rats
trained to discriminate  (+)}-MDMA  from saline,
SCH 23390 (6.25 pgkg), but not eticlopride (12.5 ng/
kg), blocked the stimulus effects of (+)-MDMA without
altering response rate.  Conclusion: These data indicate
that DA released indirectly by (+)-MDMA administration
results in stmulation of DZ/R and D:R to enhance
locomotor activity. Furthermore, the DR appears to play
a more prominent role than the D;R in the discriminative
stimulus properties of (+)-MDMA.
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Introduction

Owver the past decade, there has been a sharp rise in the use
of the substituted amphetamine 3 4-methylenedioxy-
methamphetamine (MDMA), commonly known as “ec-
stasy.” Use of MDMA is especially popular in voung
adults, among whom the awareness of the possible
dangers associated with MDMA has recently begun to
rise (Johnston et al. 2003). Likewise, there has been a push
to better understand the mechanisms underlying the
actions of MDMA in order to better delineate the potential
dangers associated with MDMA use.

Two common behavioral measures employed to study
the mechanisms of psychostimulants in rodents are
measurement of locomotor activity and drug discrimina-
tion. In general, the ability of a drug to elicit locomotor
hyperactivity correlates with its ability to enhance dopa-
mine (DA) release in the nucleus accumbens (NAc), the
terminal region of the DA mesoaccumbens pathway or
“reward” pathway (for review, see Erinoff and Brown
1994). Thus, measurement of locomotor activity can be
wed as an indirect measure of activation of the “reward”
circuit (Wise and Bozarth 1987). The NAc has also been
implicated in the recognition of the “interoceptive cue” or
stimulus effects elicited by psychoactive drugs as demon-
strated using the drug discrimination assay, which is
thought to model the subjective effects of drugs in humans
(for review, see Callahan et al. 1997).

Indeed, (+)- and (£)-MDMA do elicit hyperactivity
(Gold et al. 1988; Callaway et al. 1990) and can be readily
discriminated from saline in the drug discrimination task
(Schechter 1989; present study). Additionally, (£)}-MDMA
has been shown to enhance extracellular DA release in the
NaAc (White et al. 1994) at least partially due to reversal of
the DA transporter (DAT; Rudnick and Wall 1992).
However, unlike its parent compound amphetamine,

2 Reprinted from Psychopharmacology, Vol 173, Issue 3-4, Bubar et al., “Effects of dopamine D1-or D2-
like receptor antagonists on the hypermotive and discriminative stimulus effects of (+)-MDMA.” Pg. 326-
336, 2004, with permission from Springer.
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which is primarily a DA releaser, (£)}-MDMA is actually
more potent at releasing serotonin (5-HT; [Cs5=56.6
+2.1 nM) via reversal of the 5-HT transporter (SERT;
Rudnick and Wall 1992) than DA (ICs=376£16 nM;
Rothman et al. 2001). Likewise, many of the behavioral
effects of (+)- and (£)-MDMA, including the hypermotive
and discriminative stimulus effects, are thought to be
mediated by 5-HT neurotransmission (Schechter 1989;
Callaway et al. 1990; Baker et al. 1997; Bankson and
Cunningham 2001; Frankel and Cunningham 2003). As
such, the majority of research has focused on a 5-HTergic
contribution to the effects of (+)- and (£)-MDMA.
However emerging evidence of an important role for 5-
HT-DA interactions in the mechanisms of action of (+)-
and (£)}-MDMA (for review, see Bankson and Cunning-
ham 2001) has shifted attention to disceming the
contribution of the DA system in addition to 5-HT to
the effects of MDMA.,

Although (£)-MDMA has higher affinity for SERT and
is more potent at reversing SERT than DAT, (£)-MDMA
evokes a proportionately larger amount of DA release
compared to 5-HT release in the NAc (White et al. 1994).
Because (+)-MDMA-evoked DA release can be accounted
for by both direct actions of (+)-MDMA on DAT as well
as via 5-HT stimulated DA release (Koch and Galloway
1997), it is difficult to separately allocate the contribution
of 5-HT and DA to these effects. (+)- or (£)-MDMA-
induced DA release can be attenuated not only by the DAT
inhibitor GBE 12909, but also with the selective 5-HT
reuptake inhibitor fluoxetine (Gudelsky and Nash 1996;
Koch and Galloway 1997). Additionally, antagonists for
the 5-HT g, 5-HTz4, and 5-HT¢ receptors that modulate
(+)- and (£)}-MDM A-induced locomotor hyperactivity (see
Bankson and Cunningham 2001) are also known to
modulate basal (Benloucif et al. 1993; Ng et al. 1999;
Lucas and Spampinato 2000) and/or stimulated DA
release (Parsons et al. 1999; Porras et al. 2002). Thus,
since each of these receptors has the capacity to alter DA
activity, the observed effects of serotonergic compounds
on (+)- and (£)}-MDMA-induced locomotor activity may
ultimately be related to the ability of these compounds to
modulate DA mesoaccumbens pathway activation. Thus it
is important to determine the role of DA and the DA
receptors in mediating the behavioral effects of (+)- and
(£-MDMA.

Two families of DA receptors, the D -like and the D
like receptors (DR and D;R, respectively), have been
shown to be important in the expression of the
hypermotive and discriminative stimulus effects of DA
indirect agonists such as cocaine and amphetamine
(Callaban et al. 1991; Callahan and Cunningham 1993;
Schechter 1997; O'Neill and Shaw 1999). The DR family
contains the D, R and DsR that are primarily post-synaptic
and positively coupled to cAMP (for review, see
Lachowicz and Sibley 1997). The D;R family, which
includes the D;R, D3R, and DR, are located both pre- and
post-synaptically and are negatively coupled to cAMP, but
stimulate PLA2 (Lachowicz and Sibley 1997). Both DR
and D;R mRNA and protein are found in high concentra-
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tions within the basal forebrain, and are prominently
represented in the ventral tegmental area (VTA) and NAc
(Dearry et al. 1990; Bouthenet et al. 1991; Landwehr-
mevyer et al. 1993); D;R, D4R, and DsR mRNA are also
present within the brain, but other than high concentrations
of D3R in the NAc shell, these receptors appear to be
much less concentrated than the DR and D-R (Bouthenet
et al. 1991; Meador-Woodruff et al. 1992; O"Malley et al.
1992; Landwehrmeyer et al. 1993). Blockade of DiR or
D:R with respective antagonists suppresses basal or
stimulated locomotor activation (Agmo and Soria 1999;
Chausmer and Katz 2001). Likewise, both IR and D-R
have been implicated in control of cocaine- and amphet-
amine- stimulated locomotor hyperactivity (O'Neill and
Shaw 1999) and thus are postulated to be important in (+)-
and (£)-MDMA-induced locomotor hyperactivity as well,
Indeed, Kehne and colleagues (1996) demonstrated that
the DyR antagonist SCH 23390 and the D-R antagonist
haloperidol blocked (£)-MDMA-induced locomotor hy-
peractivity. This study used a single dose of the
antagonists and a relatively high dose (20 mg/kg) of (£)-
MDMA.

The first goal of the present study was to further extend
the results of Kehne and colleagues (1996) to test the
hypothesis that an antagonist of DR or D;R will attenuate
(+)-MDMA-induced locomotor activation in a dose-
related manner. In the present experiment, we chose a
relatively low dose (3 mgkg) of (+)-MDMA, which is
described to produce robust locomotor hyperactivity
(McCreary et al. 1999; Bankson and Cunningham 2002).
As the more active isomer, (+)}-MDMA is more potent
than either (£)-MDMA or (—)-MDMA at eliciting hyper-
activity (Callaway et al. 1990). As mentioned above, both
DR and D, R antagonists have been shown to effectively
suppress basal locomotor activity. Thus, we also aimed to
uncover doses of both antagonists that might attenuate (+)-
MDMA-induced hyperactivity without altering basal
locomotor activation. A second goal of the present study
was to determine if administration of a DyR or DR
antagonist would alter the discriminative stimulus proper-
ties of (+)}-MDMA when administered at doses shown to
block (+)-MDMA-induced hyperactivity.

Materials and methods
Amimals

Adult male Sprague-Dawley rats (n=176; Harlan Sprague-Dawley,
Inc., Indianapolis, Ind., USA) weighing 225-350 g at the beginning
of the expenmental procedures were used. The anmmals were housed
two or four to a cage for drug diserimination or locomotor activity
assays, respectively, ina temperature (21-23°C) and humidity (40—
50%%) controlled environment and lighting was maintained under a
12-h hght-dark cycle (lights on at 7:00 am. to 7:00 p.m.). For
locomotor activity assays, food and water were available ad libitum
(except during  habituation and testing  procedures). In drug
discrimination assays, food was available ad libitum, except dunng
the experimental sessions; however, the amount of water each
animal received was restricted to that given during operant traming
sessions, after test sessions (10-15 min) and on weekends (36 h). All
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expenmental protocols were camed out in accordance with the
Guide for the Care and Use of Laboratory Animals (MNational
Research Council 1986) and with the approval by the Institutional
Animal Care and Use Committee,

Drugs

The followings drugs were used: (+)-MDMA was obtained from the
Mational Institutes on Drug Abuse (Research Trangle, N.C., USA),
RA+)7-chlomo-8-hydroxy-3-methyl 1-phenyl-2.3.4, 5-tetrahydro-
IH-3-benzazepine hydrochloride [R+(+)-8CH 23390] and S54—)-3-
chloro-5-gthyl-N-[ {1 -ethy]-2-pyrrohdiny Dmethy | o-hydrosxy-2-
methoxybenzamidehydro-chloride [S+—)-eticlopride] were obtamed
from Sigma Aldrich Co. (5t Lows, Mo, USA) All drugs were
dissolved in stenle salme (0.9% KaCl); doses refer to the weight of
the salt. Drug injections were administered subeutaneously (SC) and
intraperitoneally (IP) in locomotor activity and drug discrimination
expenments, respectively.

Locomotor activity experiments
Apparatus

Locomotor activity was monitored and gquantified under low light
conditions using a modified open field activity system (San Diego
Instruments, San Diego, Calif, USA) housed within sound
attenuated chambers. Each of the eight chambers consisted of a
clear Plexiglas open field (40=40:40 ¢m). Two photobeam matrices
are used for recording activity: at 4 cm from the floor, a 4=4 matnx
counts horizontal activity and at 16 em from the floor horzontal
photobeams count vertical (reanng) activity. The control software
(Photobeam Activity Software; San Diego Instruments) was used to
count honzontal and vertical activity and data were stored for
subsequent statistical evaluation. Video cameras located above the
chambers were used to monitor activity contimuously without
disruption of behavior,

Behavioral procedures

The locomotor activity experiments were conducted in three
separate groups of anmmals acconding o pretreatment: the first
group (7=36) was administered lower doses of DJR antagonist
SCH 23390 (3.125 or 6.25 pg/kg, SC), the second group (#=64) was
administered higher doses of SCH 23390 (12.5, 25, or 50 pg/ke,
S3C), and the third group (p=64) received the DR antagomist
eticlopnide (12.5, 25, or 50 pgke, 3C). Rats were habituated to the
activity monitors for 3 h/day on the 2 days prior to the start of the
expenment. On the test day, rats were habituated to the locomotor
activity monitors for 30 min prior to recerving pretreatment with
cither the assigned dose of SCH 23390, eticlopride, or saline,
followed 30 min later by reatment with (+)-MDMA (3 mgkg, 5C)
or salme (1 ml'kg, SC). Recording of activity in 5-min time epochs
for 90 min began immediately following the treatment injection.

Statistical analysis

Total activity counts were summed for each individual animal
throughout the 90-min session. Data are presented as mean total
activity counts (=SEM) with the dependent measure of total
horizontal or vertical activity recorded during the testing session.
Since group comparisons were specifically defined prior to the start
of the expenment, planned compansons were conducted m lieu of
an overall F-test in a multifactonal anaysis of variance (ANOVA);
this statistical analysis has been supported in a number of statistical
tests (e.g. Keppel 1973). Significant mteractions were followed up

with a prion compansons using Fisher’s least significant difference
procedure (Keppel 1973). Time course data were broken down into
six separate | 5-min time bins and a three-way ANOVA was used w
detect prefreatment=treatment>time interactions. In the case that a
significant mteraction was present, differences between treatment
groups were determined at each | 5-min fime point using a one-way
ANOVA. All planned comparisons were assessed with Fisher’s least
significant difference test with the error rate (o) set at 0.05.

Drug discnmination expeniments
Apparatus

The procedures were conducted m 12 two-lever operant chambers
(Lafayette Instruments Model 80001, Lafayette, Ind., USA or Med
Associates Model ENV-001, St Albans, Vt., USA) housed in sound
attenuating chambers (Lafayette Instruments Model 80015, or Med
Associates Model ENV-A015). The operant chambers contained two
levers with a water dispenser centered between the levers, lumi-
nation was provided by a 28-V house light; ventilation and masking
noise were supplied by a blower. An mterface (Med Associates)
connected the chambers w0 a PC computer running Med-PC for
Windows sottware (Med Associates) that controlled and recorded all
experimental events.

Design and procedures of drug disorimination analvses

Rats (n=12) were trained to discriminate an mjection of (+)-MDMA
(1.0 mg/kg, IP) from saline (| mlkg, IP) admmistered 20 min before
daily (Monday to Friday) 30-min sessions. In order to maintain a
psendorandomized drug admimstration schedule, (++-MDMA and
saling were admmistered rregularly with the restriction that neither
fraining  condiion prevaled for more than three consecutive
sessions. Initially, training began under a schedule of contmuous
water reinforcement on a fixed ratio (FR) 1 with only the stimulus-
appropriate (drug or saling) lever present (Merrorless training”™); the
schedule of reinforcement was mcremented until all rats were
responding  reliably (=300 bar presses on treatment appropriate
lever) under an FR 20 schedule for each expenmental condition. For
half of the mats, responses on the right lever were reinforced
following drug admmistration; for the remamning rats, responses on
the left lever were reinforced following drug adminstration. To
control for the possible development of position cues based upon
olfactory stimuli, a pseudo-random relationship was maintained
between the lever programmed to deliver reinforcement for each
consecutive rat run in the same experimental chamber (Extance and
Goudie 1981). After responding stabilized on an FR 20 schedule of
remforcement, both levers were presented simultanecusly and rats
were required to respond on the stimulus-appropnate (correct) lever
in order to obtain reinforcement (water). At the start of discrimi-
nation fraining, the session time was shortened from 30 mm to
20 min; there were no programmed eonsequences for responding on
the incorrect lever. After responding stabilized, trainmg sessions
were shortened from 20 min to 15 min. This phase of training
contmued untill the performance of all rats reached ertenon
(individual mean accuracies of at least 80% correct prior to the
first reinforcer for ten consecutive sessions),

Drug discrimination test procedures

Test sessions were then initiated and were conducted once or twice a
week with training (maintenance) sessions Intervenmg on other
days. Test sessions included all rats that met the BO% accuracy
criterion during the preceding (+)-MDMA and saline maintenance
sessions. During test sessions, rats were placed in the chamber as
during training sessions and upon completion of 20 responses on
either lever or after the session time (15 min) had elapsed, a smgle
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{water) reinforcer was delivered, the house lght was turned off and
the rat was removed from the chamber. After being returned to the
home cages, all rats were allowed 10-15 min of free access to water.

Two pharmacological test manipulations were performed dunng
test sessions in all rats (#=12). In substitution tests, rats were
administered (+)-MDMA (0375, 0.5, 0.75 or 1.0 mgkg IP),
SCH 23390 (6.25 pg'ke, IP), eticlopride (12.5 pg/kg, IP), or saline
(1 mlkg, IP). In combination tests, rats were tested for lever
selection following administration (IP) of SCH 23390 (6.25 pg/kg)
or eticlopnide (12,5 pg/kg) prior to a dose of (+)-MDMA (0.375,
0.5, 075 or L0 mgkg) SCH 2339 or eticlopride were
administered 30 min and (+)-MDMA 20 min prior to placement
in the operant chambers. The doses of SCH 23390 and eticlopnde
were chosen based upon the results of the current locomotor
experiments, as these doses of the antagonists attenuated (+)-
MDMA-induced hyperactivity without significantly altering basal
locomaotor activity.

Statistical analysis

During training sessions, accuracy was defined as the percentage of
comect total responses before the delivery of the first reinforcer;
during test sessions, performance was expressed as the percentage of
(+F-MDMA-appropriate responses to the total responses prior to the
first reinforcer. Response rates (responses per min) were also
evaluated during trainmg and test sessions as a measure of
behavioral disruption. Response mates were caleulated as the total
number of responses emitted on either lever before the completion
of the first FR 20 on the stimulus appropriate lever (training
sessions ) or prior to completion of 20 responses on either lever (test
sessions ), divided by the number of minutes taken to complete the
first ratio. During test sessions, data from rats that did not complete
the FR 20 within the allotted 15 min perod were excluded from
analyses. For (+)-MDMA substitution tests, Student’s f-test for
repeated measures were used to compare the percentage of (+)-
MDMA-appropriate lever responding and response rates during test
sessions with the corresponding values for the previous (+)}-MDMA
or saline sessions. Because two comparisons to each test data point
were conducted, the expenmentwise error rate (o) was adjusted to
P=<0.025 (0.05+2 comparisons). For combination tests, a two-way
ANOVA for repeated measures was uwsed to assess whether the
percentage of (+F-MDMA-appropnate lever responding and re-
sponse rates observed across four doses of (+F-MDMA (0.375. 0.5,
0.75 or 1.0 mg'kg) differed in the presence versus the absence of a
fixed dose of a DA antagonist; a prion compansons at each dose of
(+FMDMA in the presence and absence of the test drug were
conducted using Student’s f-test. All comparisons were made with
an experimentwise type I error rate (o) set at 0.05 (Keppel 1973),
except where noted above where o was set at 0.025.

Results
Locomotor activity experiments

Effects of DR antagonist SCH-23390 on spontaneous
and (+)-MDMA-evoked activity

Locomotor activity was assessed following pretreatment
with SCH 23390 (3.125, 6.25, 12.5, 25, or 50 ug/kg) or
saline (1 ml’kg) and treatment with (+)-MDMA (3 mg/kg)
or saline (1 ml’kg; Figs. 1 and 2). As stated in Materials
and methods, this experiment was conducted in two
groups of animals, one of which received lower doses of
SCH 23390 (3.125, 6.25 pgkg) and the other which
received higher doses of SCH 23390 (12.5, 25, 50 ugkg).
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Statistical analyses comparing the total horizontal or
vertical activity counts of the lower dose and higher
dose groups determined that there were no significant
differences in the levels of horizontal [F(1,13)=0.65,
P=0.44] or vertical activity [F{1,13)=0.01, P=0.92] for the
Sal/Sal rats in the two groups, nor was there a significant
difference in the levels of horizontal [F(1,13)=0.38,
P=0.55] or vertical activity [F(1,13)=0.06, P=0.81] for
the Sal/(+)-MDMA rats between the two groups (P=0.05).
Therefore, data from the two groups were pooled and the
mean total horizontal or vertical activity counts for all Sal/
Sal (n=14) or Sal’MDMA (n=14) treated rats served as the
comparison for tests of all doses of SCH 23390,

There was a main effect of drug treatment observed for
both total horizontal [F(11,97)=24.22, P<0.01] and verti-
cal activity [F{11,97)=1282, P<0.01]. (+)}-MDMA sig-
nificantly increased both mean total horizontal (Fig. 1) and
vertical activity (Fig. 2) compared with saline (P<0.05).
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Fig. 1 Effects of the DyR antagonmist SCH 23390 on honzontal
hyperctivity induced by (+)-MDMA. A Datapoints are represented
as mean total honzontal activity (counts/90 mmn; SEM) in rats
pretreated with saline (Saf; 1 mlkg, SC; n=14) or 3CH 23390 (5CH;
3.125,6.25, 12.5, 25 or 50 pg/kg, 5C; n=6-8) followed by treatment
with saline (1 mlkg, 3C) or (+:-MDMA (3 mgkg, SC). B.C
Datapoints represent the timecourse for honzontal activity in 15-min
time bins ( SEM) across the 90-min session; pretreatment with saline
(1 mlkg, SC. circles) or SCH 23390 [3.125 (square), 6.25
(triangle), 12.5 (diamond), 25 (inverted triangle) or 50 pg'kg
(hexagon), 5C] followed by treatment with B saline (1 mlikg, 5C;
apen symbols) or C (+)}-MDMA (3 mg/kg, SC; closed symbals). The
asterisk (*) indicates activity levels significantly different (P<0.05)
from Sal/Sal controls. The carer (") indicates activity levels
significantly different (P<0.05) from Sal/(+)-MDMA controls
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Fig. 2 Effects of the DR antagonist SCH 23390 on vertical
hyperactivity induced by (+)-MDMA. A Datapoints are represented
as mean total vertical activity (counts9) min; SEM) in mats
pretreated with saline (Saf; 1 mlkg, SC; »=14) or SCH 23390
(SCH; 3,125, 6.25, 12.5, 25 or 50 pgkg, SC; r=6-8) followed by
treatment with saline (1 mUkg, SC) or (+)-MDMA (3 mg'kg, 5C). B,
C The datapoints represent the timecourse for vertical activity in 15-
min time bins (SEM) across the 90-min session; pretreatment with
saline (1 mlkg, SC; dreles) or SCH 23390 [3.125 (sgquare), 6.25
(triangle), 12.5 (diamond), 25 (mverted miangle) or 50 pgkg
(hexagon), 3C] followed by treatment with B saline (1 mlkg, SC;
apen symbaols) or C (+)-MDMA (3 mg/kg, SC; closed symbois). The
asterisk (¥) mdicates activity levels significantly different (P<0.05)
from Sal/Sal controls. The carefr (*) mdicates activity levels
significantly different (P<0.035) from Sal{(+)-MDMA controls

Pretreatment with all doses of SCH 23390 significantly
decreased (+)-MDMA-induced horizontal (Fig. 1) and
vertical hyperactivity (Fig. 2; P<0.05). While the two
lower doses of SCH 23390 (3.125 and 6.25 pg/'kg) did not
alter basal activity, the three higher doses (12.5, 25, 50 pg/
kg) significantly suppressed spontaneous horizontal
(Fig. 1) and vertical locomotor activity (Fig. 2) in addition
to blocking (+)-MDMA-induced hyperactivity (P<0.05).
The doses of 25 and 50 pg'kg of SCH 23390 prevented
the ability of (+)-MDMA to induce vertical activity; in
fact, levels of vertical activity seen were lower than basal
levels of vertical activity (Fig. 2; P<0.05).

A significant pretreatmentxtreatmentxtime interaction
was shown for horizontal [Fig. 1; F(25,599)=1.90,
P<0.05] and vertical activity [Fig. 2; F(25,599)=2.47,
P<(.05] separated into six different 15-min time bins
when comparing all doses of SCH 23390. Examination of
the timecourse revealed that the higher doses of
SCH 23390 (12,5, 25 and 50 pgkg) significantly

attenuated (+)-MDMA-evoked horizontal hyperactivity at
all time points (P<0.05; Fig. 1C), while the lower doses of
SCH 23390 (3.125, 6.25 pg'kg) suppressed (+)-MDMA-
induced horizontal hyperactivity from 30-90 min and 45—
00 min, respectively. Pretreatment with the lower doses of
SCH 23390 (3.125 and 6.25 pg'kg) had no effect upon
spontaneous horizontal activity, except for a significant
suppression of activity with 6.25 pg/kg at 60 min; higher
doses of SCH 23390 (12.5, 25 upgkg) significantly
decreased spontaneous horizontal activity during the first
60 min of the session except at the 45 and 30 min time
points, respectively, while the 50 pgkg dose of
SCH 23390 suppressed spontaneous horizontal activity
throughout the first 75 min of the session (Fig. 1B). All
doses of SCH 23390 significantly attenuated (+)-MDMA-
evoked wvertical activity at all time points (P<0.05;
Fig. 2C), except the lowest dose (3.125 ug/'kg) at which
a significant suppression was observed only at the 90-min
time point. Spontaneous vertical activity was suppressed
by all doses of SCH 23390 for the first 60 min of the
session, except for the lowest dose (3.125 pgkg), which
only suppressed basal vertical activity at the 15 min time
point (Fig. 2B).

Effects of D:R antagonist eticlopride on spontaneous
and (+ )-MDMA-evoked activity

Locomotor activity was assessed following pretreatment
with eticlopride (12.5, 25, 50 ugkg) or saline (1 ml'kg)
and treatment with (+)-MDMA (3 mgkg) or saline (1 ml/
kg; Figs. 3 and 4). There was a significant main effect of
treatment observed for both horizontal [F(7,63)=23.90,
P<0.01] and vertical activity [F(7,63)=9.80, P<0.01]. (+)-
MDMA significantly increased horizontal (Fig. 3) and
vertical activity (Fig. 4) when compared to control animals
(P<0.05). Pretreatment with all doses of eticlopride
significantly decreased (+)-MDMA-induced horizontal
(Fig. 3) and wvertical hyperactivity (Fig. 4; P<0.05).
Eticlopride significantly suppressed spontaneous horizon-
tal activity at the two higher doses (25 and 50 pg'kg), but
not at the lowest dose (12.5 ng'kg; Fig. 3); however, all of
the doses of eticlopride significantly suppressed sponta-
neous vertical activity (Fig. 4; P<0.05). As seen with the
higher doses of SCH 23390, levels of vertical activity
following 25 and 50 ug'kg eticlopride in combination with
(+)-MDMA were lower than basal levels of wvertical
activity (Fig. 4; P<0.05).

A significant pretreatment>treatment=<time interaction
was shown for horizontal [Fig. 3; F(15383)=2.36,
P<0.01] and wvertical activity [Fig. 4; F(15383)=4.03,
P<(.01] separated into six different 15-min time bins. All
doses of eticlopride were shown to significantly attenuate
(+)-MDMA-evoked horizontal (Fig. 3C) or wvertical
(Fig. 4C) hyperactivity at all time points except for the
lowest dose (12.5 pg'kg), which did not alter (+)-MDMA-
evoked wvertical activity during the initial 15 min of the
session. While the lowest dose (12.5 pug'kg) of eticlopride
only suppressed spontaneous horizontal activity at the 60-
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Fig. 3 Effects of the D;R antagonist eticlopride on horzontal
hyperactivity imduced by (++-MDMA. A The datapoints represent
mean total horizontal activity (counts'@0 min; SEM; n= &) in mats
pretreated with salme (Saf; | mlkg, 5C) or eticlopride (Eric; 12.5,
25 or 30 pgke, 3C) followed by treatment with saline (1 ml/kg, SC)
or (+}-MDMA (3 mgkg, S5C). B,C The datapoints represent
timecourse for honzontal activity in 15-min time bins { SEM) across
the 90-min session; pretreatment with saline (1 mlkg, SC, cireles) or
eticlopride [12.5 (triangle), 25 (diamond) or 50 ug'kg (square), SC]
followed by treatment with B saline (1 mlkg, 3C; apen symbols) or
C (+)-MDMA (3 me'kg, SC; closed symbols). The asterisk (*)
indicates activity levels \lgmilcantly different (P<0.05) from Sal/Sal
controls. The carer (") indicates activity levels significantly ditferent
(P=<0.05) from Sal/(+)}-MDMA controls

min time point, pretreatment with 25 pg'ke and 50 pgkg
eticlopride significantly decreased spontaneous levels of
horizontal activity at 15, 60 and 90 min and at 15, 30, 60
and 90 min, respectively (Fig. 3B). Spontaneous vertical
activity was significantly suppressed by 50 pgkg
eticlopride at all time points and 25 pg/kg at all but the
45 min time point, while the lowest dose (12.5 ng'kg) of
eticlopride suppressed vertical activity at all time points
except 30 and 75 min (P<0.05; Fig. 4B).

Drug discrimination experiments
{+)-MDMA dose-response tests
The discrimination between (+)-MDMA (1.0 mg'kg) and

saling was acquired in an average of 32 sessions (range:
18-61). Throughout acquisition, response rates (£SEM)
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Fig. 4 Effects of the D;R antagonist eticlopnde on vertical

hyperactivity mduced by (+F-MDMA. A The datapomts represent
mean total vertical activity (counts'90 min; SEM; »=6-8) in rats
prefreated with saline (Saf; 1 mlkg, SC) or eticlopnde ( Eiic; 12.5,
25 or 30 pgke, 3C) followed by treatment with saline (1 mlkg, SC)
or (+}-MDMA (3 mgkg, SC). B.C The datapoints represent
timecourse for vertical activity in 15-min time bms (SEM) across
the 90-min session. Pretreatment with saline (1 mlkg, SC, circles)
or eticlopride [12.5 (#riangle), 25 (diamond) or 50 ug'kg (square),
3C] or followed by treatment with B salme (1 mlkg SC; apen
symbols) or C (+)-MDMA (3 mgkg, 5C; closed svmbafs] The
asterisk (*) ndicates activity levels ulgmhcantly different (p<0.05)
from  Sal/Sal controls. The caret (") indicates activity levels
significantly different (P<0.03) from Sal/(+)-MDMA controls

during (+)-MDMA sessions (31.12+1.05 responses/min)
were not significantly different from saline sessions (35.85
£1.18 responses/min). (+)}-MDMA (0.375-1.0 mgkg)
elicited a dose-related increase in (+)-MDMA -appropriate
responding (Fig. 5A, B), whereas saline administration
resulted in <10% (+)-MDMA-appropriate responding
(Fig. 5A, B). Response rates were stable across all test
doses of (+)-MDMA and did not differ from the response
rates observed on the previous maintenance days
(P<0.025; Fig. 5C, D).

Effects of the DR antagonist SCH 23390 and the D,R
antagonist eticlopride on the stimulus effects of (+)-
MDMA

Neither SCH 23390 (6.25 ug'keg) nor eticlopride (12.5 pg/
kg) mimicked (+)-MDMA, rather each drug produced
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Fig. 5 Effects of the D4R antagomst SCH 23390 and D-R
antagonist eticlopride in rats trained to discriminate (+)-MDMA,
Datapoints represent mean (SEM) AB percentage of (+)-MDMA-
lever responses (closed symbols) and C.D response rate (gpen
symbols) for substingion and combination tests with AC
SCH 23390 (3CH; 6.25 pg'kg IP; triangles) and BD eticlopnide
(Efic; 12.5 pg'kg, IP; sguares) in rats traned to discriminate (+)-
MDMA (1 mgkg, IP; cirdes) from saline. Data points for
substitution tests with saline (circles), SCH 23390 (wriangle) or
eticlopride (square) are represented by 0 mg/'kg dose of (+)-MDMA
on the x-axis. The number (n) of rats completing a FR 20 compared
with the number tested (V) is 1212, unless otherwise noted adjacent
to individual points. The asterisk  (*)  illustrates  datapoints
significantly different from performance following the respective
dose of (+)=-MDMA admmistration alone (P<0.05)

primarily saline-like responding (Fig. 5A, B). Response
rates  following administration of either SCH 23390
(6.25 pg'kg) or eticlopride (12.5 ugkg) were not
statistically different than the previous (+)-MDMA session
(Fig. 5C, D).

A two-way ANOVA revealed a significant pretreat-
ment=treatment interaction for the combination of DR
antagonist SCH 23390 (6.25 pgkg) with (+)-MDMA
(0.375-1.0 mgkg) on the percentage of (+)-MDMA-
appropriate lever responding [F(332)=3.58, P<0.05;
Fig. 5A)], but not on response rate [F(3,32)=1.77,
P=0.173; Fig. 5C]. Pretreatment with SCH 23390 was
shown to significantly attenuate (+)-MDMA-appropriate
lever responding when administered prior to (.75 and
1.0 mg'kg (+)-MDMA (P<0.05). Conversely, there was no
significant prefreatment>treatment interaction for the
combination of the D,;R antagonist eticlopride (12.5 pg/
kg) with (+)-MDMA (0.375-1.0 mg/kg) on the percentage

of (+)-MDMA-appropriate responding [F(3,26)=1.56,
P=0.223; Fig. 5B) or the response rate [F(3,26)=1.44,
P=0.255; Fig. 5D].

Although eticlopride (12.5 pg/kg) did not alter the
percentage of (+)-MDMA appropriate responding or
response rate in animals that completed the FR20, several
animals (n=1-3/test session) were excluded from the
analyses because they did not complete the FR20 in the
allotted 15-min period (Fig. 5B), sugeesting that the
combination of eticlopride with (+)-MDMA was moder-
ately disruptive to responding. SCH 23390 (625 ng'ks),
on the other hand, was disruptive to only one subject when
combined with (+)-MDMA (0.5 mg/kg; Fig. 5A). Experi-
ments emploving higher doses of SCH 23390 (12.5 ng'kg)
or eticlopride (25 pg'kg) in combination with the training
dose of (H)-MDMA (1 mg'kg) were discontinued upon
observation that these doses of the antagonists disrupted
responding in greater than 50% of subjects tested (data not
shown).

Discussion

The results of the present study support a role for DA
receptors in both the hypermotive and discriminative
stimulus effects of (+)-MDMA. In support of our hypoth-
esis, administration of the DR antagonist SCH 23390 or
the D;R antagonist eticlopride attenuated (+)-MDMA-
induced hyperactivity in a dose-related manner. While
most doses used in the present study also suppressed
spontaneous locomotor activity, lower doses of both
SCH 23390 (3.125 and 625 pgkg) and eticlopride
(12.5 ug/kg) attenuated (+)-MDMA-induced hyperactivity
without significantly altering basal locomotor activity.
Thus, the ability of DR and D:R antagonists to attenuate
(+)-MDMA-induced hyperactivity as demonstrated in the
present study extend the findings of Kehne and colleagues
(1996), suggesting that D;R and DR stimulation are
integral in the ability of (+)}-MDMA to elicit locomotor
hyperactivity. Based upon these results, a low dose of
SCH 23390 (6.25 pgkg) and eticlopride (12.5 pg/kg)
were chosen to determine the ability of these antagonists
to block or shift the dose-response curve for the stimulus
properties  of (H)-MDMA. SCH 23390 significantly
attenuated (+)-MDMA-appropriate responding, resulting
in a rightward shift in the (+)-MDMA dose-response
curve. Conversely, eticlopride had no effect upon (+)-
MDMA-appropriate responding; however, eticlopride
moderately disrupted overall lever-responding when
combined with any dose of (+)-MDMA tested. The lack
of an effect of a D,R antagonist on the discriminative
stimulus effects of (£)-MDMA has previously been
reported (Schechter 1989; Goodwin et al. 2003), although,
to our knowledge, this is the first report of a significant
attenuation of (+)-MDMA-appropriate responding by a
DyR antagonist, suggesting a role for DZR in the
discriminative stimulus properties of (+)-MDMA.

While much of the research investigating the mechan-
isms of action underlying the effects of MDMA have
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focused on the role of 5-HT and the 5-HT receptors
(Schechter 1989; Callaway et al. 1990; Baker et al. 1997;
Bankson and Cunningham 2001; Frankel and Cunning-
ham 2(03), the importance of DA in the behavioral effects
of MDMA has become increasingly evident. Early studies
demonstrated that 6-hydroxydopamine lesions of DA
terminals in the NAc were found to attenuate (+)-
MDMA-induced hyperactivity (Gold et al. 1989). As
validated here, both DR and D:R antagonists will also
attenuate (+)- (present study) or (£)-MDMA-induced
hyperactivity (Kehne et al. 1996). These results suggest
a fundamental role for the DA system, and in particular
DA in the NAc, in the locomotor activating effects of
MDMA. Studies discemning the role of DA in the
discriminative stimulus effects of MDMA, however, are
limited and the results vary depending upon the paradigm
used, the isomer chosen, and the time point of adminis-
tration (Baker et al. 1997, for review, see Cole and
Sumnall 2003). A DA component is suggested by the
observation that (£}-MDMA mimics the stimulus effects
of the DA releaser amphetamine (Glennon et al. 1988) and
vice versa (Oberlender and Nichols 1988; Schechter 1989;
but see Baker et al. 1997). Additionally, the present results
demonstrating that the DR antagonist SCH 23390 inter-
feres with the discriminative stimulus effects of (+)-
MDMA supplies further evidence for a role for DA in this
behavioral effect of (+)-MDMA.

On the other hand, the inability of the D:R antagonist
eticlopride to alter the stimulus effects of (+)-MDMA is in
keeping with previous reports (Schechter 1989; Goodwin
et al. 2003), all of which cumulatively suggest that the
D;R stimulation may not be an integral component of the
discriminative stimulus properties of (+)-MDMA. Inter-
estingly, the role of DA in the stimulus effects of MDMA
may be dependent upon the interval of time at which the
discrimination is trained relative to the injection of
MDMA. Schechter (1989) reported that in rats trained to
discriminate (£)-MDMA at a much longer time point
(105 min) after injection relative to that typically used
(20 min; present results; Schechter 1989; Goodwin et al.
2003), haloperido]l did attenuate (£)}-MDMA-appropriate
responding. Because there is some evidence to suggest that
the later time point coincides with the maximal (+)-
MDMA-evoked DA release (60120 min; Yamamoto and
Spanos 1988), it is possible that DR and D,R may play
differential roles time-locked to variant neurochemical
profiles seen after MDMA administration (Yamamoto and
Spanos 1988; Schechter 1989). Nonetheless, although
further investigation is required to elucidate the potential
contribution of D;R in the discriminative stimulus effects
of (+)-MDMA, the present results suggest that DR play a
prominent role in the discriminative properties of (+)-
MDMA.

While the present and previous studies (Gold et al.
1988; Kehne et al. 1996) suggest that DA receptors are
mvolved in the behavioral effects of MDMA, the
mechanistic contribution of different receptor subtypes in
the control of the hypermotive and discriminative stimulus
effects of MDMA has been difficult to decipher. Some of
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the difficulty may be due to a lack of selectivity of the
ligands employed for the DR versus D:R classes and/or
for the subtypes of receptors within the two classes. The
antagonists employed in the present study, while enabling
differentiation of the contribution of DyR versus D-R, do
not have the ability to distinguish between the individual
subtypes of receptors within the respective classes. For
example, the D:R antagonist eticlopride shows moderate
selectivity for Dz (K=0.07 nM; Lawler et al. 1999) over
Dy (K=113 nM; Hall et al. 1986) receptors but only
displays a slight preference for Ds versus Dy (K=0.36 nM)
or Dy receptors (Ki=64 nM; Lawler et al. 1999)
SCH 23390 on the other hand has preferential selectivity
for Dy (K=0.37 nM; Lawler et al. 1999) over D
(K;=2367 nM; Levant et al. 1992) but virtually no
selectivity over D5 receptors (K;=0.47 nM; Lawler et al.
1999). Thus, interpretation of the results of the present
study is limited to differentiation between the IR and
DR classes, but not within each class. As such, the
availability of more selective compounds for subtypes
within the DjR and D;R classes is necessary to fully
understand the contribution of each of the receptor
subtypes to the behavioral effects of (+)-MDMA.

In addition to a lack of selective ligands, another
obstacle in the quest for deciphering the individual actions
of DA receptor subtypes to control (+)-MDMA-induced
behaviors is the apparent synergism between DR and
D:R in elicitation of DA-related behaviors (for reviews,
see Waddington and O’ Boyle 1989; Jackson and Westlind-
Danielsson 1994). With regard to locomotor activation,
DR tone appears to be necessary in order to “enable”
D;R-mediated locomotor stimulation, whereas changes in
D;R tone can alter expression of DR agonist-induced
hypermotility (see Waddington and O’Boyle 1989). For
example, systemic or intra-N Ac administration of inactive
doses of the DR agonist SKF 38393 in combination with
suppressive doses of the DR agonists RU 24213 or
guinpirole, respectively, induced hyperactivity (Starr and
Starr  1987; Canales and Iversen 2000). Furthermore,
concurrent stimulation of DR and DR is required to
evoke locomotor stimulation in DA-depleted mice (Jack-
son and Hashizume 1986; but see Amt 1985), suggesting
that simultaneous activation of DR and D,R is important
in eliciting locomotor activation. In the present study, (+)-
MDMA-induced hyperactivity was blocked by adminis-
tration of either DR or D;R antagonists suggesting that
activation of both receptors are necessary to  elicit
hyperactivity. Furthermore, (+)-MDMA administered fol-
lowing the higher doses of SCH 23390 or eticlopride,
never evoked activity levels greater than baseline levels.
Thus, the inability of (+)-MDMA to elicit hyperactivity
following the higher doses of SCH 23390 or eticlopride
may be due to the lack of synergistic interactions of DR
and D;R when one or the other of the receptors is blocked
(see Waddington and O'Boyle 1989). These data further
speak to the importance of DyR and D-R in (+)-MDMA-
induced hyperactivity and support the theory that con-
comitant DR and D;R stimulation may be necessary for
elicitation of hyperactivity.
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A synergism between DR and D:R can also be inferred
from studies of the stimulus effects cocaine, d-amphet-
amine, and (+)- or (£)-MDMA. Coinciding with the
inhibitory actions of the DR antagonist SCH 23390 on
the recognition of the stimulus cue of (+)-MDMA
observed in the present study, SCH 23390 completely
blocked the discriminative cues for both cocaine and d-
amphetamine (Nielsen et al. 1989; Smith et al. 1989;
Callahan et al. 1991). Conversely, D)/R agonists produce
either partial or no substitution for cocaine or d-amphet-
amine (Nielsen et al. 1989; Smith et al. 1989; Callahan et
al. 1991). An opposite effect is observed for D:R ligands,
as LR antagonists do not consistently block cocaine or
(+)- or (£)-MDMA drug discrimination, (present study;
Schechter 1989; Callahan et al. 1994; Goodwin et al.
2003), while D-R agonists reliably substitute for both
cocaine and d-amphetamine (Smith et al. 1989; Callahan
et al. 1991). Thus, these results suggest that DjR may be
necessary, but not sufficient, to mimic the interoceptive
cues of cocaine and d-amphetamine (Callahan et al. 1994).
Furthermore, the inability of D,R antagonists to fully
antagonize the discriminative stimulus cues of psychosti-
mulants may be a result of underlying DR stimulation
that is retained in these conditions.

Both SCH 23390 and eticlopride suppressed spontane-
ous locomotor activity in a dose-related manner thereby
generating the potential of nonspecific behavioral compe-
tition between the suppressive effects of the antagonists
vs. the stimulatory effects of (+)-MDMA on locomotor
activity. However, examination of the results following
administration of the lower doses of the antagonists in the
locomotor activity experiments reveals that while 3.125
and 6.25 pgkg SCH 23390 and 12.5 pgkeg eticlopride
produced a modest, non-significant suppression of spon-
taneous locomotor activity (15%, 30%, and 31%,
respectively; see Figs 1A and 5A), these antagonists
significantly decreased (+)-MDMA-induced hyperactivity
by 39%, 40% and 51% for SCH 23390 at 3.125, 6.25 ng/
kg and eticlopride at 12.5 pgkg, respectively (see Figs 1A
and 5A). The greater degree of attenuation produced when
the antagonists were administered in combination with
(+)-MDMA suggests that the blockade of (+)}-MDMA-
induced hyperactivity at the lower doses of antagonists
was probably not a result of non-specific behavioral
suppression, but rather that both DR and D>R play a vital
role in the ability of (+)-MDMA to induce hvperactivity.
Results from the drug discrimination experiments con-
ducted with the DR antagonist SCH 23390 provide
further evidence of specific actions of DA receptors in the
behavioral effects of (+)-MDMA. The 6.25 ngkg dose of
SCH 23390 was demonstrated to significantly reduce (+)-
MDMA-appropriate responding, without altering rates of
responding and causing only slight disruption of respond-
ing. These results suggest that the effects of SCH 23390
on (+)-MDMA appropriate responding are due to the
ability of DR antagonism to alter the discriminative
stimulus properties of (+)-MDMA, and not interference
with responding due to the suppressive effects of the drug.

An unusual finding in the present study was that (+)-
MDMA  consistently and robustly enhanced vertical
(rearing) activity, since (+)-MDMA is most commonly
reported to suppress or have no effect on vertical activity
(Callaway et al. 1990; McCreary et al. 1999; Bankson and
Cunningham 2002). This consistent and robust enhance-
ment of vertical activity by (+)-MDMA was, however,
blocked by administration of either the D/R or D:R
antagonists. Interestingly, the suppressant effects of the
higher doses (25 and 50 pg) of SCH 23390 or eticlopride
on vertical activity were so intense that (+)-MDMA-
evoked vertical activity was significantly lower than that
seen in saline treated conirols. These data suggest that both
D4R and D;R activation are necessary to maintain normal
rearing activity as well as to induce vertical hyperactivity
upon (+)-MDMA administration.

While enhancement of vertical activity by (+)-MDMA
is not commonly observed, several studies have reported
that suppression of vertical activity occurred only within
the first 30 min following (+)>-MDMA administration
(Callaway et al. 1990); Gold et al. 1988), as was the case in
the present study (Figs 4D and 5C). Furthermore, in
addition to the enhanced vertical activity observed in the
present study, increases in vertical activity have previously
been reported following injection of (+)-MDMA directly
into the NAc (Callaway and Geyer 1992) and following
systemic (+)-MDMA administration in combination with a
5-HT>cR antagonist (Bankson and Cunningham 2002).
Unfortunately, the reasons underlying the inconsistencies
in the vertical activity response to (+)-MDMA adminis-
tration are not fully understood.

This phenomenon may be due to behavioral competition
between the stimulation of wvertical activity and the
induction of the 5-HT syndrome by (+)-MDMA. The 5-
HT syndrome is characterized, among other effects, by flat
body posture and splayed hind limbs (Spanos and
Yamamoto 1989). The presence of these components of
the 5-HT syndrome may interfere with the ability of the rat
to stand on its hind-legs (rear), thereby revealing an
inverse relationship between expression of flat body
posture and rearing. Indeed, individual differences in
response to administration of (+)}-MDMA are observed
with rearing seen less frequently in animals exhibiting flat
body posture (unpublished observations; data not shown).
While flat body posture is consistently observed following
administration of the current dose (3 mgkg, SC) of (+)-
MDMA, the intensity and duration of the effect appears to
vary among individual rats, with some animals displaying
flat body posture throughout the duration of the test
session and others only for approximately the first 30 min
following adminisiration (unpublished observations).
Thus, the ability of (+)-MDMA to induce vertical activity
may vary depending on the extent of the induction of 5-
HT syndrome, and in particular flat body posture. [n the
present study, seven out of 22 Sal-MDMA treated rats
displayed flat body posture; however, only one rat
continued to express the behavior after the initial 30-min
period (data not shown). Thus the low incidence of flat
body posture observed in the present study may have
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contributed to the ability of (+)}-MDMA o enhance
vertical activity.

In conclusion, the present study suggests that DA DR
and D;R play critical roles in the expression of basal and
(+-MDMA-induced horizontal and vertical hyperactivity
and furthermore that ;R also contribute to the discrimi-
native stimulus properties of (+)}-MDMA. These findings
combined with previous reports of the importance of 5-HT
in the behavioral effects of (+)-MDMA lends favor to a
role for 5-HT-DA interactions in the mechanisms of
MDMA action (for review, see Bankson and Cunningham
2001). However, the nature of 5-HT-DA interactions,
which has only begun to be characterized, appears to be
extremely complex, and may reveal that these two
neurotransmitter systems are highly interdependent (see
Gudelsky and Nash 1996; Bankson and Cunningham
2001). Future studies investigating the nature of this
interaction as well as studies determining the contribution
of specific DA receptor subtypes within the DR~ and
D:;R-like classes will further elucidate the role of these
systems in the behavioral effects of (+)-MDMA.
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ABSTRACT

The role of serotonin (5-hydroxytryptamine; 5-HT) 5-HT., receptor
subtypes (5-HT,,R, 5-HT.gR, and 5-HT.-R) in acute cocaine-
evoked hyperactivity was compared with their contribution to the
development and expression of locomotor sensitization upon re-
peated, intermittent treatment with cocaine (10 mg/kg/day for 5
days) in male Wistar rats. Cocaine-evoked hyperactivity was sig-
nificantly enhanced by pretreatment with the preferential 5-HT, R
agonist 1-{2,5-dimethoxy-4 -iodophenyl}-2 -aminopropane (DOI)
and the 5-HT.-.R antagonist SDZ SER-082 [[+)-cis-
4,5,7a,8,9,10,11,11a-octahydro-7H-10-methylindolo(1,7-
BC){2,6) naphthyridine fumarate]. The 5-HT,,R antagonist SR
463498 [1(2)-[2-(dimethylamino)ethoxyimino]-1({2-fluorophe-
nyl)-3-(4-hydroxyphenyl}-2(E)-propene] and the preferential
5-HT.cR agonist MK 212 [6-chloro-2-{1-piperazinyljpyrazine
HCI] (2 mg/kg) significantly attenuated acute cocaine-evoked
hyperactivity; however, a lower dose of MK 212 (0.3 mg/kg)
enhanced cocaine-avoked hyperactivity. The 5-HT_gR agonist
BW 723C86 (1-[5-(2-thienylmethoxy)-1H-3-indolyl]propan-2-

amine HCI) and the 5-HT,gR antagonist SB 204741 [N-(1-
methyl-5-indolyl)-N'-(3-methyl- 5-isothiazolyl) urea] had no ef-
fect on cocaine-evoked hyperactivity. Repeated treatment with
cocaine alone resulted in a 2-fold increase in hyperactivity upon
challenge with cocaine 5 days after termination of the cocaine
regimen (sensitization). The 5-HT,,R antagonist SR 463488
also blocked cocaine-evoked hyperactivity following repeated
cocaine treatment, whereas the other 5-HT.R ligands were
ineffective. When any of the 5-HT.R ligands was coadminis-
tered with cocaine during the treatment regimen (10 mg/kg/day
for 5 days), the development of sensitization was unchanged as
measured by the level of cocaine-evoked hyperactivity upon
challenge 5 days after termination of the treatment. The present
study implies that 5-HT,.R and 5-HT.-R exert oppositional
influence upon hyperactivity evoked by acute administration of
cocaine; this balance is altered following repeated cocaine
administration.

Cocaine enhances dopamine (DA), serotonin (3-hydroxy-
tryptamine; 5-HT), and norepinephrine neurctransmiszsion
through inhibition of their respective reuptake inhibitors
(Koe, 1976). Enhancement of DA, particularly within the DA
mesoaccumbens “reward”) pathway, is important in the lo-
comotor-stimulant, reinforcing, and discriminative stimulus

This research was supported by grants from the U.5.-Poland Joint Commizsion
Maria Sklodowska Curie Fund, the onal Institute on Drug Abuss [[DA 06511
(HAC), DA 00260 (KAC), DA 8 (MJB., and the statutory activity of the
Institute of Pharmaclogy Polish Academy of Sciences in Krakow.
tion date, and citation information can be found at

effects of cocaine (Pettit el al., 1984; Delfs et al., 1990 Callahan
el al., 19971, However, the 5-HT system has also been shown to
play a vital role in the modulation of DA mesoaccumbens path-
ways (Schiidt et al., 1992; De Deurwaerdere and Spampinato,
1904; Di Matteo et al., 1889; Gobert et al., 20007 and has heen
implicated in the mediation of cocaine-evoked behaviors, includ-
ing cocaine-induced hyperactivity (McCreary and Cunningham,
1999; McMahon and Cunningham, 2001; McMahon et al.,
1; Filip and Cunningham, 2002, 2003; Fletcher et al., 200
Bubar et al 0.

The 5-HT,, receptor ¢ 5-HT, .0 and the 5-HT, R appear to
have opposing influences on DA neurctransmission and psy-

ABBREVIATIONS: DA, dopamine; 5-HT, 5-hydroxytryptamine, serotonin; 5-HT.R, serotonin, receptor; SR 483498, 1(Z)-[2-(dimethylamino)e-
thouyimino]-1{2-fluoro phenyl)-3-(4-hyd roxyphenyl)-2(E)-propene; MK 212, 6-chloro-2-(1 -piparazinylipyrazine HGI; DOI, 1-(2,5-dimethowy-4-iodo-
phenyl)-2-aminopropane; SDZ SER-082, (+)-ci=-4,5,7a,8,9,10,11 11a-octahydro-7H-10-methylindolo(1,7-BC)(2,6) naphthyridine fumarate; BW
723C86E, 1-[5-12-thienylmethoxy)-1H-3-indolyllpropan-2-amine HCI; SB 204741, N-(1-methyl-5-indolyl)-N' -(3-methyl-5-iscthiazolyl) urea; ANOVA,
analysis of variance; M100807, A-(+)-(2 3-dimeth oxyphenyl)-1-[2-{4-fluorophenylethyl)]-4-piperidine-methanol; SB 242084, 6-chloro-5-methyl-1-
[[2-(2-methylpyridyl-3-oxy)-pyrid-5-yllcarbamoyllindoline; SB 206553, N-3-pyridinyl-3,5-dihydro-5-methyl-benzo(1,2-0:4,5-b")dipyrrole-1{2H)-
carboxamide hydrochloride; GABA, y-aminobutyric acid; NAc, nucleus accumbens; PFC, prefrontal cortex; VTA, ventral tegmental area.

3 Reﬂ%#lted with permission of the American Society for Pharmacology and Experimental Therapeutics.
All rights reserved.
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chostimulant-evoked behaviors, Microdialysis assays suggest
that the 5-HT,, R can enhance DA neurctransmission under
“stimulated” conditions such as after amphetamine adminis-
tration (Schmidt et al., 1992} or dorsal raphe nucleus stimu-
lation (De Deurwaerders and Spampinato, 19899, whereas
the 5-HT,.R appears to exert inhibitory control over brain
DA pathways (De Deurwaerdere and Spampinato, 1990; i
Matteo et al., 1999; Gobert et al.,, 20000, In keeping with a
potentiative role for the 5-HT,,R over DA mesoaccumbens
cireuits, 5-HTy, B antagonists have been shown to block the
hyperlocomotor (Filip et al., 2001; McMahon and Cunning-
ham, 2001} and discriminative ts (McMahon

stimulus effec
and Cunningham, 2001; but see Callahan and Cunningham,
1605; Meert and Janssen, 1992, as well as relapse Lo self-
administration evoked by cocaine (Fletcher et al., 21, Con-
versely, systemic administration of brain-penetrant 5-HT,-R
antagonists has been shown to potentiate these same behav-
ioral effects of cocaine (MeCreary and Cunningham, 1999;
Fletcher et al. These data suggest that the 5-HT,R
family may be functional and opposgitional regulators of the
neural substrates that control responsiveness to cocaine.

Modifications in serotonin function may be involved in the
= “behavioral sensitization” (Cunning-
h.uu et .1[ 1992: Filip et al.,, 2001; Przegalinski et al., 2001).
Behavioral sensitization is the enhancement of locomotor
hyperactivity and stereotypies demonstrated upon challenge
with cocaine during withdrawal from repeated, intermittent
cocaine administration (for review, see Vanderschuren and
Kalivas, 2000). This behavioral model has been used exten-
sively to analyze the neural modifications associated with
chronic cocaine exposure and withdrawal (White and Kali-
vas, 19955,

The present series of experiments was conducted to com-
pare the ability of selective agonists and anlagonists for
specific 5-HT,R sublypes to modulate locomotor activity
evoked by acute cocaine adminiztration versus their ability to
modulate the acquisition or expression of locomotor sensitl-
zation Lo cocaine. A repeated cocaine treatment regimen of 10
mgkg/day for & days has previously been shown to induce
locomotor sensitization when expression is measured 5 d
after the last treatment injection (Filip et al., 2001; Praeg:
lingki et al., 20015 To examine the ability of the 5-HT,R
ligands 1lter o i n ool cocaine sensitizgation, the li-
gands were administered before each daily injection of co-
caine during the repeated treatment regimen, whereas the
ahility of the 5-HT R ligands to alter expre n of sensitiza
tion was determined via adminiztration of the ligands before
challenge with cocaine 5 days after the termination of re-
peated cocaine treatment. We hypothesized that the selective

TABLE 1
Affinity (K, nMyof lizands for 5-HT,R subtypes

1247

5-HTy, 0 antagonist SKE 463498 and the preferential
5-HT,-R agonist MK 212 would limit acute cocaine (10 mg/
kgi-evoked hyperactivity and the development and/or expr
sion of =ensitization to cocaine, whereas the preferential
5-HT,, K agonist  1-02.5-dimethoxy-4-iodophenyli-2-amin-
opropane (DOL) and the selective 5-HT,.R antagonist SDZ
2 were expected to enhance these cocaine-evoked be-
. Although DOT has moderate affinity for all three
5-HT,R =ubtypes (see Table 1), the effects of DO on acute
neaine-evoked hyperactivity are thought to be primarily me-
ted by the 5-HT,, R, =ince the behavioral effectz of DOI

2.,owet dog shakes) are preferentially blocked by 5-HT, R,
but not 5-HT, el antagonists (Kennett, 1993; Schreiber et
al., 1995). Since 5-HT,zR expression in the brain is low
(Duxon et al., 1997y, the 5-HTyplt agonist BW 723086 and
the 5-HT,,R antagonist SB 204741 were predicted to have
little or no effect on acute cocaine-evoked hyperactivity or
cocaine sensitization.

Ga-

Materials and Methods

Animals
Male Wistar rats (n = 532 Institut [ Pharmacology Polish
Academy of Seiences, Krakow, Poland) weighing 250 to 270 g at the

dght
0 em)
o humidity
and had contin-
t during exy nen-
1 during the light p
Y and PM) and were
National Institutes of Health
Animals and with approval
smpliant with the Polish Law (21

beginning of the experiment w . The rats were housec
per cage in standard plastic rodent cages

ny reom maintained at 21 £ 2°C an

e LLEE

Je (hetween O
+ with the

of the light/dark o
carried out in e
Guide for the C: [
from the Bisethics Commission as o
August 19971

Drugs
The
the supplior,
BW T23C

following drugs, their full ¢
and the rout injection, v, W vE
[15-(2-thienylmethoxy - 1H-S-indalyl propan-Z-amine
HCL, T son, Bristol, UK: ip.]. cocaine HCL (Merck, Darm-
stadt, Germa P, DOL 1402 5-dimethoxy-4-iadophen;

apropane HCL Sigma-Aldrich, St Louis, MO; ip], MK 212 [&-chloro-
2-i 1-piperazinylipyrazine ]][ l: Toc 1 oLp). SB 20
IN=i 1-methy -5-indol sothiazolvl)  urea;  Tocris
i 1.9,10,11 1 1a-octahydro-
dine fumarate; Toeris
[ 124 dimethylamino ethoxy-
20 Epropens; Sanofi-
e.|. To achieve dissolution. DOT, MK 212,
lved in saline (0,979 NaCl, BW 723086

en relevanty,
v as follows:

ris

s ool

methyvlindolof1.7-BOY2.6) naphthy
n: ip.l. and SR 463498
imino]-10 2-Nuorophenyl -3-404 - hydroxyphen;
Swithel: Pari ;
and SI

Receptor Subtype

Ligand Reference
5-HT,, R 5-HTyR 5-HTycR
BW 724C86 =3891 12 125 Baxter et al. (1995)
Dol agt 157 Kennett (1993)
\[K 212 1258 630 Kennett (1993)
i 15 =1000 Baxter et al. (1995)

SH 5.8° =100 120" Rinaldi-Carmona et al. (1992}
SDZ SER-082 aa0° 58 15" MNozulak et al. (1995)

# ECg;, (nM).
P10, mM).
* K inbl,
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aolution, and
SR 1{'1'3-19[3 v lved in two te three drop and diluted
ag required in distilled water, All drags were injected in a volume of
vere chosen bazed upon their functional
at a particular 5-HT R {Cunningham et al., 1986; Rinaldi
Carmena et al., 19 Schreiber et al, 1895; Kennett ot al., 19
Gohert ot al the affinity profiles for each of the 5
ligands are presented in Table 1.

Apparatus

as monitorad and quantified in elear Plexi-
= (43 cm o ® 48 em o ® 25 em) housed inside Opto-
Varimex activity monitors surrounded with a 15 »x 15 array of
photocell heams located & em from the floor surface (Columbus
Instruments, Columbus, OHL Interruptic of these photobeams
rosultad 1n horizontal activity defined distance t lod (ox-
preszod in contimeters). Records of horizontal activity were made
by the control software (Columbus Instruments) for subsequent
statistical evaluation.

Procedures

Effects of 5-HT:R Ligands on Acute Cocaine-Evoled Loco-
motor Activity. Rats wers habituated to the test environment for 2
‘day on each of the 2 days before the start of the experiment, and on
“h test day for 1 h before the start of the test session. Animals were
d only one time, and geparate groups of animals (n = Slaroup)
pretreated with either the 5-HTgaR agonist DOLO1-1 mgke),
5-HTaalR antagonist SH 463498 (0.25-1 mg'keg). 5-HTapR azonist
BW 728056 (810 mg'kgi, 5-HTpR antagonist SB 204741 1-2 mg/
kg, 5-HTu:R ago st MK 212 (001-2 mglg), 5- ][']z: R antagonist
sShiE SER-C 5-1 mg'kg), or the appr vehicle 30 min
(DOL, BW 728086, MK 212, SDY. SE] 21 or 40 min (SR 463498, 5B
2047410 bef i 1. |- treatment injection of either saline (1 mlkg) or
cosaine (100 m . Measurements of locomotor activity began im-
mediataly after llu- second izaline or cocaine ) injection and lasted &0
min.

Effects of 5-HT:R Ligands on the Acquisi

tion of Behavioral

Sensitization to Cocaine. On each day for 3 consecutive dayvs, rats
(= flgroup) were removed from their home cage, weighed, and
11 ith either 1O (0.1-1 mgfke). SH AG2491 1 mg'kgl,
BW ( H[w i l—l" mglgl, SB 204741 (1-53 mg'kgl, \[]\ 212 (0.1-2

their home
aine (10
o, Control

o and returned to
its roceived an injection

mg'ket, or
a0 t
mg'ked and
rate (n = Sfgroupd were injected with the appropriate vehicle (1
: can injection of saline (1 mlke) ¢
aine (10 mglke) e: - for & consecutive davs in
manner. All injections -.L|||uI between 10:30 AM and 1.
days 3 and 4 following the last repeated ini- ction, rats were habit-
uated to the test environment fi . On the Sth day after the
last repeated injection, rats were |1;1I|ilu\1h|| to the test environment
for 40 min. The rats were then removed from the test environment to
receive a challenge of cocaine (10 mgfdig) and immediat returned
to the test environment, and loeomotor activity was recorded for 60
min. Each rat underwent only one test session.
Effects of 5-HT:R Ligands on the Expression of Behavioral
Sensitization to Coeaine, Rats (n = Bgroup) were removed from
their home waighed, and injec with wehicle (1 mlfkgi or

cagel

a similar
PM. On

cocaine (10 m iand immediately returned to their home cago
cach day for All injeetis b AM and
P PML Omod Pand 4 fo ction, rats

: habituated to the test environment for 2 hiday. On the Sth day
aftor the last repe jo » habituated to the test

environment after 1 h
ction of an & riate
195 (0,251 mg'kg ), BW
41013 mg'kgy, MK 2120012 mg'kg),

ironment and bris

o
of habituation to rec
viehicle (1 mbfdegy, DO 0. 1-1 mg'lkegl, SR 4654

v a pretreatment i

722086 (3-10 mg'ke), SB 2

w SOF SER-082 (0.
ment. Thirty minutes (DO], BW
40 min later (SR 483498, =SB
treatment injection of either
and : returned to the
activity recorded for 6

SOEE100.

JOEG, MK 212, SDZ SE
741y, the rats received an i,
iline (1 mlkg) or eocaine (10 mg/kg)
stoenvironment, and their locomotor
min. Each rat underwent only one test

Data Analysis

acute adminigtration of 5-HT,R
ligands on ¢ ractivity, data are presented as
mean horizontal distance traveled in centimeters (S E.M.) for the
Glimin ohservation perind. The data were analvzed using a two-way
ana ance (ANOVAY for the factors of pretreatment [0
mg'kg (ie., vehicle) and different doses of the 5-HT4R ligand]. treat-
ment i 10 mg'kg cocaine), and the pretreatment x treatment
interaction. The Student-Newman-Keuls procedure was used to an-
alvze preplanned. vige com] all comparizons were con-
ducted with rimen bwi i rate of o =

For the sensitization experiments, the «
horizontal activity (mean total distance trav
ahaerved during the G0-min challenge test
ated treatment. Because group comparisons on challenge
specificallv defined before the start of the exporiment, the
planned comparizons were condueted in lieu of an overall Ftest ina
mulifactorial ANOVA; this analvsis has been supported in a number
of statistical texts ( . Each experiment we
joeted tooa one-way the treatment fac
corresponding to the ini
e |lh- r during the r

i the effe
Aine-indues

For analy 2 of

lvsis of ve

1=0ns;

an e

led in em *= S,
5 days after the

2 sub-

tion of
ne treatn

il treatment regimen {acquisi
00} or LI|IIII1 challenge 5 days after repeated
asion of tizationy. Subsequent a priori comp
I IMeans |l||nunl|nw chanzes from baseline activity for hori-
tal activity wore made using a Student’s § test (SAS for Wind:
o0 8.1 SAS Institute, Cary, NCY, which » oo |'||IL|LluI‘\|lI1.m
experimentwise error rate of w = |

isons be-

Results

Hyperactivity Induced by Acute Cocaine Administration

Effects of the 5-HT,,R Agonist DOI on Cocaine-In-
duced Hyperactivity. A main effect of pretreatment (F, o4
= 4.94, p < 0.01), treatment (/' ; = 42,12, p < 0.00

retreatment = treatment interaction (Fy 5, = 2.90

ved for total horizontal activity summed across the
1-h session. DOT (0.1-1 mg'kg) administered before a sys-
temic saline injection did not alter basal locomotor activity
Pretreatment with DO dose dependently in-
tr«m-tl the horizontal activity induced by cocaine (10 mg/kg),
reaching significance at the highest dose (1 mg/kg) of DOI
tested (p )5, Fig. 1AL

Effects of the 5-HT, R Antagonist SR 463498 on Co-
caine-Induced Hyperactivity. A main effect of pretreat-
ment (Fy 5 = 6.99, p < 0.001), treatment (F, ; = 28,49, p <
0.001), and a pretreatment > treatment interaction (Fy o5 =
) was observed for total horizontal activity
summed across the 1-h session. Pretreatment with SR
463498 (0 1 mg/kg) dose lr-[-umlunLh attenuated cocaine-
induced horizontal activity (p < 0.05); activity levels ob-
served following j]JY.‘Ltf.‘\ILl]]l'nl wilh 1 mg'kg SR 463498 were
significantly 00 [15_, 1B to levels that
were not significantly different I't'--m vehicle + =2aline controls
SR 4623498 (0.25-1 mg'kg) tested alone did not
significantly alter bazal locomotor activity (p = 0.05),

2 oha

2,05, p =< (

ased (po<

p = 0,05,
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— 6000 1 A 5-HT,5R Agonist DOI

=

E *pcﬂﬁﬁvs VEH-SAL A

g 4000 o A p< 0,05 vs, VEH-COC

E

S 2000 %

b=

s | m—eag I -

g VEH DOl DOl DOl VEH DOI DOl DOI

= SAL 01 03 1 cOC 01 03 1

@ SAL SAL SAL coc coc coc

g

% 6000 1B 5-HT,4R Antagonist SR 46349B

2

= 4000

-

s 2000

H - 4 4 A

T ) [ 7] prom pfm - @ E =
VEH SR SR SR VEH SR SR SR
SAL 025 05 1 €COC 025 05 1

SAL SAL SAL CoC CcoC coc

i. Bagal and cocaine-cvolked hyperactivity following pretreatment
with the 5-HT, R ligands. Data reprezent the mean horizontal distance
traveled ( +5. ]' i ammed over the G0-min recording pericd after injec-
tion of vehicle (VEH) or the 5- HT, R agonist DOT (0.1 cor 1 melg
(A), or VEH or the 5-HT,, I antagomst SK 463498 (SR; . 0.5 n|' I
kg (B) followed by an |n|u 1on of zaline (SAL)Y or cocaine (COC;

i, Data points represent the mean of data I|nm olght rats, =, ;J =
0.05 versus VEH-SAL: » B = 0,06 versus VEH-COC

Effects of the 5-HT,,R Agonist BW 723C86 on Co-
caine-Induced Hyperactivity. A main effect of treatment
. L0O01), but not pretreatment (7, 4, = 1.67,
ra pretreatment = treatment interaction (8, ,, =
1.58, wags observed for total horizontal aclivity
summed across the 1-h session. Neither of the doses of BW
T2308H6 1 i
cocaine-induced horizontal activity (p =

0.05),

Fig. 2A).

Effects of the 5-HT,,R Antagonist SB 204741 on Co-
caine-Induced Hyperactivity. A main effect of treatment
(5 =42.00, p < 0.001), but not pretreatment (Fy 45 = 0.04,
A a pretreatment = treatment interaction (Fy . =
(.33, | wags observed for total horizontal aclivity
summed across the 1-h session. Neither of the doses of SB
204741 (1 and 2 mg/kg) significantly altered basal or cocaine-
induced horizontal activity (p = 0.05; Fig. 2B).

Effects of 5-HT, R Agonist MK 212 on Cocaine-In-
duced Hyperactivity. A main effect of pretreatment (7, 4,
08, p =< 0.01), treatment (/) o = 44,38, p < 0,001 da
pretreatment < treatment interaction (/) 4 = 4.28,
was obzerved for total horizontal activily summed across the
1-h session. Pretreatment with 0.3 mg/kg MK 212 enhanced
cocaine-induced horizontal activity (p < whereas 2
mg'kg MK 212 significantly reduced cocaine-induced in-
creases in locomotor activiby (p < 0.05) to levels that were not
significantly different from vehicle + =aline controls (p =
0.05; Fig. 3A) However, 2 mg/kg MK 212 ‘-lffnJ[JL.ll'll.J\ re-
duced basal locomotor activity (p s Fig. 3A)

Effects of the 5-HT, R Antagonist SDZ SER-082 on
Cocaine-Induced Hs,peractluw A main effect of pre-
treatment (Fy 5 = 1597, p << 0.01), treatment (/) , = 64.25,
p o= 0.001), and a pu-lu-umr nt ¥ treatment interaction

= 1732 p < 0.0

] 101y was observed for total horizontal

)

= 0.05),

0.05),
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8000 1 A
* b < 0.05 vs. VEH-SAL
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n<umnut|n\t| l|‘|t :,.] min |cm|tl|n o e ||nt| 1lh| |n|u||nn
of ve (W ,[[|n| the 5-HT,, R agonist BW 723086 (BW; 3 or 10 mglg (A,
or VEH or the 5-HT,, I antag rnn|<| SE 204741 (SB; 1 or 8 mglee i Bl fallowed
by an injection of saline (SALY or cocaine (COC; 10 mghkg). Data points
represent the mean of data from eight rats, =, p = 0,05 versus VEH-SAL.

= 800A 5-HT,cR Agonist MK 212

'E * p<0.06 vs. VEH-SAL -

9 W01 Ap<oosva VEH-COC

E

L 2000

=

2

d 0 .

2 VEH MK MK MK MK VEH MK MK MK MK

= SAL 01 03 1 2 COC 01 03 1 2

3 SAL SAL SAL SAL cOC COC COC coc

5

B 90018

a

= 4000

2

| =

8 2000

‘E

=]

=
VEH SDZ SDZ SDZ VEH SDZ SDZ 8DZ
SAL 025 05 1 coc 025 05 1

SAL SAL SAL cOC €oC €Ooc

Fig. 3. Basal and cocaine-svoked hyperactivity following pretreatment
with the 5-HT. .1 ligands. Data reprozent the mean herizontal distance
traveled (=5 i sumimed over the 60-min recording period after mjec-
tion of vehiele (VEHD or the 5-HT, It agonist MK 212 (ME: 0.1, 0.3, 1 or
2 mglkg) (A), or VEH or the 5-HTy:R antagonist SDZ SER-082 (SDZ;
0.25, 0.5 or 1 mglkg) (B) followed by an injection of saline (SALYor cocaine
(COC; 10 mgkg). Data pointa represent the mean of data from eight rats.
. p = 005 varsug VEH-SAL; », p < 0.05 verauz VEH-COC.

activity summed across the 1-h seszion. Pretreatment with
SDZ SER-082 increased the horizontal activity induced by
cocaine (10 mg'kg) in a doze-dependent manner: a significant
enhancement was observed after 1 mg/kg SDZ SER-082 (p <
0.001: Fig. 3B SDZ SER-082 (0.25-1 mg/kg) did not alter
bazal locomotor activity (p = 0.05
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TABLE 2

Effects of the 5-HT,R ligands on the development of cocaine zensitization

Rats were treated repeatedly with vehiele (VEH) + ealine (SAL), vehicle + coeaine (COC; 10 mp'dkg), or a 5-HT,R ligand + coeaine (10 mglegi for 5 days. Five daye aftar
termination of the repeated regimen, rats were challenged with coeaine (10 mg'kg) and loccmotor activity was measured. Data points reprezent the mean horizontal distance

traveled (em = S.EM.; 8 rata/group) in response to the coeaine challenge.

Repeated Treatment Distanee Traveled

Repeated Treatment Diztance Travelsd

em x S.EM
VEH/SAL 8971 = 184
VEH/COC 4168 + 527"
DOT 0.1/COC
Dot o ocC
DOT 1.0/C0C

H 1+ 1+

VEH/SAL

3 30T 00
i 10.0/C0C

MK 212 20000

o = SEM

41 1.0/COC
41 2.0CO0

SDE SER-082
SDE SER-082

AT46 + 12157

“p = 0.05 vs. VEH/SAL.

Cocaine Sensitization

Rals repeatedly treated with cocaine (5 days) displaye
~2-fold increase in locomotor activity when challenged with
cocaine (10 mg/kg) 5 days after the last treatment injection
comparad with the effect of the acute injection of cocaine (10
mg/kg) in vehicle-treated (5 days) rats (Table 2; Figs. 4-6),

8000 1 o
6000 = =

£ 4000
£
2
= 2000
5
; i} K X I Pt R R o]
% 0 0 0.1 0.3 1.0
z 5-HT,4R agonist DOI (mg/kg)
~ + Cocaine (10 mg/kg)
@
Q
£ 80001 B * p< 0.05 vs. Repeated SAL - COC challenge
- # p< 0.05 vs. Repeated COC - COC challenge
- -
0O soo00
£
G 4000
N
g
T 2000

0

0 0
5-HT;4R antagonist SR 46349B (mg/kg)

+ Cocaine (10 mg/kg)

0.25 05 1.0

nge with 5-HT, ] ligandz + cocaine following the repeated
ocaine sensitization regimen. Rats were treated repeatedly with saline
(SAL; 1 ml/ pen barsi or cocane (COC; 10 mg'kg; hatched bars) once
aday for 5 days. Five days after the last repeated treatment, rats were
challenged with the 5-HT,, B agonist DOL (0, 0.1, 0.3, or 1.0 mghke) +
cocaine (10 mgkg) (A), or the LB antagonist SR 4654898 (0, 0.25,

o (B Diata points represent the mean

“ave + M.y over the 1-h recording period from
cight rats, =, p = 0,05 varsus repeated SAL-COC challenge group; #, p =<
0.05 versus repeated COC-COC challenge gronp.

=}

indicating that behavioral sensitization was detected at 5
days after termination of the repeated cocaine treatment
utilized in these experiments.

Effects of 5-HT,R Ligands on the Development of
Cocaine Sensitization. Rats received five daily pretreat-

8aoo

W

6000 T
4000
2000
0

1] Q 3 10

5-HT,gR agonist BW 723C86 (mg/kg)
+ Cocaine (10 mg/kg)

Horizontal Distance Traveled (cm/60 min)

8000 1 g *p< 0.05 vs. Repeated SAL - COC challenge
6000
4000
2000 1
0

0 0 1 3
5-HT,gR antagonist SB 204741 (mg/kg)
+ Cocaine (10 mg/kg)

. 5. Challenge with 5-HT5u ] ligands + cocame following the repeated
cocaine sensitization regimen. Rats were treated repeatedly with saline
(SAL; 1 mlkg; open bars) or cocaine (COC; 10 mgdke; hatched bars) ones
a day for 5 dava. Five davs following the last repeated treatment, rats
: challenged with [A] the 5-HTy:R agonist BW 723C88 0, 3 or 10
mgkg) + cocaine (10 mzkg), or [B] the 5-HT, ;] antagonist SB 204741 (0,
1, or 3 mghkg + cocame (10 mgfg). Data pomts represent the mean
horizontal distance traveled (= SEM.) over the 1-h recording period
fromm & rats, #, p = 0.05 versus repeated SAL-COC challenge gronp.
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8000 1 5 ] Repeated SAL
E53 Repeated COC
GO0
0
= 4000
£
]
= 2000
E
L
- X
% 0 0 0.1 03 1
H 5-HTzcR Agonist MK 212 (mg/kg)
- + Cocaine (10 mg/kg)
L]
Q
[
g 8000 1 B * b < 0,05 vs. Repeated SAL - COC challange
a # p < 0,06 vs. Repeated COC - COC challenge
* *
& s000
c
8
= 4000
=]
=
2000
1]

0.25 0.5 1

0 0

5-HT2cR Antagonist SDZ SER-082 (mg/kg)
+ Cocaine (10 mg/kg)

3. Challenge with 5- [[’['4.12 licandz + coeaime following the repeated
cocaine so n-|||m||nn regimen. Hats were troated repeatedly with aaline
. ||1 n barsi or cocaine (COC; 10 mg'dkg; hatched bars) once

: davs after the last repeated treatment, rata were
[he]”l g f[(| \'\Il|’l llu 5-HT. el agonist MK 212 (0, 0.1, 0.3, 1. or 2 mg/kg
. or the 5-HT,.R antagonist SDZ SER-082 (0,
0 or 1 mgflkg) + cocame (10 mgbe) (B, Data points represent the
mean Im||fr|nl.1| tIHImut traveled (=5 E M. over the 1-h recording pe-
riod from eight rats, =, p < 0.05 versus repeated SAL-COC challenge
group; #, p < 0.05 versus repeated COC-COC challenge group.

ments with vehicle or a 5-HT R ligand followed by an injec-
tion of saline ar cocaine (10 mg/kg). Five days after termina-
tion of the repeated regimen, the animals were challenged
with cocaine (10 mg'kg) and locomotor activity was mea-
sured. A main effect of treatment was observed for horizontal
aclivity summed across the 60-min seszion in the experimen-
tal groups [.'l'l'LJ'l'i'lLf‘l| with DOT (5, = 10767 01},
SR 483498 (F, 45 = 3.90 p < 0.05), BW 72,31 56 (Fg gg = 7.93,

' '"'I]I SE 204741 (Fy o = 5,65, p < 51, MK "1" i
- 0.001), and SDZ SE [1-Ilhinf1.M =348,
Rats [“J]l' 1lf‘[U\ dozed with vehicle + cocaine or Lm» 5-H [‘Ah
ligand + cocaine combination exhibited significantly higher
levels of activity upon challenge with cocaine compared with
animals repeatedly injected with vehicle + saline (sensitiza-
tion; Table 2). In all cases, the degree of hyperactivity seen
upon challenge with cocaine on the test day was similar
regardless of the pharmacological regimen imposed during
the repeated treatment ip = 0.05; Tahle 2).

Effects of 5-HT,R Ligands on Expression of Cocaine
Sensitization. Rats were treated daily with vehicle or co-
caine (10 mg'kg/day for 5 days). Five days after the last
injection, the animals were challenged with vehicle or a
5-HT,R ligand followed by cocaine (10 mg'kg) and locomotor
vowas meastred.

Effects of the 5-HT,,R Agonist DOI on Expression of
Cocaine Sensitization. A main effect of treatment was

1251

acroszs the 60-
pretreatment

observed for total horizontal activity summed
min session (F, o4 = 2.97, p < 0.05). However,
with DOT (0.1-1 mg/kg) did not significantly alter hyperac-
tivity expressed upon challenge with cocaine (10 mg'kg) 5
days after termination of the repeated cocaine regimen (p =
0.05; Fig, 4A0,

Effects of the 5-HT, ,R Antagonist SR 46349B on Ex-
pression of Cocaine Sensitization. A main effect of treat-
ment was observed for total horizontal activity summed
across the G0-min session ( = 17.21, p < 0.001). Pre-
treatment with SR 463498 (0.25-1 mgfkg) doze dependently
reduced the hyperactivity induced upon challenge with co-
caine (10 mg/kg) 5 days after termination of the repeated
cocaine regimen: pretreatment with 0.5 and 1.0 mg'kg SR
463498 =ignificantly suppressed cocaine-evoked hyperactiv-
ity (p = 0.05; Fig. 4B

Effects of the 5-HT,zR Agonist BW 723C86 on Ex-
pression of Cocaine Sensitization. A main effect of treat-
ment was observed for total horizontal activity summed
across the 60-min session | = 1244, p . BW
T230C86 had no effect on the ¢ ssgion of sensitization since
pretreatment with BW 723086 (3 or 10 mg/kg) did not sig-
nificantly alter hyperactivity induced by challenge with co-
caine (10 mgke) 5 days after termination of the repeated
cocaine regimen (p = 0L05; Fig. 5A).

Effects of the 5-HT,,R Antagonist SB 204741 on Ex-
pression of Cocaine Sensitization. A main effect of treat-
ment was observed for total horizontal activily summed
acrozs the 60-min session (F, .4 = 4.87, p L. None of the
doges of SB 204741 significantly altered hyperactivity ex-
pressed upon challenge with cocaine (10 mg'kg) 5 days after
termination of the repeated cocalne regimen (p = 0.05; Fig.
abu

Effects of the 5-HT R Agonist MK 212 on Expression
of Cocaine Sensitization. A main effect of treatment was
observed for total horizontal activity summed across the 60-
min session (F; ., = 12.64, 0.0015 Pretreatment with
MK 212 (0.1-1 mg/kg) did not significantly alter hyperactiv-
ity expressed upon challenge with cocaine (10 mg/kg) 5 days
after termination of the repeated cocaine regimen. However,
the highest doze (2 mgkg) of MK 212 significantly reduced
hyperactivity induced by challenge with cocaine (p < 0.01;
Fig. 6A); this dose of MK 212 also suppressed hasal locomotor
activation (2ee Fig, 3A )

Effects of the 5-HT, R Antagonist SDZ SER-082 on
Expression of Cocaine Sensitization. A main effect of
treatment was observed for total horizontal activity summed
across the 60 010 Pretreat-
ment with SDZ 1.25-1 mg/kg) did not significantly
alter hyperactivity expressed upon challenge with cocaine
(10 mg'kg) 5 days after termination of the repeated cocaine
regimen (p = : Fig. 6B).

p <

Discussion

The present studies were conducted to compare the ability
of 5-HT,R agonists and antagonists to alter acute cocaine-
svoked hyperactivity with the ability of these same ligands to
alter the acquizition and/or expression of cocaine sensitiza-
tion. The results suggest that the 5-HT, R plays a stimula-
tory role in cocaine hyperactivity induced by either acute

cocaine administration or challenge with cocaine 5 days after
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termination of the sensitization regimen, while having no
influence upon the acquisition of locomotor sensitization.
Conversely, the 5-HT,.R appears to have an inhibitory role
in cocaine hyperactivity indueced by acule cocaine adminis-

tration, while having little influenee upon the acquizition of

sensitization or cocaine-evoked hyperactivity following the
sensitizing cocaine regimen. The 53-HT,,R has no overt role
in elicitation of cocaine-evoked hyperactivity or cocaine sen-
sitization.

The present observations following administration of the
A-HTg 4R antagonist SR 463498 support and extend previous
findings that the selective 5-HT,,R antagonist M1
{MeMahon and Cunningham, 2001; Fletcher el al., 2002) and
the nonselective 5-HT,R antagonist ketanserin (Filip et al.,
2001; McMahon and Cunningham, 2001) attenuated cocaine-
evoked hyperactivity at doses of the antagonists that did not
alter basal activily levels. SR 463498 (present study) and
ketanserin (Filip et al., 2001} also attenuated hyperactivity
induced by challenge with cocaine
the sensitizing cocaine regimen. In keeping with these re-
sults, we are the first to report that the preferential 5-HT, R
agonist DO enhanced the locomotor-activating effects of co-
caine administerad acutely, at doses of DOI that did not alter
basal locomotor activity. After a sensitizing regimen of co-
caine, however, DO is no longer capable of further enhanc-
ing hyperactivity =een upon cocaine challenge 5 days after
termination of the repeated cocaine regimen. In addition,
colreatment with neither DOI nor SR 462498 during the
repeated cocaine regimen elfectively
sensitization, suggesting that the role for 5-HT,, R in acqui-
sition of cocaine sensitization is minimal. This may be attrib-
uted to the rapid desensitization and down-re

either 8-HT, R agonizts or antagonists (for review, see Gray
and Roth, 20010 and, potentially, cocaine (e.g., Darmani et
al., 1997; bul see Baumann and Rothman, ].[IS!-HI. Thus, al-
though the 5-HT, R appears to be integral for the enhance-

ment of hyperactivity induced by acute administration of

cocaine, the functional role of the 5-HT, R appears to be
altered with repeated cocaine administration.

Loss of the enhancement of cocaine-induced hyperactivity
by the preferential 5-HT,, K agonist DOT was observed in
rals exposed to repeated cocaine administration. An alter-
ation in the expression of the 53-HT, R or its downstream
components after repeated cocaine administration may ac-
count for this observation. Repeated cocaine administration

has been shown to result in short-term supersensitivity of

A-HT, 4R during withdrawal (Baumann and Rothrman, 1998)
that appears to be associated with an increase in membrane-
associated G, protein expression, rather than a specific
increase in 5-HT, R (B, . expression (Carrasco et al.,
200320 Since cocaine-induced 5-HT efflux is enhanced in co-
caine-sensitized animals (Parsons and Justice, 19935, it is
possible that the 5-HT,, R is in a state of maximal stimula-
tion following cocaine challenge in the sensitized animals.
Under these circumstances, DOL may be unable to provide
any additional stimulation of 5-HTg R over levels of activa-
tion induced by endogenous 5-HT, which accumulates in the
synapse after cocaine administration alone (Parsons and Jus-
tice, 1993). Conversely, the high-affinity 5-HT,, K antagonist
SE 463498 may effectively compete with 5-HT for 5-HT,
binding sites (Rinaldi-Carmona et al., 1992) and thus, SR

L

4 days after termination of

altered the course of

culation of
5-HT; 4R that ean occur following repeated administration of

163498 blockade of 5-HTy, R would continue to exert ils
inhibitory effect upon hyperactivity evoked by cocaine chal-
lenge, ag was observed in the present study. This hypothesis
iz further supported by the present observation that, in ani-
mals treated with the repeated cocaine regimen, the levels of
hyperactivity induced by challenge with cocaine alone were
grealer than those elicited by acute administration of DOL +
cocaine in animals that had not been previously exposed to
cocaine. Thus, the present results suggest that adaptation of
the 5-HT, R or its downstream signaling components may
occur following repeated cocaine administration and that
these modifications may contribute to the inability of the
5-HTz4 R agonist to modulate the sensitized response to co-
caine.

Alternatively, it is important to note that DOT is not a
selective :3—[[']‘2\[1 agonist (see Table 1), and thus may also
actl at other 5-HT,R subtypes. Considering the opposing ac-
tions of the -[[]Mh and 5-HT,.R on encaine-evoked hyper-
activity (present re HLI[LH MeMahon and Cunningham, 20001;
Fletcher et al . simultaneous stimulation of 5-HT R
and 5-HT,-R by DOI may have contributed to the lack of
effect of DOI on cocaine-evoked hyperactivity {ollowing the
cocaine sensitization regimen.

Administration of the selective 5-HT, R antagonists SDZ
SER-082 (present study) or 5B 242084 (Fletcher el al., 2002)
as well as the 5-HT R antagonist S5 2
and Cunningham, 1999 enhanced cocaine -u\nkr d hyper: -
tivity, suggesting that the 5-HT, R exerts an inhibitory in-
fluence on acute cocaine-evoked hyperactivity. Interestingly,
a biphasic effect of the preferential 5-HT,-R agonist MK 212
on cocaine-evoked hyperactivily was observed; enhancement
sseion were elicited by a low (0.3 mg'kg) and high
21212 mg'kg), respectively. The high dose of MK
212 (2 mg'kgi was also shown to significantly suppress basal
locomotor activation. A reciprocal biphasic effect was previ-
ously demonstrated following administration of the 5-
]]'[‘mmc.[{ antagonist SB 2( 3. with lower doses sup-
and higher doses enhancing cocaine-evoked

rperactivity (MceCreary and Cunningham, 1999); how-
ever, a signilicant biphasic effect was not observed follow-

ing administration of the selective 5-HT,.R antagonist
SDZ SER-082 in the present study. The biphasic nature of
the response may be due to the lack of complete selectivity
of either MK 212 or SB 206553 for the 5- ]1'[‘2t R and, in
particular, the lack of selectivi the 5-HT,zR. How-
ever, the inability of the selective 5-HTygR agonists and
;111[;1_9,- nists to alter eocaine-evoked hyperactivity as ob-
gerved in the present and other studies (Fletcher ot al.,
2002) suggests that this distinction 1s unlikely attributable
to the 5-HT,5R.

A polential explanation for the biphasic effects of 5-HT,.R
agonists and antagonists on cocaine-induced hyperactivity is
the differential influence of various populations of 5-HT R
within the DA mesolimbic pathways. In the ventral tegmen-

tal area (VTA), the origin of the ]J’\ mezolimbic pathways,

5-HTueRe appear to be located on both DA and y-aminobu-

tyric acid (GABA) neurons (Eberle-Wang et al., 1997; Bubar
and  Cunningham, 20031, Svstemic administration  of
5-HTyeR antagonists has been shown to either decrease
(Blackburn el al., 2002} or increase (11 Matteo et al., 1999)
the firing rate of spontanecusly active VTA DA neurons,
suggesting that different populations of 5-HT,-Rs within the

YV over
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VTA may differentially '.-1cLi\'a1Lc- VTA DA neurons (Blackburn
et al., 2002). In addition, 5-HT,.Rs are also located in the
nucleus accumbens (NAc) .m[l prefrontal cortex (PFCH, the
terminal regions of the DA mesolimbic pathways. Microinfu-
sion of 5-HT,.I agonists into the NAc (Filip and Cunning-
ham, 2002) or PFC (Filip and Cunningham, 2003) enhanced
or reduced, respectively, cocaine-evolked hyperactivity, with
reciprocal effects observed following antagonist administra-
tion (Filip and Cunningham, 2002, 2003). These data suggest
that 5-HT,.ls in the NAc and PFC exert opposing influence
upon cocaine-evoked hyperactivity. Thus, the ability of sys-
temically administered 5-HT,.R agonists and antagonists to
alter cocaine-evoked hyperaclivity in a biphasic manner may
be attribuled to the opy ional influence of 5-HT,- R popu-
lations within andfor between brain regions associated with
the DA mesolimbic pathways.

st to the profound effe

ts of 5-HT,-R ligands on
cocalne-evoked hyperactivity following acute cocaine admin-
istration, neither MK 212 nor SDZ SER-082 effectively al-
tered the acquisition of sensitization. The 5-H° ]3‘.[1 ante 1g- -
nist SDZ SER-082 also had no effect on
hyperactivity 5 days after the repeated cocaine sensitizati
regimen, whereas only the highest dose of the 5-HT,.R ago
nist MK 212 (2 mg/kg). which suppressed basal aclivity
alone, was effective in suppressing cocaine-evoked hyperac-
tivity. The lack of effects of the 5-HT,oR ligands on cocaine-
evoked hyperactivity following the cocaine sensitization reg-
imen suggests that repeated cocaine administration resulls
in alteratic in the contribution of 5-HTu.R to cocaine-
evoked hyperactivity.

The Ioss of effect of both the 5-
following the cocaine sensitizat
funetion of these recep

HT, R agonist and antagonist
m regimen suggests that the
vnstream signaling com-
ponents is altered significantly following repeated exposure to
cocaine, Unfortunately, to our knowledge, altera
sensitivily or expression of the 5-HT,.R or i
components subsequent to repeated cocaine .1:11111111-«tmu--n
have not vet been examined. Recent evidence from our lak
tory, however, suggests that 5-HT,.I sensitivity is decreas:
during withdrawal from a sensitizing regimen of the 5-HT/DA
releaser (+-3.4-methylenedioxymethamphetamine (Bubar et
al., 20027 thus a similar consequence may occur following re-
peated cocaine administration. Since the 5-HT,.R appears to
predominantly exert an inhibitory influence upon DA mesoac-
cumbens pathway activation (De Deurwaerdere and Spampi-
nato, 199%; I Matteo et al., 1999; Gobert et al.. 2000) and
cocaine-evoked hyperactivity (present study:; Fletcher et al.,
2002), down-regulation of the 5-HT,.] following repeated co-
caine administration would likely result in a decrease in
5-HTynR-mediated inhibition. This los 5-HT eI inhibition
would be expected to enhance active the DA mesoaceum-
bens pathway and cocaine-evoked hyperactivity. This hypothe-
sl I8 consistent with enhanced cocaine-evoked DA release
(Vanderschuren and Kalivas, 2000 and sensitization of hyper-
activity. as well as the of influence of the 5-HTy.R ligands
observed following repeated cocaine administration (present
results).

In conclusion. the present results confirm previous evi-
dence that the 5-HT, R and 5-HT,R exert oppozing modu-
latory actions on hyperactivity evoked by acute cocaine ad-
ministration, whereas 5-HTy,Rs do not appear to be involved
in elicitation of cocaine-evoked hyperactivity. In addition, we

1253

provide evidence that repeated cocaine administration may
resull in adaptations that contribute to the expression
sensitization and that alter the ability of 5-HT,,R and
5-HTue R ligands to modulate cocaine-evoked hyperactivity.

Acknowledgments
We gratefully acknowledge the technical assistance of Ewa Nowalk
and Sanofi-Synthelabo for their generous gift of SR 463498,

References

Baumann MH and Rothman RE (1998) Alterations in serotonergic responsiveness
during cocaine withdrawal in rats: similarities to major depression in humans.
Biol Psychiatry 44:573-56091.

Baxter G, Kennett G, Blaney F, and Blackburn T (19951 5-HT; receptor subtypes: a
family re-united? Trends Pharmacol Sci 16:105-110.

Blackburn TP, Minabe ¥, Middlemiss [N, Shirayama ¥, Hashimoto K, and Ashby
CR Jr (2002) Effect of acute and chronic administration of the selective 5-HTyo
receptor antagonist SB-243213 on midbeain dopamine neurone in the rat: an in
vivo extracellular single eell study. Synapse 46:129 139,

Bubar MJ and Cunningham KA (2003) Serctoning. receptor distribution in the
ventral tegmental area. Program No, 136.1, 6435 Exp-e1 imental Biology Abstract
Search and Itinerary Builder, FASEE.

Bubar MJ, McMahon LR, De Deurwasrdere P, Spampinato U, and Cunningham KA
(2003} Selective serotonin reuptake inhibitors enhanes cocaine-indueed locomotor
activity and dopamine releaze in the nuelens aceumbens, Newropharmacology
44342

Bubar MJ Shﬁnk EJ, and Cunningham KA (2002} Locomotor sensitization and
G-HT,. receptor hyposencsitivity following repeated administration of (+)-3.4-
methylenedingymethamphetamine [(+-MDMAL Drag Aleobol Depend 61:522—
523,

Callahan PM and Cunningham KA (1995) Modulation of the diseriminative shmulus
properties of eocame by 5-HT,; and 5-HT, . reveptore. Jf Pharmacol Exp Ther
2T4:1414 1424

Callahan PM, de la Garza R 2nd, and Cunningham KA (1997) Mediation of the
discriminative stimmlus properties of coeaine bv mesccorticalimbic dopamine sys-
tems. Plarmacol Biochem Behav 5T:601-607.

Carrasco GA, Zhang Y, Damjanoska KJ, [¥Souza DN, Garcia F, Battaglia G, Muma
NA, and Van de Kar LD (20021 A region-specific inerease in Galphag and Galphall
proteins in brains of rats during coeaine withdrawal. f Pharmacol Exp Ther
T:A012-1018.

Cunningham KA, Callahan PM, and Appel JB (1988) Diseriminative stimulus prop-
erties of the serotonin agonist MK 212, Psychopharmacology Mx:193-107.

Cunningham KA, Paris JM, and Goeders NE 1882 Chronic oocaine enhances
serotonin autoregulation and serotonin uptake binding, Syrapse 11:112-123,

Darmani NA, Shaddy J, and Elder EL (1997) Prolonged deficits in presynaptic
sarotonin function fallowing withdrawal from ehronic eocaine exposire s revealed
by 5-HTP-anduced head-twiteh response in mice. J Newral Transm 104:1225—
1247,

De Deurwaerdere P and Spampinato 17 (1998) Role of samtoning, and serotoning,,
receptor subtypes in the control of accumbal and striatal dopamme release elicited
in vive by dorsal raphe nueleus electrical stimulation, J Newrochem 73:1032-1042,

Delfs JM, Sehreiber L, and Kelley AE (19900 Microinjection of cocaine into the
nucleus accumbens elicits locomator activation in the rat. of Negroscd 10:303-310.

i Matteo ¥, Dh Giovanni G, Th Mascio M, and Esposito E (1099 SB242084, a
selective serotonin 20 receptor antagonizt, increases dopaminergic transmission
in the mezalimbic system. Newropharmacology 3811951206,

Duxon MS, Flanigan TP, Reavley AC, Baxter GS, Blackburn TP, and Fone KCF
(1897} Evidence for exprezsion of the 5-hydrmxytrrptamine-2B receptor protein in
the rat central nervous system. Nenrossience 76:323-229,

Eberle-Wang K, Mikeladze 7. Uryu K, and Chesselet MF (19571 Pattern of expres-
sion of the serotonin2C receptor messenger RNA m the basal ganglia of adult rats.
o Comp Newrol 384:233-247,

Filip M and Cunningham KA (2002) Serotonin 5-HTi20) reveptors in nucleus ac-
cumbens regulate expression of the hyperlocomotive and discriminative stimulus
effects of coeaine, Pharmacol Biochem Behav 71:T45-756,

Filip M and Cumingham KA i2003) Hyperloeomotive and discrimmative stimulus
effacts of coraine are under the control of seratonin(2C) (5-HTi20 receptors inrat
prefrontal cortex. J Pharmacol Exp Ther 306:734 742,

Filip M, Mowak E, and Papla 1 (20013 On the 1ole of seroboning,: receptors in the
sensitization to cocaine. o Plhysiol Pharmacol 32:471-451.

Fletcher PJ, Chintoh AF, Sinyard J, and Higgins GA (2004} Injection of the 5-HTy-
receptor agonist ReB0-01756 into the wventral tegmental area reduces oocaine-
induced locomotor activity and coeaine selfadministration. Newropsychopharma-
cology 28:508-318.

Fletcher PJ, Grottick AJ, and Higgins GA (2002 Differential effects of the 5-HTI 240
receptor antagonist M100907 and the 5-HTi2C) receptor antagonist 3B 242084 on
cocaine-induced locomotor activity, cocaine self-admimstration and eocaine-
nduced reinstatement of respond ing. Newropsychopharmacology 27:576-625.

Gobert &, Rivet JM, Lajeune F, Newman-Taneredi &, Adhumean-Avclair A, Nieolazs
JP, Cistarelli L, Melon C, and Millan BLT (2000} Serotomnd2C) receptors tonically
suppress the activity of mesocortical dopaminergie and adrensrgic, but not sero-
tonergic, pathwars: a combined dialysiz and electrophyziclogical analysiz in the
rat. Synapse 36:205-221.

Gray JA and Roth BL (2001 Paradoexical trafficking and regulation of 5-HTY2A)
receptors by agonists and antagonists. Brair Res Bull 56:441-451.

169



1254 Filip et al.

Kennett GA (19930 5-HT - receptore and their therapeutic relevance, Curr Opin
Investig Drugs 2:317-362.

Kennett GA, Amsworth K. Trail B, and Blackburn TP (18971 EW 723088, a 5-HT,,,
recepbor agonist, causes hyperphagia and reduced grooming in rats. Newrophar-
macology 36:233-239.

Keppel G 18731 Design and Analysis: A Researcher's Hardbook. Prentice-Hall,
Englewood Cliffs, NJ.

Koe B (1076) Molecular geometry of inhibitors of the uptake of eatecholamines an-:]
serotonin in synaptesomal preparations of rat bran. J Pharmaecol Exp
108:545 861,

MeCreary AC and Cumningham KA (19997 Effects of the 5- HTQ(,Q,; an LHS‘O nist 5B
”065 3 on hyperactivity induced by cocaine. N hophar 2i:EG

o)

McMﬁhon LR and Cunningham KA (2001) Antagonism of 5-hydrexrtryptamine
receptors attenuates the behavioral effects of oocaine in rats. J Pharmacol Exp
Ther 207:357-383.

McMahon LR, Filip M, and Cunmnghﬁm KA 2001) Differential regulation of the
mesoaccumbens eirenit by serctonin 5-HTy, and 5-HTa: receptors, J Newrossi
21:TTR1-TT8T.

Meert TF and Janssen PAJ i1902) Rﬂ.a nserin, a new therapeutic appmach for drug
abuse. Part 2 Effects on cocaine. Drog Dev RBea 25:30-563.

Nozulak J, Kalkman HO, Floersheim P, Hcv_\.ver D, Schoeffter P, and Buerki HR (18995)
(+eis-4,5,7a,8,9,10,11,11a-Octahydro-TH-10-methylindolo[1, 7-bel [2.6]-naphthy -
ridine: a 5-HTymp receptor antagonist with low 5-HT., receptor affinity. J Med
Chem 382533,

Parsons LH and Justice JB Jr (19931 Serctonin and dopamine sensitization in the
nucleus accumbens, ventral tegmental area and dorsal raphe nucleus following
repeated cocaine administration. f Newrockem 61:1611-1619,

Pettit HO, Ettenberg A, Bloom FE, and Koob GF (19841 Destruction of dopamine in

the nuclens accumbens selectively attenuates cocaine but not heroin self-
administration in rats, Peyehopharmacology 84:167-173,

Przegalinski E, Filip M, Papla I, and Siwanowicz J (2001) Effect of serotonin
i5-HT) 3 recaptor ligands on eocaine sensitization in rats. Behav Plharmacel 12:
1060116,

Rinaldi-Carmona M, Congy C, Santues V, Simiand J, Gautret B, Neliat G, Labeesuw

La Fur &, Soubrie P, and Breliere JC (1902} Biochemieal and pharmaeclogical
properties of SR463458, a new potent and selective G-hydrogrtryptamine; recep-
tor antagonist. Jf Pharmacol Exp Ther 262:750 768,

Schmidt CJ, Fadayel GM, Sullivan CK, and Tarlor VL (1592} 5-HT; receptors exert
a state-dependent regulation of dopaminergic funetion: studies with MDL 100,907
and the amphetamine analogue, 34-methylenedickymethamphetamine. Ewr
of Pharmacol 223:65-74.

Schreiber B, Broeco M, Audinet V, Gobert A, Veiga S, and Millan BLJ (1095} 1-(2,5-
Dimethoxy-4-iodophenyl-2-aminopropane-induesd head-twitches in the rat are
n1ed|ate-:] by S-hrdroxrtrrptamine (5-HTy, receptors: modulation by novel

6-HT,, . antagmists, D) antagonists and 5-HT,, agonists. o Pharmacol Exp
'ﬂ‘.‘ei 273:101-112.

Vanderschuren LJ and Kalivas PW (20000 Alterations in depaminergie and ghita-
matergic tranzmission in the induction and expression of behavioral sensitization:
a eritical review of preclinical studies. Psychopharmacology 151:90 120,

White F.J and Kalivas PAWV (1598 Neumadaptations invelved m amphstamine and
cocaine addiction. Dreg Alcokol Depend 51:141-152,

Address correspondence to: Dr. Kathryn A, Cunningham, Department of
Pharmacology and Toxicology, University of Texas Medical Branch, Galveston,
TX 77665-1081, E-mail: keunning@utmb. edu

170



VITA

Marcy Jo Bubar was born in Buffalo, NY on February 19, 1977 to James and
Susan Bubar. Ms. Bubar attended Canisius College for her Bachelor of Science degree in
biology and minors in neuroscience and psychology, during which she participated in the
Summer Undergraduate Research Program at the University of Texas Medical Branch in
Galveston, TX in 1998. Ms. Bubar returned to the University of Texas Medical Branch
to pursue her Ph.D. in Pharmacology and Toxicology in the Fall of 1999.

Ms. Bubar’s dissertation research was funded by a pre-doctoral Individual
National Research Service Award from the National Institute on Drug Abuse.
Throughout her graduate career, Ms. Bubar received numerous honors including travel
awards to four national and international meetings, the George Palmer Saunders II
Memorial Scholarship, the George Sealy Research Award in Neurology, and Graduate
Student Organization Award in 2003. She was also heavily involved in the Graduate
Student Organization and served as a member of the Institutional Animal Care and Use

Committee for four years.

Education

B.S., May 1999, Canisius College, Buffalo, NY

Publications

1. Bubar, M.J., McMahon, L.R., De Deurwaerdere, P., Spampinato, U., Cunningham,
K.A. (2003) Selective serotonin reuptake inhibitors enhance cocaine-induced

171



locomotor activity and dopamine release in the nucleus accumbens.
Neuropharmacology, 44 (3): 342-353.

. Bubar, M.J., Pack, K.M., Frankel, P.S., Cunningham, K.A. (2004) Effects of
dopamine D1- and D2-like receptors on the hypermotive and discriminative stimulus
effects of (+)-MDMA. Psychopharmacology, 173 (3-4): 326-336.

. Filip, M., Bubar, M.J., Cunningham, K.A. (2004) Contribution of serotonin (5-HT)
5-HT, receptor subtypes to the hyperlocomotor effects of cocaine: Acute and chronic
pharmacological analyses. J Pharmacology and Experimental Therapeutics, 310 (3):
1246-1254.

Bubar, M.J. and Cunningham, K.A. (2005) Transient changes in 5-HT,cR sensitivity
accompany short-term sensitization following repeated (+)-MDMA administration.
Submitted to Neuropsychopharmacology.



	ACKNOWLEDGMENTS
	LIST OF TABLES
	LIST OF FIGURES
	CHAPTER 1: INTRODUCTION
	CHAPTER 2:
	TRANSIENT CHANGES IN 5-HT2C RECEPTOR RESPONSIVENESS ACCOMPANY SHORT-TERM SENSITIZATION FOLLOWING REPEATED (+)-MDMA ADMINISTRATION
	INTRODUCTION
	Animals
	Drugs
	Locomotor Activity Experiments
	Apparatus

	Experimental Protocols
	Establishment of (+)-MDMA Sensitization
	Challenge with (+)-MDMA or MK 212 during Withdrawal
	5-HT2CR and 5-HT2AR Protein Expression during Withdrawal


	RESULTS
	Establishment of (+)-MDMA Sensitization
	Monoamine Determinations
	Challenge with (+)-MDMA during Withdrawal
	Challenge with MK 212 during Withdrawal
	5-HT2CR and 5-HT2AR Protein Expression

	DISCUSSION
	CHAPTER 3:
	TRANSIENT LOSS OF 5-HT2CR RESPONSIVITY INDUCES PERSISTENT ENHANCEMENT OF (+)-MDMA-EVOKED HYPERACTIVITY
	INTRODUCTION
	METHODS
	Animals
	Drugs
	Apparatus
	Experimental Protocols
	Repeated MK 212 Pretreatment and Immobility Assessment
	Challenge with MK 212 and (+)-MDMA during Withdrawal
	5-HT2CR and 5-HT2AR Protein Expression during Withdrawal


	RESULTS
	Repeated MK 212 Pretreatment: Immobility Assessment
	Challenge with MK 212 during Withdrawal
	Challenge with (+)-MDMA during Withdrawal
	5-HT2CR and 5-HT2AR protein expression

	DISCUSSION
	CHAPTER 4:
	DISTRIBUTION OF 5-HT2C RECEPTORS IN THE VENTRAL TEGMENTAL AREA
	INTRODUCTION
	METHODS
	Tissue Preparation
	Cell Culture and Transfection
	Immunohistochemistry

	RESULTS
	1. 5-HT2CR Antibody Specificity
	SC 5-HT2CR vs. PH 5-HT2CR immunoreactivity in Rat VTA Sections
	SC 5-HT2CR and 5-HT2AR Immunoreactivity in the VTA of 5-HT2CR KO and WT Mice

	2. 5-HT2CR distribution in the VTA
	5-HT2CR immunoreactivity in the VTA
	GAD and TH immunoreactivity in the VTA
	Co-labeling for the 5-HT2CR and GAD
	Co-labeling for 5-HT2CR and TH


	DISCUSSION
	5-HT2CR antibody specificity
	5-HT2CR distribution in the VTA
	Functional implications

	CHAPTER 5:
	LOCALIZATION OF 5-HT2C RECEPTORS ON DOPAMINE AND GABA NEURONS IN THE VENTRAL TEGMENTAL AREA THAT PROJECT TO THE NUCLEUS ACCUMBENS
	INTRODUCTION
	METHODS
	Retrograde Tracing
	Immunohistochemistry
	Image Analysis

	RESULTS
	Retrograde Labeling with FG
	Distribution of TH-IR in FG-labeled cells
	Distribution of 5-HT2CR-IR in FG-labeled cells
	Distribution of 5-HT2CR-IR in FG/TH-co-labeled cells
	Distribution of FG/GAD-co-labeled cells
	Distribution of 5-HT2CR-IR in FG/GAD-labeled cells
	TH and GAD-co-localization in the VTA

	DISCUSSION
	CHAPTER 6:
	CONCLUSIONS
	REFERENCES

