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ABSTRACT
Caryne Patrice Craige
Doctor of Philosophy
Temple University, 2014
Doctoral Advisory Committee Chair, Ellen M. Unterwald, Ph.D.
Cocaine is a powerfully active psychostimulant which exerts its effects through blockade
of dopamine, serotonin and norepinephrine transporters and resultant increases in
extracellular levels of these neurotransmitters. Much of the focus on cocaine abuse in
the literature has been directed towards study of the dopamine system; however,
several studies have identified a role for the serotonin system in regulating the
rewarding effects of cocaine as well. Specifically, the serotonin 2C (5-HT2C) receptor
regulates cocaine-induced alterations in serotonin and dopamine levels in an inhibitory
manner, and 5-HT2C receptor agonist treatment attenuates cocaine-induced behaviors
like self-administration. In the first aspect of the current thesis study, the effects of
activation of 5-HT2C receptors on cocaine-induced conditioned place preference and
behavioral sensitization were assessed. It was found that pretreatment with a 5-HT2C
receptor agonist, Ro 60-0175, on cocaine (10 mg/kg) conditioning days of the
conditioned place preference paradigm, attenuated the development of conditioned
place preference in a dose-dependent manner. These results suggest that activation of
5-HT2C receptors inhibits the euphoric effects elicited by cocaine. Behavioral
sensitization studies demonstrated that pretreatment with Ro 60-0175 prior to cocaine
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(10 mg/kg) over a 5 day period attenuated cocaine-induced hyperactivity. When injected
with a cocaine challenge injection 10 days after the last cocaine injection, mice
pretreated with Ro 60-0175 demonstrated lower levels of locomotor activity as
compared to saline pretreated, cocaine-injected mice. This portion of the first study
demonstrated that 5-HT2C receptor activity attenuated acute cocaine-induced
conditioned reward, hyperactivity and the development of long-term alterations of
cocaine exposure, as measured by behavioral sensitization.
The second aspect of the current study focused on the regulation of anxiety produced
by withdrawal from chronic cocaine administration. Anxiety during cocaine withdrawal is
a component of the negative affective state often experienced by cocaine-dependent
individuals during abstinence from drug use. Anxiety during cocaine withdrawal is likely
to increase an individual’s susceptibility to relapse to drug use in alleviation of this
negative symptom. Studies have shown a downregulation of the serotonin and
dopamine systems during withdrawal that potentially contributes to anxiety symptoms.
As the 5-HT2C receptor exerts inhibitory control over both the serotonin and dopamine
systems, it was hypothesized that blockade of 5-HT2C receptors would attenuate
anxiety-like behavior during cocaine withdrawal. Previous studies have identified colocalization of 5-HT2C receptors on inhibitory gamma-aminobutyric acid (GABA)
neurons, thus it was hypothesized that a 5-HT2C receptor-GABA mediated mechanism
would be involved in the regulation of anxiety during withdrawal.
The dorsal raphe brain region was targeted in these studies, as this region is the
primary source of serotonin for forebrain structures. The actions of cocaine on the
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serotonin system likely originate with influence of cocaine on the dorsal raphe
neurocircuitry, with implications for dysregulation in downstream projection areas of the
dorsal raphe. In this portion of the current thesis study, electrophysiology techniques
were used to measure GABA activity in subregions of the dorsal raphe either 30
minutes, 25 hours, or 7 days following a 10-day chronic binge cocaine paradigm (15
mg/kg, 3 injections per day at 1 hour intervals). Controls received saline injections. Mice
were tested for anxiety-like behavior on the elevated plus maze and then brain slices
were collected for electrophysiology recordings. It was found that at 25 hours of
withdrawal, cocaine-treated mice demonstrated heightened anxiety-like behavior on the
elevated plus maze, as compared to saline controls. Mice tested during an active
cocaine stage 30 minutes after the last injection, or at 7 days of withdrawal did not
demonstrate increased anxiety-like behavior. Heightened GABA activity was exhibited
in serotonin cells from cocaine-withdrawn mice at 25 hours of withdrawal, an effect that
was normalized upon 5-HT2C receptor blockade. No differences were observed at 30
minutes after the last cocaine injection; however, there was an anatomical shift
observed at 7 days of withdrawal, in that heightened GABA activity exhibited in two
subregions of the dorsal raphe (dorsomedial and ventromedial aspects) at 25 hours of
withdrawal shifted to the lateral wing areas at 7 days of withdrawal. The differential
regulation of the three subregions has implications on serotonin output to projection
areas and contribution to anxiety mechanisms.
It was found that systemic administration and local intra-dorsal raphe administration of
the 5-HT2C receptor antagonist, SB 242084, prior to elevated plus maze testing
attenuated anxiety-like behavior in cocaine-withdrawn mice at 25 hours of withdrawal.
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Taken together, this portion of the thesis study demonstrated that 5-HT2C receptor
activity, specifically within the dorsal raphe, regulates anxiety during cocaine withdrawal,
through influence on the GABA inhibitory feedback system. A final aspect of the current
thesis study addressed the link between dorsal raphe 5-HT2C receptor activity and
activity at downstream structures in the context of cocaine withdrawal-induced anxiety,
particularly the nucleus accumbens. Since the dorsal raphe is important in providing
serotonin input for brain regions largely involved in regulating the effects elicited by
cocaine, it is likely that dysregulation of dorsal raphe signaling during withdrawal has
influence on the regulation of downstream structures in the contribution of anxiety
mechanisms produced by cocaine withdrawal. It was found that dorsal raphe 5-HT2C
receptor blockade attenuated cocaine withdrawal-induced reductions in cFos
immunoreactivity in the nucleus accumbens. Further work is needed to investigate
these interactions in the context of cocaine withdrawal-induced anxiety.
Lastly, autoradiography experiments assessed the effects of cocaine withdrawalinduced anxiety on 5-HT2C receptor expression in various brain regions including the
dorsal raphe, medial prefrontal cortex, nucleus accumbens, caudate putamen, and
ventral tegmental area. A significant decrease in 5-HT2C receptor binding was found in
the dmDR region of cocaine-withdrawn mice as compared to saline controls; however,
no differences were found between groups in other regions. Future studies testing
5-HT2C receptor signaling are needed to fully understand the impact of cocaine
withdrawal-induced anxiety on receptor function in these structures.
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In conclusion, the first portion of the current study showed that activation of 5-HT2C
receptors attenuated the rewarding and locomotor sensitizing effects of cocaine, as
evidenced by conditioned place preference and behavioral sensitization studies. In the
second aspect of the current thesis study, we have established a role for the 5-HT2C
receptor in the regulation of anxiety during cocaine withdrawal. During withdrawal,
blockade of 5-HT2C receptor activity, both global as well as local dorsal raphe blockade,
attenuated anxiety at 25 hours of withdrawal. This attenuation of cocaine withdrawalinduced anxiety resultant of 5-HT2C receptor blockade was likely due to a suppression of
increased GABA activity evident in serotonin cells from cocaine-withdrawn mice.
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CHAPTER 1: GENERAL INTRODUCTION
Cocaine addiction
Drug addiction is defined by the Diagnostic and Statistical Manual of Mental Disorders
(5th ed.; DSM–5; American Psychiatric Association, 2013) as a chronically relapsing
disorder that is characterized by the compulsion to seek and take the drug, loss of
control in limiting drug intake resulting in a binge pattern of use, and the emergence of a
negative emotional state reflecting a motivational withdrawal syndrome when access to
the drug is prevented (Koob and Le Moal, 1997). Although there have been substantial
increases in the abuse of methamphetamine and MDMA over the last decade, cocaine
remains the most widely abused psychostimulant by a wide margin. Indeed, in 2012 it
was estimated that 1.6 million U.S. citizens over the age of 12 had used cocaine during
the previous month (Substance Abuse and Mental Health Services Administration,
Results from the 2012 National Survey on Drug Use and Health). Further, data from the
2008 Drug Abuse Warning Network report showed that cocaine was involved in nearly
25% of visits to emergency departments for drug misuse or abuse, implicating cocaine
abuse as a clear public health concern. Given the detrimental social and economic
effects of drug addiction, a significant amount of research has been dedicated to
elucidating the neuropharmacological mechanisms mediating the development and
maintenance of substance abuse disorders.
Cocaine is a powerfully addictive central nervous system stimulant that is snorted,
injected, or smoked. The short-term effects of cocaine include a feeling of euphoria,
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mental alertness, and high energy leading to a reduction of the need for food and sleep.
Physiological effects include constricted blood vessels, dilated pupils and increased
body temperature, heart rate and blood pressure. Some users report feeling
restlessness, irritability, anxiety, panic and paranoia. Users may experience tremors,
vertigo and muscle twitches. In addition, some severe medical consequences may
occur including cardiovascular effects (disturbances in heart rhythm and heart attacks),
neurological effects: (strokes, seizures, headaches, coma) and gastrointestinal
complications (abdominal pain and nausea).
Initial stages of cocaine addiction include binging and intoxication as a result of acute
drug intake, and are largely driven by positive reinforcement or rewarding mechanisms.
The rewarding and stimulating effects of cocaine are largely due to the effects of
cocaine on the brain nigrostriatal and mesolimbic dopamine systems. In the normal
synaptic communication process, dopamine is released by a neuron into the synapse,
where it can bind to dopamine receptors on neighboring neurons. Dopamine is then
recycled back into the transmitting neuron by a specialized protein called the dopamine
transporter. If cocaine is present, it binds to the dopamine transporter and blocks the
normal uptake process, resulting in a buildup of dopamine in the synapse, which
contributes to the behavioral and pleasurable effects of cocaine. Despite its wellrecognized importance to the pharmacology of cocaine, several studies have
demonstrated that genetic deletion of the dopamine transporter in knockout strains does
not ablate reward function elicited by cocaine (Rocha et al., 1998, Sora et al., 1998),
suggesting a role for other neurotransmitter systems in regulating the rewarding effects
2

of cocaine. Cocaine also binds to serotonin and norepinephrine transporters, blocking
reuptake and increasing extracellular levels of serotonin and norepinephrine as well.
The main focus of this thesis work is on the involvement of the serotonin system in
regulating the effects of cocaine and cocaine withdrawal. In fact, it has been shown that
cocaine binds to the serotonin transporter with higher affinity than to the dopamine
transporter (Ritz et al., 1987). One study identifies serotonin input as a decisive factor
for the expression of cocaine’s reinforcing properties. This study demonstrated that
single dopamine transporter (DAT) and serotonin transporter (SERT) knockout strains
of mice do not demonstrate deficits in cocaine reward function as measured by the
conditioned place preference paradigm (Sora et al., 2001). However, such deficits are
evident in DAT/SERT double knockout mice in that the double knockout of the
dopamine and serotonin transporters results in a failure of the development of cocaine
conditioned place preference. In addition, the deletion of SERT alone produces a trend
towards increased cocaine conditioned place preference, suggesting that the increased
levels of serotonin produced by cocaine may have both rewarding and aversive effects,
potentially dependent on the involvement of specific receptor subtypes. Studies such as
the aforementioned one by Sora and colleagues (2001) provide a link between
serotonin and dopamine systems in regulating the rewarding effects elicited by cocaine.
The effects of cocaine with repeated use can elicit long-lasting neural adaptations that
lead to dysregulation of dopamine and serotonin systems. It is likely that dysfunction of
these neurotransmitter systems during abstinence contributes to negative withdrawal
symptoms such as anxiety, and the maintenance of drug use.
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The first portion of the current study investigated the effects of activation of the 5-HT2C
receptor on the regulation of cocaine-induced behaviors, particularly cocaine
conditioned place preference, acute hyperactivity, and locomotor sensitization. The
conditioned place preference paradigm is widely used in studying the rewarding
properties of cocaine (Campbell et al., 2000). This paradigm is a standard preclinical
behavioral model used to study the rewarding effects of drugs of abuse. Although a
number of different designs and apparatuses are used in this model, the basic
characteristics of this task involve the association of a particular environment with drug
treatment, followed by the association of a different environment with the absence of the
drug (i.e., the drug’s vehicle). After this conditioning phase, a conditioned place
preference is found if the animals spend significantly more time in the drug-paired
compartment versus the vehicle-paired compartment.
A locomotor sensitization study was conducted in order to investigate the effect of
activation of 5-HT2C receptors on the locomotor effects induced by cocaine. The
locomotor effects elicited by cocaine are known to demonstrate sensitization, in that
cocaine-induced hyperactivity is elevated upon each time the subject is re-exposed to
the drug in a repeated administration paradigm (Puig et al., 2012). In this case, the
effect of treatment with a 5-HT2C receptor agonist, Ro 60-0175 on acute cocaineinduced hyperactivity, as well as the development of cocaine-induced locomotor
sensitization over days 1 to 5 was tested. The locomotor sensitization effects induced
by cocaine are known to be evident even after discontinuation of prolonged use of the
drug (Puig et al., 2012). Following repeated cocaine injections, mice were placed back
4

into their home cages for 10 days and on day 16, all mice received a challenge dose of
cocaine. The effect of Ro 60-0175 pretreatment on days 1-5 on the development of
cocaine-induced locomotor sensitization as demonstrated on day 16, was measured.
This study elucidated a role for activity at the 5-HT2C receptor in the development of
long-lasting neural adaptations induced by cocaine.
Anxiety produced by cocaine withdrawal
The second portion and main focus of the current thesis study concentrated on the
regulation of anxiety during cocaine withdrawal. One of the most significant problems for
the long-term treatment of cocaine addiction is the high incidence of relapse to drugseeking and drug-taking behaviors following months or years of abstinence (Dackis and
O'Brien, 2001, Wagner and Anthony, 2002). During periods of abstinence, cocaine
exposure and the memory of cocaine exposure or cues associated with the cocaine
user’s experience with the drug, as well as stress or anxiety, can trigger craving and
relapse. Anxiety is a prominent symptom of the negative affective state experienced
during acute cessation from cocaine use (Weddington et al., 1990, Satel et al., 1991,
Weddington, 1992, Cottler et al., 1993, Margolin et al., 1996, Coffey et al., 2000).
Negative symptoms include fatigue, lack of pleasure or anhedonia, anxiety, irritability
and sleepiness.
Human cocaine abusers report experiencing especially heightened anxiety during the
“crash” period following chronic cocaine use or cocaine “binges” (Resnick and Resnick,
1984b, Gawin and Kleber, 1986, Gawin, 1991). About 20% of all persons in the general
5

population with a current substance use disorder have at least one current independent
mood disorder, and 18% have at least one current independent anxiety disorder
(Resnick and Resnick, 1984). In fact, one particular clinical study found that among
individuals with a current drug use disorder who sought treatment, 43 percent
experienced anxiety during withdrawal (Grant et al., 2004). The state of anxiety during
cocaine withdrawal has been shown to improve over time; however, anxiety during
acute withdrawal is likely to provide the impetus for some individuals to resume drug
use in order to remove the aversive mental and physiological state. During abstinence
from drug use, cocaine-dependent individuals exhibit heightened cocaine craving and
symptoms associated with anxiety like elevated heart rate and cortisol levels in
response to stress or drug cues (Sinha, 2008). Thus, anxiety during cocaine-withdrawal
is a motivating factor for continuous drug use, which may impede the ability of cocaine
users to adhere to cessation from drug seeking and taking and may enforce selfmedication patterns resultant of strengthened negative reinforcement mechanisms
(Koob and Volkow, 2010). Thus, it is important to study the underlying systems
mediating anxiety during withdrawal from cocaine. This particular stage of withdrawal is
when treatment intervention is clinically relevant and useful, as individuals who abuse
drugs are most likely to seek treatment during abstinence from drug use. Treatment
during withdrawal can be crucial in the prevention to relapse to drug use.
Preclinical studies have contributed to the study of anxiety during cocaine withdrawal
with the use of a number of methods utilizing rodent models. One commonly used test
for studying anxiety-like behaviors is the elevated plus maze. The theory supporting the
6

design of the elevated plus maze is based on the rodent’s natural aversion to open
elevated spaces and preference for enclosed dark spaces versus its desire to explore
novel areas (Barnett, 1975, Pellow et al., 1985). Both pharmacological and physiological
studies have validated the use of this model to study anxiety mechanisms.
Pharmacological studies have found that prototypical anxiolytic agents (e.g.
benzodiazepines) increase the time spent on and entries onto the open arms, whereas
anxiogenic agents (e.g. pentylenetetrazole) decrease open arm time and entries (Pellow
et al., 1985). Likewise, confinement to the open arms increases freezing, defecation and
plasma corticosterone levels (Pellow et al., 1985).
The elevated plus maze has been used in studies investigating anxiety during cocaine
withdrawal. During early withdrawal (24-48 hours) from chronic cocaine, rats and mice
exhibit consistently elevated levels of anxiety on the elevated plus maze, reflected as
decreases in open arm entries and time (Sarnyai et al., 1995, Basso et al., 1999,
Perrine et al., 2008).
Other paradigms used to measure anxiety-like behavior include the open field, light/dark
test, and the defensive burying test. The open field apparatus typically consists of a
large square chamber in which the animal’s locomotor activity and propensity to enter
the center square of the chamber are measured (Archer, 1973, Walsh and Cummins,
1976). It is based on the rodent’s aversion for open, brightly lit areas. Anxiety-like
behavior is indicated by time spent along the peripheral walls of the chamber versus the
center square. One particular study showed that cocaine-withdrawn rats at 24 hours of
withdrawal from chronic cocaine administration demonstrated anxiety-like behavior in
7

the open field (Meert, 1992). In this study, cocaine-withdrawn rats exhibited exploratory
inhibition, such that they demonstrated a longer latency to enter the open area, a
reduction in the time spent in the open field and a decrease in the number of transits
from the small dark compartment into the open area, as compared to vehicle controls.
The light/dark test is based on an approach/avoidance conflict between the drive to
explore novel areas and an aversion to brightly lit, open spaces (Arrant et al., 2013).
Withdrawal from drugs of abuse like cocaine increases the aversive potential of the
brightly lit compartment of the light/dark test and the time spent on the dark side (Costall
et al., 1990). Anxiety-like behavior is measured in the defensive burying test by the
length of time an animal spends burying the noxious stimuli (i.e. shock probe), such that
an increase in the duration of burying indicates an elevation in anxiety (Pinel and Treit,
1978). Anxiolytic agents have been shown to reduce the burying time in the defensive
burying test, proving it to be a useful model to study anxiety-like behaviors (Treit et al.,
1981, Rohmer et al., 1990). In the context of cocaine, repeated non-contingent
injections of cocaine enhance anxiety-like behaviors during acute withdrawal in the
elevated plus maze and defensive burying (Harris and Aston-Jones, 1993, DeVries and
Pert, 1998, Basso et al., 1999, Rudoy and Van Bockstaele, 2007, Perrine et al., 2008).
The defensive burying test has also been used to demonstrate increased anxiety
produced by withdrawal from contingent cocaine exposure in self-administration studies
(Aujla et al., 2007).
Previous clinical findings show that cocaine withdrawal symptoms are most prevalent
during early abstinence (Weddington et al., 1990, Satel et al., 1991). Preclinical studies
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corroborate these findings showing that heightened anxiety-like behavior is not apparent
after two to three weeks of withdrawal from escalated cocaine self-administration, as
measured by the elevated plus maze, open field, and the light-dark transition test
(Mantsch et al., 2008). During protracted withdrawal, persistent elevations in anxiety-like
behaviors have been reported, though the anxiety-like behavior is demonstrated only
after activation by a stressful stimulus or by re-exposure to drug-associated cues prior
to testing (File, 2001, Erb et al., 2006, Aujla et al., 2007). For example, enhanced
stress-induced anxiety was demonstrated after 42 days of abstinence in cocaineescalated rats using the defensive burying test (Aujla et al., 2007). In addition, rodents
exhibit heightened anxiety-like behavior following 10 days of cocaine-withdrawal in the
elevated plus maze and light-dark transition tests only upon exposure to cocaineassociated contextual cues (Erb et al., 2006). Together, these results are consistent
with human studies demonstrating that a state of heightened anxiety occurs during early
cocaine withdrawal, which may be alleviated over time and can be reactivated in
response to drug-related environmental cues or in response to stress. These clinical
and preclinical studies provide a basis in which the contributions of specific
neurotransmitter systems in different periods of cocaine withdrawal-induced anxiety can
be studied.
Serotonin system in the regulation of anxiety produced by cocaine withdrawal
As the serotonin system is widely implicated in the regulation of anxiety neurocircuitry
and the etiology of many anxiety-related disorders, it is probable that serotonin is
involved in the regulation of anxiety during cocaine withdrawal (Davidson, 2009).
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The participation of serotonin in the etiology and treatment of anxiety is wellestablished. Selective serotonin reuptake inhibitors (SSRIs) are approved for use in a
variety of anxiety disorders. This class of drugs has proven to be effective in the
alleviation of anxiety symptoms through their resultant increase in extracellular
serotonin levels (Gartside et al., 1995, Davidson, 2009). One caveat with the use of
SSRIs is the initial anxiogenic response, which incidentally, is attenuated in rodents
upon 5-HT2C receptor blockade (Burghardt et al., 2007). Reductions in serotonin
neurotransmission have been associated with many psychiatric disorders and
symptoms including depression (Meltzer and Maes, 1995), compulsive behavior
(Dolberg et al., 1996) and panic disorder (Charney and Heninger, 1986), all of which
have been linked to addictive behaviors (Koob et al., 1998, Markou et al., 1998, O'Brien
et al., 1998). In the context of cocaine withdrawal, in vivo microdialysis experiments
show reductions in extracellular serotonin levels in the nucleus accumbens during
cocaine withdrawal (Parsons et al., 1995). Thus, in line with previous evidence for
reductions in the serotonin system during cocaine withdrawal, it was predicted that there
would be increased inhibitory activity in the dorsal raphe of cocaine-withdrawn mice.
The withdrawal-related deficiency in serotonin neurotransmission is consistent with the
development of neural adaptations during the course of chronic cocaine exposure.
Preclinical studies of serotonin receptor function and transport show that with repeated
cocaine administration, inhibitory 5-HT1A receptors increase in sensitivity (Cunningham
et al., 1992, Levy et al., 1992, King et al., 1993); whereas excitatory 5-HT2A receptors
show decreased sensitivity (Levy et al., 1992). These studies suggest that following
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chronic cocaine administration, serotonin receptors undergo specific changes in
sensitivity that render each serotonin receptor to act in a state of dysregulation.
Repeated cocaine administration leads to increases in the density of serotonin uptake
sites in the prefrontal cortex and frontal cortex (Cunningham et al., 1992), which may
further decrease the levels of serotonin during withdrawal. In addition, deficits in
presynaptic central serotonin function lasting as long as 10 days after withdrawal from
cocaine have been identified (Baumann et al., 1995, Darmani et al., 1997). Upon the
cessation of repeated cocaine, dysfunction of serotonin receptors, uptake mechanisms,
and presynaptic serotonin function may persist and contribute to reduced serotonin
neurotransmission and increased anxiety.
It is likely that the serotonin system is important in anxiety during cocaine withdrawal
potentially through interaction with the dopamine system, both of which demonstrate
dysregulation during cocaine withdrawal. In fact, one preclinical study found that
dysfunction of the serotonin system is associated with decreased mesolimbic function
and anxiety experienced during cocaine withdrawal (Parsons et al., 1995). Another
study suggests the involvement of a “dual deficit model” in which both serotonin system
and dopamine system disruptions contribute to anxiety during cocaine withdrawal
(Rothman et al., 2008). Indeed, the serotonin system, originating in the dorsal raphe,
participates in a multifaceted way in addiction through its ability to regulate activity of
dopamine neurons and dopamine release in specific target areas such as the nucleus
accumbens and ventral tegmental area (De Deurwaerdère and Spampinato, 1999,
Gervais and Rouillard, 2000b). This interpretation is supported by the finding that brain
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stimulation thresholds, which represent a model for anhedonia and are known to be
influenced by dopamine neurotransmission, are sensitive to manipulations of the
serotonin system (Gibson et al., 1970).
The current study addressed the role of the serotonin system acting through the 5-HT2C
receptor in the regulation of anxiety during cocaine withdrawal, although it is important
to note that other neurotransmitter systems may be involved. Several studies highlight
the significance of the interactions between systems in regulating anxiety during
withdrawal. For example, manipulation of specific serotonin receptor subtypes alters
activity in mesolimbic dopamine areas known to be important in mediating the effects of
cocaine (Di Matteo et al., 1999, De Deurwaerdare et al., 2004, Alex and Pehek, 2007,
Navailles et al., 2007, Berg et al., 2008, Bubar and Cunningham, 2008, Huang et al.,
2011). Likewise, both the serotonin and dopamine systems form networks with CRF,
norepinephrine, and opioid systems in modulating anxiety during withdrawal (Forster et
al., 2008, Kirby et al., 2008, Krishnan et al., 2010), and agents targeting CRF receptors
and noradrenergic receptors attenuate anxiety produced by cocaine withdrawal in
rodent studies (Harris and Aston-Jones, 1993, Sarnyai et al., 1995, DeVries and Pert,
1998). The interactions of the pathways involved in drug addiction are complex;
however, identifying potential targets for pharmacological intervention within these
systems may contribute to the prevention of relapse to drug addiction.

12

Dorsal raphe
One region of particular interest in the study of serotonin and anxiety during cocaine
withdrawal is the dorsal raphe (DR). The DR is a midline, neurochemically
heterogenous nucleus located in the ventral periaqueductal gray. This brainstem region
provides widespread innervation to forebrain structures, as approximately 50% of the
serotonin neurons in mouse brain are localized to the DR (Azmitia and Segal, 1978).
Thus, the DR is the primary source of forebrain serotonin, and is an important
component of anxiety and stress neurocircuitry (Lowry, 2002). Projections from the DR
send dense innervations to forebrain structures, regulating serotonin release in these
brain regions. In addition, the DR plays a complex role in addiction through its ability to
regulate activity of dopamine neurons and dopamine release in specific target areas,
pathways of communication that potentially contribute to its role in the regulation of
anxiety-like behaviors during cocaine withdrawal (De Deurwaerdère and Spampinato,
1999, Gervais and Rouillard, 2000b). Dorsal raphe serotonin neurons play important
role in modulation of anxiety-related states (Eison and Eison, 1994, Chaouloff, 2000,
Graeff, 2002, Sena et al., 2003, Abrams et al., 2004, Begg et al., 2005). Likewise,
studies have shown that inactivation of the DR reduces the conflict/anxiety otherwise
present in experienced cocaine-seeking animals, indicating that the DR is an important
region in the regulation of anxiety during cocaine withdrawal (Ettenberg et al., 2011).
The resultant anxiety-like behavior following DR ablation may be due to inactivation of
local serotonin circuitry. However, consideration of the influence of DR inactivation on
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additional neurotransmitter circuits like the GABA system is important, as they play a
key role in contributing to DR activity.
Less than 50% of neurons within the DR are serotonin neurons, with clusters of
serotonin neurons interspersed with non-serotonin neurons (Calizo et al., 2011);
however, all types of DR neurons contribute to afferent or efferent connectivity as well
as modulation of DR serotonin (Jacobs and Azmitia, 1992). Serotonin and nonserotonin neurons are differentially distributed throughout the three distinct subregions
of the DR: the lateral wings (lwDR), the dorsomedial aspect (dmDR) and the
ventromedial aspect (vmDR). Subregions are arranged in specific topographical manner
such that subpopulations of neurons innervate distinct targets, receive different afferent
inputs, and are likely to be differentially regulated in anxiety mechanisms (Crawford et
al., 2010). Efferents from the vmDR and dmDR project to both subcortical and cortical
structures, whereas lwDR projections are primarily to subcortical targets (Lowry et al.,
2008).
Immunohistochemical studies demonstrate alterations in serotonin expression in
subfields along the rostrocaudal extent of the DR (Crawford et al., 2010) (Figure 1.1).
Likewise, differences in GABA and glutamate expression of neurons in subpopulations
exist (Figure 1.2). The lwDR neurons demonstrate the most dense populations of GABA
neurons, whereas the vmDR aspect contain primarily serotonin neurons (Calizo et al.,
2011). In addition, differences in morphology within subregions could have implications
in neuronal function. The lwDR and dmDR neurons have widely dispersed dendrites
that extend in all directions, suggesting that neurons in the lwDR and dmDR are more
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likely to receive input from axons both within and outside of the subfield boundaries.
Alternately, vmDR cells have shorter dendrites in a predominantly dorsal-ventral
orientation, and may not receive input from outer regions (Calizo et al., 2011). Thus, in
the current study, the three subpopulations of DR neurons were studied in order to
identify cellular changes during cocaine withdrawal in a subregion-specific manner.

Figure 1.1. 5-Hydroxytryptamine (5-HT, serotonin) neurons extend across the rostrocaudal extent of the dorsal raphe (DR). Top
panel: images of 200 µm thick slices across the rostrocaudal extent of the DR following immunohistochemical detection of
tryptophan hydroxylase. White dotted lines indicate the regions targeted for electrophysiology (scale bar: 208 µm).Bottom panel:
corresponding brain atlas images (Paxinos and Watson 1996). Numbers indicate rostrocaudal level used for correlative analysis.
Aq, aqueduct; DRC, dorsal raphe, caudal part; lwDR, lateral wing of the DR; vlPAG, ventrolateral periaqueductal gray; vmDR,
ventromedial DR. From Crawford et al., 2010.
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Figure 1.2. Schematic of glutamate vesicular transporter 3 (vGlut3, pink), glutamate decarboxylase (GAD67, blue), GABA
transporter 1 (GAT1, red and orange), and GABA transporter 3 (GAT3, yellow and orange) expression overlayed on diagrams of
rostral, middle, and caudal raphe. A scale drawing of tracings from vmDR, lwDR, dmDR and MR 5-HT neurons with their dendritic
arbor is also included. Note that the drawings are composed of an overlay of all tracings from a specific subfield in order to provide a
general idea of the range and direction of dendritic arborization of 5-HT neurons in each subfield. Diagram of raphe sections
adapted from Paxinos and Watson (1998). Diagram adapted from Calizo et al., 2011.

Cocaine and the dorsal raphe
Previous studies have found an inhibitory mechanism of action for cocaine in the DR.
Electrophysiology experiments demonstrate that bath application of cocaine (20µM) to
brain slices typically produced complete inhibition of serotonin neuronal firing in
cocaine-pretreated animals, whereas lower concentrations produced complete inhibition
of firing in cells from saline controls (Black and Lakoski, 1990). These inhibitory effects
of cocaine in the DR are mediated by increased serotonin available for interaction with
presynaptic 5-HT1A autoreceptors or 5-HT2C receptors, as a consequence of cocaineinduced blockade of serotonin reuptake processes (Black and Lakoski, 1990,
Cunningham and Lakoski, 1990). Cocaine exerts inhibition on serotonin neurons in the
DR more potently than dopamine neurons in A10 region (Pitts and Marwah, 1987,
Einhorn et al., 1988). A microdialysis study has shown that synaptic concentrations of
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serotonin initially rise in the nucleus accumbens in response to intra-nucleus
accumbens infusion of cocaine, but decline sharply upon systemic cocaine
administration and remain suppressed due to autoreceptor-mediated suppression of the
firing of DR neurons (Andrews and Lucki, 2001).
The involvement of the DR in regulating neuronal activity in regions heavily involved
with mediating the effects of cocaine makes a compelling case for the participation of
the DR in regulating anxiety during cocaine withdrawal. For example, the ventral
tegmental area receives dense serotonin innervation from the median raphe and DR
(Conrad et al., 1974, Azmitia and Segal, 1978). It is possible that the actions of cocaine
in the ventral tegmental area may involve an interaction between serotonin effects and
dopamine effects. In addition, a majority of the serotonin input to the nucleus
accumbens originates in the DR (Li et al., 1989; Van Bockstaele, 1993);, as 75% of
neurons projecting from the DR to the nucleus accumbens are serotonin neurons
(Chang et al., 2011). Additionally, upon lesion of the DR, serotonin levels are
significantly lowered in the nucleus accumbens and the medial prefrontal cortex. This
reduction of serotonin inputs leads to an enhanced responsiveness of the dopamine
projections in both areas, potentially through desensitization of dopamine receptors in
DR de-enervated rats (Chang et al., 2011). This interpretation implicates that the
release of dopamine in the medial prefrontal cortex and nucleus accumbens is
dependent on serotonin tone, and may be more highly regulated during a stimulated,
versus basal state (Morrow and Roth, 1996). This is consistent with other studies that
implicate that endogenous serotonin is required to maintain dopamine tone (Minabe et
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al., 1996), and that there is a functional role for serotonin-dopamine interactions within
the nucleus accumbens in the underlying mechanism of action of cocaine (Parsons et
al., 1995, Phelix and Broderick, 1995).
Other drugs of abuse, such as cannabinoids and nicotine, have been shown to directly
interact with the DR pathway to the nucleus accumbens, causing disruption of serotonin
and dopamine associated neurocircuitry (Chang et al., 2011, Tao and Ma, 2012). These
studies show that the neural circuit in the DR is responsible for drug-mediated increases
in serotonin efflux in the nucleus accumbens. The direct inhibitory influence of drugs of
abuse in the DR is likely due to a presynaptic inhibition on GABA activity that exerts a
tonic influence on neuronal circuits regulating serotonin efflux (Tao and Ma, 2012).
Thus, during withdrawal, changes in DR activity are transmitted to targets of the DR via
ascending serotonin projections, many of which collaterize to innervate multiple brain
regions. The collateralization of DR efferents allows for the coordination of the diverse
components of the anxiety responses (Waselus et al., 2011).
Serotonin receptors
The complexity of studying the serotonin system is partially due to the fact that
serotonin acts at many serotonin receptors throughout the brain. There are over 14
serotonin receptor subtypes that have been characterized. Serotonin receptors are
currently divided into seven receptor families (5-HT1-7) based on amino acid sequence,
signal transduction mechanisms, pharmacology and functional criteria. A majority of
these receptors belong to the metabotropic receptor family (transmitting signals through
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G proteins), with the exception of the 5-HT3 receptors, which act as ionotropic receptors
(Barnes and Sharp, 1999, Hoyer et al., 2002).
5-HT2 receptors specifically have been identified as regulatory receptors in rewardrelated behaviors (Grottick et al., 2000, Fletcher et al., 2007, Neisewander and Acosta,
2007, Burbassi and Cervo, 2008) and are also targets in the treatment of psychiatric
disorders involving anxiety as well (Charney et al., 1987, Southwick et al., 1997). The
5-HT2 G-protein coupled receptors, comprised of 5-HT2A, 5-HT2B and 5-HT2C receptors,
couple to Gq/11 and activate phospholipase C and phospholipase A2 as a transduction
mechanism. 5-HT2 receptor subtypes mutually share approximately 80% amino acid
sequence homology but have distinct distributions in the body that suggest distinct
physiological functions. 5-HT2A receptors are found in brain and periphery, whereas
5-HT2B receptors are mainly located in the periphery and 5-HT2C receptors are found
only in the central nervous system, widely distributed throughout various brain regions
(Pompeiano et al., 1994). In the context of cocaine, 5-HT2A and 5-HT2C receptors have
been highlighted as important mediators of reward-related behavior. The 5-HT2A
receptors have excitatory influences on cocaine-induced dopamine release, and 5-HT2C
receptors act in an oppositional inhibitory manner on cocaine-induced dopamine
regulation due to receptor locations (Bubar and Cunningham, 2006). The integration of
activity of each of these receptors contributes to the overall control of dopamine
regulation by the serotonin system in the context of cocaine addiction and withdrawal.
Thus, dysfunction at the level of serotonin receptors may contribute to the
aforementioned dysregulation of the serotonin and dopamine systems.
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5-HT2C receptor
Although over 14 serotonin receptor subtypes have been characterized, separate lines
of evidence have identified a role for the 5-HT2C receptor in the regulation of both
anxiety and cocaine addiction. Further work is needed in order to link the two. The
dense expression of 5-HT2C receptors in limbic and cortical regions is consistent with
their possible importance in affective disorders such as anxiety and/or depression. The
5-HT2C receptor is implicated in many physiological functions and behaviors and a
spectrum of psychiatric disorders, including anxiodepressive states, schizophrenia and
obesity (Higgins et al., 2011, Meltzer et al., 2012). This specific receptor subtype
represents an important site of action for numerous psychoactive compounds such as
antidepressants, anxiolytics, antipsychotics, and food intake inhibitors (Giorgetti and
Tecott, 2004, Millan, 2005, Di Giovanni et al., 2006). 5-HT2C receptors are widely
distributed across the periphery and brain (Mengod et al., 1990) and the differences
between rodent and human brain distribution are limited (Abramowski et al., 1995).
As noted previously, the 5-HT2C receptor is a G-protein coupled receptor linked to
Gq/11. Activity at this receptor leads to activation of the phospholipase C signal
transduction pathway (Labasque et al., 2010). In fact, 5-HT2C receptor activity results in
depolarization of cell membranes by inducing phospholipase C-mediated inositol
phosphate accumulation and enhancement of intracellular calcium (Stanford et al.,
2005). However, evidence exists showing that activation of 5-HT2C receptors also
stimulates the phospholipase A2 pathway, possibly via Galpha13 that recruits a
RhoA/PLD pathway (McGrew et al., 2002), and the extracellular signal-regulated kinase
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(ERK) 1/2 pathway in various cell backgrounds (Werry et al., 2005). In addition to
phospholipase signaling pathways, 5-HT2C receptors also activate desensitization
mechanisms, such as G protein coupled receptor kinase (GRK) (Berg et al., 2001b) and
arrestin (Marion et al., 2004).
The 5-HT2C receptor is the only known G-protein coupled receptor that undergoes
mRNA adenosine-to-inosine editing, leading to amino acid substitutions within the
intracellular loop 2 and the generation of a great number of isoforms (14 in human),
ranging from unedited (INI) to the fully edited (VGV) receptors and exhibiting different
regional distributions (Burns et al., 1997). RNA editing efficiency differs in different brain
regions and in response to various drugs, leads to decreases in the binding affinity of
agonists and alters some coupling, ligand-functional selectivity, and signaling
characteristics of the receptor (Herrick-Davis et al., 1999, Niswender et al., 1999, Berg
et al., 2001a, Werry et al., 2008). In fact, reduced constitutive activity toward
phospholipase C of the edited 5-HT2C receptor isoforms is due to reduced efficiency of
G protein coupling of the unoccupied receptor. The RNA editing characteristic of the 5HT2C receptor results in a more complex functional role for the 5-HT2C receptor (O'Neil
and Emeson, 2012), and has implications for the role of the 5-HT2C receptor in
mediating the effects of cocaine and withdrawal-induced anxiety.
5-HT2C receptor and cocaine
Studies have shown a regulatory role of the 5-HT2C receptor in the modulation of
cocaine-induced alterations in dopamine and serotonin. In addition, activity at 5-HT2C
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receptors has influence over cocaine-induced behaviors like hyperactivity and selfadministration, such that activation of the 5-HT2C receptor leads to an attenuation of
cocaine-induced increases in dopamine and serotonin (Leggio et al., 2009). In addition,
5-HT2C receptor knockout mice show higher cocaine-induced dopamine extracellular
levels in the nucleus accumbens compared with wild type controls (Rocha et al., 2002).
Likewise, activation of the 5-HT2C receptor results in an attenuation of behaviors elicited
by cocaine exposure. Administration of 5-HT2C receptor agonist leads to reductions in
cue- and cocaine- primed reinstatement of extinguished cocaine-seeking behavior
(Grottick et al., 2000, Fletcher et al., 2007, Neisewander and Acosta, 2007, Burbassi
and Cervo, 2008). A 5-HT2C receptor agonist decreases, while an antagonist increases
expression of cocaine-induced conditioned hyperactivity (Liu and Cunningham, 2006).
In Chapter 2 of the current study, the effects of activation of 5-HT2C receptors via
systemic administration of the 5-HT2C receptor agonist, Ro 60-0175, on the
development of cocaine-induced conditioned place preference and locomotor
sensitization were tested. It was hypothesized that due to the inhibitory nature of 5-HT2C
receptor agonists on cocaine-induced increases in serotonin and dopamine and
cocaine-induced behaviors, Ro 60-0175 would attenuate the development of cocaine
conditioned place preference and acute hyperactivity, as well as locomotor
sensitization.
5-HT2C receptor and anxiety
A role for the 5-HT2C receptor in anxiety mechanisms has been identified in both
preclinical and clinical studies. Numerous rodent studies demonstrate that
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administration of a 5-HT2C receptor antagonist produces an anxiolytic response (Harada
et al., 2008, Christianson et al., 2010, Mongeau et al., 2010), whereas agonists induce
anxiogenic-like responses (Whitton and Curzon, 1990, Gibson et al., 1994). Likewise,
overexpression of 5-HT2C receptors leads to elevated anxiety-like behavior (Kimura et
al., 2009). Clinical studies show that administration of a 5-HT2C receptor agonist in
humans causes anxiety in normal volunteers (Mueller et al., 1985), panic attacks in
PTSD patients and normal volunteers (Charney et al., 1987, Southwick et al., 1997),
and obsessive compulsive symptoms in obsessive compulsive disorder patients (Zohar
et al., 1987).
Gamma-aminobutyric acid (GABA)
GABA is an inhibitory neurotransmitter that acts at metabotropic GABAB receptors or
ionotropic GABAA receptors to elicit effects. Inhibition of neurotransmitter systems
produced by GABAA selective agonists results from activation of a receptor-chloride
channel complex (Mathers, 1987). In contrast, GABAB receptors, selectively stimulated
by baclofen, are coupled via G-proteins to potassium channel activation (Bowery et al.,
1981, Dutar and Nicoll, 1988). The GABAA receptor predominantly conducts chloride
ions. Since the chloride equilibrium potential is near the resting potential in most
neurons, increasing chloride permeability hyperpolarizes the neuron and decreases the
depolarizing effects of an excitatory input, thus depressing excitability. Numerous
studies provide evidence that the inhibitory effects of 5-HT2C receptor may result from
activation of GABA neurons expressing 5-HT2C receptors (Eberle-Wang et al., 1997,
Gobert et al., 2000, Di Giovanni et al., 2001).
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The current study (Chapter 3) directs particular focus to activity at GABAA ionotropic
receptors. Predominate influence on serotonin in the DR is mediated by GABAA
receptors, as evidenced by studies using microdialysis techniques. These studies show
that blockade of DR GABAA receptors by infusion of the GABAA receptor antagonist,
bicuculline, produces an approximately three-fold increase in DR serotonin release (Tao
et al., 1996). Also, the GABAA receptor antagonist, picrotoxin, produces selective
enhancement of DR serotonin, thus GABA neurons in DR have tonic inhibitory influence
on serotonin cells through this receptor associated chloride channel (Tao et al., 1996).
Several pharmacological agents most commonly known under the class of
benzodiazepines target the GABA system in the alleviation of anxiety (Bloom, 1977),
and the function of GABAA receptors is particularly important in this effect (Divljaković et
al., 2013).
Studies have identified the co-localization of 5-HT2C receptors on GABA neurons in a
number of brain regions important in serotonin and dopamine regulation (Liu et al.,
2007, Bubar et al., 2011). Thus, the overall inhibitory control of dopamine and serotonin
systems occurring through the 5-HT2C receptor potentially occurs via a negative
feedback mechanism through interactions with the GABA system. Electrophysiology
studies have shown that activation of 5-HT2C receptors causes a dose-dependent
attenuation of DR serotonin cell firing which is reversed by a 5-HT2C receptor antagonist
and a GABAA receptor antagonist, picrotoxin (Boothman et al., 2006). In addition, the
5-HT2C receptor agonist, Ro 60-0175, increases neuronal activation as indicated by Fos
expression in GABA neurons (Quérée et al., 2009). Thus, these studies provide a
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strong platform from which the direction of the current study was formed. GABA activity
at GABAA receptors was measured in DR serotonin neurons from cocaine withdrawn
mice at 25 hours and 7 days of withdrawal, as well as during active cocaine exposure
30 minutes following the last cocaine injection. The ability of 5-HT2C receptor blockade
via bath application of the 5-HT2C receptor antagonist, SB 242084, to alter GABA
activity in cells from cocaine-injected mice at 30 minutes, 25 hours or 7 days following
the last cocaine injection was assessed, as compared to cells from saline controls
(Chapter 3).
Summary of objectives
The current thesis study has two overall aims. The first was to establish how activity at
the 5-HT2C receptor influences cocaine-induced behaviors. Support for these
experiments comes from previous studies in the literature that have identified an
inhibitory role for 5-HT2C receptor activity on cocaine-induced increases in serotonin and
dopamine, and cocaine-induced behaviors like self-administration. It was hypothesized
that 5-HT2C receptor activation would decrease cocaine-induced behaviors. The
conditioned place preference and behavioral sensitization paradigms were used to
assess how 5-HT2C receptor activity has consequences on the rewarding and acute, as
well as long-term, locomotor effects of cocaine.
Both preclinical and clinical work have identified an anxiogenic response upon activation
of 5-HT2C receptors, and concordant anxiolytic response in rodent studies upon 5-HT2C
receptor blockade. The second aim of the current thesis study strived to investigate 525

HT2C receptor activity in the regulation of anxiety during cocaine withdrawal.
Electrophysiological, behavioral, immunohistochemical, and autoradiographic
techniques were employed to study 5-HT2C receptor activity and GABA mechanisms in
the context of anxiety during cocaine withdrawal. It was hypothesized that 5-HT2C
receptor blockade would elicit an attenuation of cocaine-induced anxiety-like behavior
following withdrawal from chronic binge cocaine. It was expected that anxiety during
cocaine withdrawal would be accompanied by dysfunction of dorsal raphe 5-HT2C
receptor and GABA activity, based on evidence for a negative feedback mechanism
involving the 5-HT2C receptor and GABA in control over serotonin. By identifying a role
for the 5-HT2C receptor in regulating anxiety neurocircuitry associated with cocaine
withdrawal, the goal was to detect a potential target for pharmacological intervention in
the prevention of relapse to cocaine use in abstaining individuals.
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ABSTRACT
Previous studies have identified an inhibitory regulatory role of the 5-HT2C receptor in
serotonin and dopamine neurotransmission. As cocaine is known to enhance serotonin
and dopamine transmission, the ability of 5-HT2C receptors to modulate cocaine-induced
behaviors was investigated. Alterations in cocaine reward behavior were assessed in
the conditioned place preference (CPP) paradigm. Mice were injected with a selective
5-HT2C receptor agonist, Ro 60-0175 (0, 1, 3, 10 mg/kg, i.p.) prior to cocaine
administration (10 mg/kg, i.p.) on cocaine-conditioning days. Administration of
Ro 60-0175 (10 mg/kg) prior to cocaine attenuated the development of cocaine place
preference. To assess the potential of the 5-HT2C receptor to influence cocaine-induced
behavioral sensitization, mice were pretreated with either saline or Ro 60-0175 (10
mg/kg, i.p.) and 30 minutes later, administered cocaine (20 mg/kg, i.p.) or saline once
daily for 5 days. Locomotor activity was measured daily following cocaine
administration. After a 10-day drug-free period, locomotor activity was measured on day
16 following a challenge injection of cocaine (20 mg/kg, i.p.). Pharmacological activation
of 5-HT2C receptors with Ro 60-0175 attenuated acute cocaine-induced activity on days
1-5, as well as the development of long-term cocaine-induced locomotor sensitization.
Thus, activation of 5-HT2C receptors attenuated the rewarding and locomotor-stimulating
effects of cocaine, as well as inhibited the development of sensitization. The current
study shows that 5-HT2C receptor activity exerts an inhibitory influence on the short-term
and long-term behavioral responses to cocaine.
Keywords: cocaine, reward, hyperactivity, sensitization, 5-HT2C receptor
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Introduction
Although the effects of psychostimulants on brain dopamine systems are well
recognized, the actions of cocaine on serotonin systems are also important in its
addictive properties. Substantial evidence shows that cocaine binds to dopamine
transporters and blocks the reuptake of dopamine, leading to increased levels of
extracellular dopamine (Heikkila et al., 1975, Calligaro and Eldefrawi, 1987, Ritz et al.,
1987, Nicolaysen and Justice Jr, 1988, Czoty et al., 2000). However, cocaine also
blocks the reuptake of other monoamines including serotonin (Ross and Renyi, 1969,
Koe, 1976, Reith et al., 1983, Reith et al., 1986, Ritz et al., 1990). Cocaine binds to the
serotonin transporter and causes increases in extracellular serotonin through this
mechanism (Taylor and Ho, 1978, Teneud et al., 1996). Although over fourteen
serotonin receptor subtypes are known to exist in the mammalian brain, the serotonin
2C (5-HT2C) receptor has been identified as a key regulatory receptor in dopamine
neurotransmission and cocaine pharmacology (Di Matteo et al., 1999, De Deurwaerdare
et al., 2004, Alex and Pehek, 2007, Navailles et al., 2007, Berg et al., 2008, Bubar and
Cunningham, 2008, Huang et al., 2011). In this study, activity at the 5-HT2C receptor
was targeted in the assessment of cocaine-induced behaviors.
Previous studies have demonstrated that stimulation of 5-HT2C receptors results in an
inhibition of dopamine neurotransmission. Specifically, activation of 5-HT2C receptors
has been shown to decrease synaptic dopamine in mesolimbic brain areas regulating
reward circuitry (Di Matteo et al., 2000, Navailles et al., 2007). In this context,
administration of 5-HT2C receptor agonists prior to cocaine elicits an attenuation of
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cocaine-induced conditioned hyperactivity and cocaine self-administration (Liu and
Cunningham, 2006, Pentkowski et al., 2010). In the present study, cocaine-induced
behaviors were assessed following administration of the selective 5-HT2C receptor
agonist, Ro 60-0175. Specifically, the ability of Ro 60-0175 to alter the development of
cocaine-induced conditioned place preference as well as cocaine-induced locomotor
sensitization was investigated. Results demonstrate that activation of 5-HT2C receptors
via Ro 60-0175 prior to cocaine inhibited the development of cocaine-conditioned place
preference and attenuated both acute hyperactivity and locomotor sensitization. Thus,
results from the current study show that activation of 5-HT2C receptors prior to acute
cocaine exposure attenuates the rewarding and locomotor effects of the drug.
Materials and Methods
Animals
Adult male C57Bl/6 mice (Charles River, Inc, 22-24 grams at the start of the
experiment) housed 4 per cage were maintained on a 12 hour light/dark cycle and
provided food and water ad libitum. Animal use procedures were conducted in strict
accordance with the NIH Guide for the Care and Use of Laboratory Animals and
approved by the Institutional Animal Care and Use Committee of Temple University.
Drugs
Cocaine hydrochloride, generously provided by the NIDA drug supply program, and
Ro 60-0175 (Tocris Bioscience) were dissolved in 0.9% saline and administered
intraperitoneally (i.p.) in a volume of 3 ml/kg body weight.
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Conditioned Place Preference
A biased conditioned place preference (CPP) procedure was employed using a two
compartment place preference apparatus (San Diego Instruments, San Diego, CA).
Mice (n=4-12/group) underwent a 30 minute pretest prior to conditioning, in which free
access to both compartments of the apparatus was allowed and time spent in each
compartment was recorded. The compartment that the mouse spent the lesser amount
of time in during the pretest was designated as the cocaine-paired side for the
conditioning sessions. The mice were conditioned once daily for 4 days. Mice were
pretreated with saline on days 1 and 3 and with Ro 60-0175 (1, 3, 10 mg/kg, i.p.) on
days 2 and 4 in their home cages. Thirty minutes after the pretreatment on days 1 and
3, mice were injected with saline and were confined to the preferred side of the CPP
chamber. On days 2 and 4, mice received cocaine (10 mg/kg, i.p.) 30 minutes following
the pretreatment and were confined to the non-preferred side of the CPP chamber. On
day 5, mice had free access to both compartments of the conditioning chamber in a
drug-free state for 30 minutes and time in each compartment was recorded. The
difference in seconds between the time spent in the cocaine-paired chamber on test day
and time spent in the same initially non-preferred compartment during the pretest was
used to measure the degree of place conditioning. A positive number is indicative of a
conditioned place preference, whereas a negative number indicates a conditioned place
aversion. Data were analyzed by two-way analysis of variance (ANOVA) with
pretreatment and treatment as variables (GraphPad Prism V4). Bonferroni’s post-hoc
analyses were used with a significant ANOVA to identify if there were significant
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differences between groups in the mean preference for the cocaine-paired
compartment.
Locomotor Activity and Behavioral Sensitization
Mice (n=8/group) were placed in activity monitors and allowed 30 minutes to acclimate.
After 30 minutes of habituation, mice were injected with either saline or Ro 60-0175 (10
mg/kg) and then 30 minutes later injected with saline or cocaine (20 mg/kg). This was
repeated once a day for 5 days. Locomotor activity was measured for 30 minutes after
the cocaine or saline injections on each day using the Digiscan Micropro system
(Accuscan, Inc., Columbus, OH). The activity monitors consist of transparent plastic
boxes (45x20x20 cm) set inside metal frames that are equipped with 16 infrared light
emitters and detectors. The number of photocell beam breaks is recorded by a
computer interface in 5 minute bins. After a 10-day drug-free period, all mice were
injected on day 16 with a challenge dose of cocaine (20 mg/kg) and activity was
measured for 60 minutes in order to test the expression of locomotor sensitization.
Mean cumulative activity data were analyzed by two-way ANOVA with pretreatment and
treatment as variables. Time-course analysis was performed by three-way ANOVA with
pretreatment (saline vs. Ro 60-0175), treatment (saline vs. cocaine), and time as
variables. Bonferroni’s post-hoc analyses were used with a significant ANOVA to
identify if there were significant differences between groups in locomotor activity and
development of sensitization.
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Results
Conditioned Place Preference
In order to test the effects of 5-HT2C receptor activation on the rewarding properties of
cocaine, mice were pretreated with saline or the 5-HT2C receptor agonist, Ro 60-0175,
prior to cocaine conditioning. The data in Figure 2.1 represent the mean preference
scores for the drug-paired environment for animals in each experimental group. Twoway ANOVA revealed a significant main effect of treatment (F[1,53]=18.13; p<0.0001)
and a significant interaction (F[3,53]=2.814; p=0.0480); no significant pretreatment
effect was revealed (F[3,53]=1.867; p=0.1464). Post-hoc Bonferroni’s analyses show
that conditioned place preference was established in cocaine-conditioned animals
versus saline controls (sal/sal vs. sal/coc, p<0.001, Figure 2.1). Administration of the
5-HT2C receptor agonist, Ro 60-0175, prior to cocaine on cocaine-conditioning days
attenuated the development of conditioned place preference in an apparent dose
dependent manner (sal/coc vs. Ro 60-0175 10/coc, p<0.01). Administration Ro 60-0175
alone did not produce a significant place preference or aversion (sal/sal vs. Ro 600175/sal, p>0.05).
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Figure 2.1 Effect of Ro 60-0175 on cocaine CPP. Mice conditioned with cocaine (10 mg/kg, i.p.) spent significantly
more time on the cocaine-paired side of the conditioning chamber than the saline-paired side as compared to salineinjected controls (saline/saline vs. saline/cocaine). Pretreatment with Ro 60-0175 (1, 3, and 10 mg/kg, i.p.) attenuated
the development of conditioned place preference (saline/cocaine vs. Ro 60-0175/cocaine). Preference is measured by
post-conditioning time in the cocaine-paired side minus pretest time in the same side. Data were analyzed by a two-way
ANOVA and Bonferroni post hoc analysis (**p<0.01, ***p<0.001). Data points represent the mean + SEM (n=412/group).

Locomotor Activity
The 5-HT2C receptor-mediated influence on the locomotor-stimulating effects of cocaine
was evaluated by measuring locomotor activity in the presence of 5-HT2C receptor
activation. On days 1-5, animals were injected with either saline or Ro 60-0175 (10
mg/kg) followed 30 minutes later by saline (controls) or cocaine (10 mg/kg) and
locomotor activity was measured. The mean activity counts following cocaine
administration for mice in each experimental group on days 1 through 5 are displayed in
Figure 2.2. Two-way ANOVAs were conducted using pretreatment and treatment as
factors for each day. Significant main effects for treatment were revealed on all 5 days
(day 1 treatment, F[1,28]=5.916, p=0.0216; day 2 treatment, F[1,28]=14.04, p=0.0008;
day 3 treatment, F[1,28]=32.23, p<0.0001; day 4 treatment, F[1,28]=68.24, p<0.0001;
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day 5 treatment, F[1,28]=163.5, p<0.0001). Significant main effects for pretreatment
were also revealed (day 1, F[1,28]=20.34, p=0.0001; day 2, F[1,28]=5.681, p=0.0242;
day 3, F[1,28]=4.663, p=0.0395; day 4, F[1,28]=14.47, p=0.0007; day 5, F[1,28]=18.01,
p=0.0002). A significant interaction effect was revealed on day 5 (F[1,28]=6.349,
p=0.0177). Bonferroni’s post-hoc test showed that cocaine significantly increased
activity on days 2-5 compared with saline (sal/sal vs. sal/coc, p<0.05). Mice pretreated
with Ro 60-0175 before cocaine (Ro 60-0175/coc) had significantly lower activity counts
than mice receiving cocaine alone (sal/coc) on days 1, 4 and 5. Ro 60-0175 alone
significantly decreased activity on day 1 only as compared to saline controls (sal/sal vs.
Ro 60-175/sal, p<0.05), but not on other days.
The development of sensitization within groups from day 1 to day 5 was analyzed with
two-way ANOVA using treatment group and day as factors. Significant main effects for
treatment group (F[3,140]=93.19, p<0.001), day (F[4, 140]=21.03, p<0.001) and
interaction (F[12,140]=7.435, p<0.001) were identified. Bonferroni’s post-hoc test
showed that mice pretreated with saline before cocaine (sal/coc) demonstrated
significantly higher locomotor activity counts on day 5, as compared to day 1 (p<0.001).
Likewise, mice pretreated with Ro 60-0175 prior to cocaine also exhibited significantly
higher activity on day 5 as compared to day 1 (p<0.001), though comparison of sal/coc
and Ro 60-0175/coc on day 5 yielded significant differences between groups. These
data indicate that cocaine-injected mice developed a sensitized response over the 5
days of cocaine administration. Pretreatment with Ro 60-0175 partially, but not
completely, attenuated the sensitization.
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Figure 2.2. Effect of Ro 60-0175 on cocaine-induced activity on Days 1-5 (A-E). Cocaine significantly increased activity on days 25 (sal/sal vs. sal/coc). Ro 60-0175 pretreatment significantly attenuated cocaine-induced hyperactivity on days 1, 4 and 5. Data
are represented as mean + SEM, and analyzed by two-way ANOVA with Bonferroni post hoc analysis (n=8, *p<0.05, **p<0.01,
***p<0.001).

Sensitization
To test for the expression of behavioral sensitization after 10 days of drug absence, a
challenge injection of cocaine (20 mg/kg) was given to all mice on day 16 of the study.
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No pretreatment injections were given on this day. The mean cumulative activity counts
over the first 30 minutes and time course of activity (in 5 minute increments) after
cocaine challenge on day 16 are shown in Figure 2.3A and B. Data from Figure 2.3A
were analyzed by two-way ANOVA with pretreatment and treatment as factors. There
was a significant main effect of treatment (F[1,28]=14.36, p=0.0007). Mice that received
saline/cocaine on days 1-5 exhibited heightened activity as compared to saline/saline
controls when challenged with cocaine (Bonferroni’s post-hoc test, **p<0.01), indicating
sensitization. Ro 60-0175 pretreated mice did not show a sensitized response to a
cocaine challenge on day 16 (Ro 60-0175/sal vs. Ro 60-0175/coc, p>0.05; Figure 2.3A).
Time course data were analyzed by three-way ANOVA with pretreatment on days 1-5
(saline vs. Ro 60-0175), treatment (saline vs. cocaine), and time as factors with
repeated measures on time. There was no significant main effect of treatment (F[3,
28]=1.98, p=0.1401), but a significant time effect (F[12,336]=55.79, p<0.0001) and
interaction (F[36,336]=6.19, p<0.0001). Post-hoc comparison of sal/sal and sal/coc
identified significant differences in response to the cocaine challenge on day 16, such
that sal/coc mice exhibited significantly heightened locomotor activity in comparison to
sal/sal controls at the 5-15 minute time points (p<0.001), the 20 minute time point
(p<0.05) and the 25 and 30 minute time points (p<0.01). As shown in Figure 2.3B, posthoc comparison of sal/coc and Ro 60-0175/coc groups revealed significant differences
in response to the cocaine challenge on day 16. Mice pretreated with Ro 60-0175 on
days 1 through 5 before daily cocaine injections (Ro 60-0175/coc) showed lower activity
in response to the cocaine challenge on day 16 than those receiving cocaine alone
(sal/coc) despite the absence of Ro 60-0175 on this day; their activity was significantly
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different from the sal/coc group at the 5 minute time point (p<0.05). In addition, the Ro
60-0175/coc group demonstrated significantly elevated levels of locomotor activity in
comparison to the sal/sal group only at initial time increments; the 5 minute time point
(p<0.001), the 10 minute time point (p<0.01), and the 15 minute time point (p<0.05), and
in comparison to the Ro 60-0175/sal group at the 10 minute time point (p<0.05). This
indicates that Ro 60-0175 administration prior to daily cocaine partially attenuated the
development of locomotor sensitization to cocaine.

Figure 2.3. Cumulative activity counts/30 min (A) and time-course of activity counts (B) on day 16; all groups received a
cocaine challenge at time 0 as indicated. Ro 60-0175 (10 mg/kg) pretreatment prior to cocaine on days 1-5 attenuated
cocaine-induced hyperactivity on Day 16. Data are represented as mean + SEM, and analyzed by two-way ANOVA (A)
and three-way ANOVA (B) with Bonferroni post hoc analysis (n=8, *p<0.05, **p<0.01, ***p<0.001).
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Discussion
The 5-HT2C receptor has been established in previous studies as a key regulatory
receptor of dopamine and serotonin neurotransmission (Di Matteo et al., 2000,
Boothman et al., 2006, Navailles et al., 2006). Studies using in vivo microdialysis have
identified differential regulation of cocaine-induced alterations in dopamine
neurotransmission through 5-HT2C receptors. A report by Navailles et al. showed that
the overall action of 5-HT2C receptors on cocaine-induced dopamine output is
dependent on a functional balance between 5-HT2C receptor populations in brain
regions regulating reward circuitry, such as the nucleus accumbens and ventral
tegmental area (Navailles et al., 2007). In addition, behavioral studies have shown that
administration of 5-HT2C receptor agonists prior to cocaine attenuates cocaine-induced
self-administration (Neisewander and Acosta, 2007) and conditioned hyperactivity (Liu
and Cunningham, 2006).
The present study demonstrates that administration of the highly selective 5-HT2C
receptor agonist, Ro 60-0175, attenuated cocaine-induced conditioned place
preference, identifying an inhibitory effect of 5-HT2C receptor activation on the rewarding
properties of cocaine. Likewise, activation of 5-HT2C receptors by Ro 60-0175 prior to
cocaine on days 1-5 of cocaine administration attenuated cocaine-induced hyperactivity
and the development of locomotor sensitization. The locomotor effects elicited by
cocaine are known to demonstrate sensitization, in that cocaine-induced hyperactivity is
elevated upon each time the subject is re-exposed to the drug in a repeated
administration paradigm (Post and Rose, 1976, Everitt and Wolf, 2002). In this study,
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Ro 60-0175 pretreatment on days 1-5 attenuated acute cocaine-induced hyperactivity,
as well as locomotor sensitization during acute cocaine administration. Following a
10-day withdrawal, mice received a cocaine challenge injection and locomotor activity
was assessed. It was evident that Ro 60-0175 pretreatment on days 1-5 partially
attenuated the development of long-term cocaine-induced locomotor sensitization, as
expressed following a cocaine challenge injection on day 16. Partial attenuation of
locomotor sensitization on day 16 by Ro 60-0175 pretreatment on days 1-5 is likely due
to the contribution of other neurotransmitter systems not affected by 5-HT2C receptor
activity, such as the glutamate system, which is known to contribute to sensitization and
neuroplasticity associated with repeated psychostimulant exposure (Li et al., 1999, Liu
and Steketee, 2011).
Previous studies have shown that the functional status of the mesocorticolimibc
dopamine system is under a phasic and tonic inhibitory control by the serotonin system,
including particularly the 5-HT2C receptor (Di Matteo et al., 2001, Navailles et al., 2006).
The inhibitory effect of the 5-HT2C receptor is thought to arise from a negative feedback
mechanism through GABA networks. It has been shown that 5-HT2C receptors are not
located on serotonin neurons, but are expressed on GABA neurons (Serrats et al.,
2005). 5-HT2C receptor activation leads to heightened GABA activity in the DR nucleus,
an area that is integral in supplying the main source of serotonin in the brain, projecting
to mesolimbic regions largely involved in regulating addictive behaviors (Boothman et
al., 2006, Quérée et al., 2009). Activation of 5-HT2C receptors enhances the inhibitory
effects of GABA by increasing GABA synthesis, decreasing GABA turnover, and
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inhibiting GABA degradation (Boothman et al., 2006). Further experimentation is
needed in order to evaluate the role of 5-HT2C receptors in cocaine abuse and addiction
through this GABA mechanism. It is expected that activation of 5-HT2C receptors leads
to increases in GABA activity, which results in inhibition of serotonin and dopamine
systems normally contributing to the rewarding properties of cocaine. Targeting 5-HT2C
receptors would blunt the euphoric effects of cocaine through this proposed mechanism.
This study supports a role for the 5-HT2C receptor in regulating both the rewarding and
locomotor stimulating effects produced by cocaine. The 5-HT2C receptor exhibits an
inhibitory mode of action over both the short- and long-term behavioral responses to
cocaine, potentially through an indirect GABA mechanism. Future studies will further
address the link between serotonin and dopamine systems, and the underlying
neurocircuitry occurring via 5-HT2C receptor and GABA interactions in the context of
cocaine exposure.
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ABSTRACT
The serotonin system is intimately linked to both the mediation of anxiety and long-term
effects of cocaine, potentially through the interaction of the inhibitory 5-HT2C receptor
and gamma-aminobutyric acid (GABA) networks. This study characterized the function
of the dorsal raphe 5-HT2C receptor and GABA network in anxiety produced by chronic
cocaine exposure. C57BL/6 mice were injected saline or cocaine (15 mg/kg) 3 times
daily for 10 days, and tested on the elevated plus maze 30 minutes, 25 hours, or 7 days
after the last injection. Cocaine-withdrawn mice showed heightened anxiety-like
behavior at 25 hours of withdrawal, as compared to saline controls. Cocaine-treated
mice did not show anxiety when tested 30 minutes or 7 days after the last injection.
Electrophysiology data revealed that serotonin cells from cocaine-withdrawn mice
exhibited increased GABA inhibitory postsynaptic currents (IPSCs) in specific dorsal
raphe subregions dependent on withdrawal time (25 h or 7 d), an effect that was absent
in cells from non-withdrawn mice (30 minutes after the last cocaine injection). Increased
IPSC activity was restored to baseline levels following bath application of the 5-HT2C
receptor antagonist, SB 242084. In a separate cohort of cocaine-injected mice at 25
hours of withdrawal, both global and intra-dorsal raphe blockade of 5-HT2C receptors
prior to elevated plus maze testing attenuated anxiety-like behavior. This study
demonstrates that dorsal raphe 5-HT2C receptor blockade prevents anxiety-like behavior
produced by cocaine withdrawal, potentially through attenuation of heightened GABA
activity, supporting a role for the 5-HT2C receptor in mediating anxiety produced by
cocaine withdrawal.
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Introduction
Anxiety is a major component of the negative affective state experienced during
cessation from repeated cocaine use. Severe anxiety provides part of the negative
reinforcement associated with cocaine dependence and contributes to relapse and
maintenance of cocaine abuse (Markou and Koob, 1992). As the serotonin system
plays a role in anxiety, it is possible that long-term alterations in serotonin activity
elicited by cocaine exposure contribute to anxiety experienced during withdrawal
(Parsons et al., 1995).
Evidence supports the importance of the 5-HT2C receptor in the regulation of cocaine
effects, as activation of the 5-HT2C receptor reduces cocaine-induced increases in
serotonin and dopamine neurotransmission (Di Matteo et al., 2000, Navailles et al.,
2007). Separately, a role for the 5-HT2C receptor in the orchestration of anxiety-like
behaviors has been identified. 5-HT2C receptor knock out mice demonstrate decreased
anxiety-like behaviors, and pharmacological blockade of 5-HT2C receptor activity
prevents the expression of anxiety (Christianson et al., 2010). These studies implicate a
direct role for the 5-HT2C receptor in regulating anxiety as well as the effects of cocaine,
suggesting a putative target for studying the link between the serotonin system and
anxiety produced by cocaine withdrawal.
The inhibition of dopamine and serotonin neurotransmission by 5-HT2C receptors may
arise via an indirect GABA mechanism. 5-HT2C receptors located on GABA interneurons
(Serrats et al., 2005) constitute a negative feedback circuit that mediates 5-HT2C
receptor-induced suppression of dorsal raphe serotonin activity (Boothman et al., 2006,
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Quérée et al., 2009). The dorsal raphe is the primary source of serotonin in the
forebrain and is integral in regulating cocaine withdrawal-induced anxiety (Ettenberg et
al., 2011). Dysfunction of the negative feedback function of 5-HT2C receptor and GABA
activity could interfere with dorsal raphe activity, and thus disrupt serotonin signaling
and contribute to cocaine withdrawal-induced anxiety.
In the present study, cocaine withdrawal-induced anxiety was assessed in the context of
dorsal raphe 5-HT2C receptor and GABA activity. Dorsal raphe serotonin neurons are
heterogeneous and exist in three distinct regional subpopulations with varying function
and projections to forebrain regions (Calizo et al., 2011). The dorsomedial and
ventromedial aspects of the dorsal raphe, mainly comprised of serotonin neurons,
project to subcortical and cortical structures (Azmitia and Segal, 1978). In contrast, the
lateral wing subregion innervates subcortical structures and is densely populated by
GABA neurons (Lowry et al., 2008, Calizo et al., 2011). Investigation of the differences
in cell activity and characteristics in each subregion during cocaine withdrawal provides
a mechanistic description of the dorsal raphe serotonin neurocircuitry and its influence
on withdrawal-induced anxiety.
To our knowledge, we are the first to characterize the physiology of dorsal raphe
serotonin neuron subpopulations in the regulation of anxiety produced by cocaine
withdrawal, and to identify a role for the 5-HT2C receptor and GABA network in
mediating cocaine withdrawal-induced anxiety. Through targeting acute and protracted
stages of withdrawal, this research identifies a functional mechanism for the production
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of cocaine withdrawal-induced anxiety, and suggests novel pharmacological targets for
the prevention of relapse.
Materials and Methods
Animals
Adult male C57Bl/6 mice were obtained from Charles River, Inc. (22–24 g at the start of
the experiment) and housed 4 per cage. Mice were maintained on a 12 h light/dark
cycle and provided food and water ad libitum. All testing was accomplished during the
light phase. Animal use procedures were conducted in strict accordance with the NIH
Guide for the Care and Use of Laboratory Animals and approved by the Institutional
Animal Care and Use Committee of Temple University.
Drugs
Cocaine hydrochloride, generously provided by the NIDA drug supply program, was
dissolved in 0.9% saline and administered intraperitoneally (i.p.) in a volume of 3 ml/kg
body weight. 6-Chloro-2,3-dihydro-5-methyl-N-[6-[(2-methyl-3-pyridinyl)oxy]-3-pyridinyl]1H-indole-1-carboxyamide dihydrochloride (SB 242084, Tocris Bioscience) was
dissolved in 0.9% saline and administered either i.p. (1mg/kg) in a volume of 3 ml/kg
body weight or microinjected into the dorsal raphe (0.5 µl of a 50 mM solution) via a
chronic indwelling guide cannula.
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Cocaine administration
Mice were injected with saline or cocaine (15 mg/kg) 3 times daily at 1 h intervals for 10
days (Unterwald et al., 1992; 2001). Mice were tested on the elevated plus maze either
30 minutes, 24 hours or 7 days after the last injection.
Guide cannula implantation
On day 8 of the 10 day cocaine or saline administration schedule, some cohorts of mice
were anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/kg) and stereotaxic
surgery was performed to achieve implantation of a guide cannula into the midline
dorsal raphe. With the arm of the stereotaxic apparatus held secure at a 26 degree
angle in order to avoid the cerebral aqueduct and damage to the midsagittal sinus
situated above the dorsal raphe, a stainless-steel 25 gauge guide cannula was aimed at
the dorsal raphe (anteroposterior, -4.3 mm; lateral, 1.8 mm; ventral 2.7 mm with respect
to bregma) according to the coordinates in Paxinos and Watson (1986). Brains were
collected after the experiments and cannulae placements were verified following
injection of methylene blue dye (Tocris Bioscience).
Elevated Plus Maze
The elevated plus maze test was used to assess anxiety-like behavior. The elevated
plus maze (San Diego Instruments) consists of four equal-sized runways (12” x 2”) in
the shape of a plus sign, and elevated 15.25 inches off the ground. Two of the arms are
enclosed by solid walls (6 inches high, closed arms), whereas the other two arms have
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no side walls (open arms). A ledge (1/8” high) is present around the perimeter of the
open arms of the maze. The lighting in the test room was adjusted from normal level
(∼450 lux) to a low-light dimmer setting of 15 lux. Mice were placed on the center of the
elevated plus maze, and activity was video recorded for 10 minutes. The amount of time
spent on the open arms is considered a measure of anxiety-like behavior, based on the
rodent’s natural aversion to open spaces versus the inclination to explore novel areas.
Studies have shown that confinement to the open arms leads to increases in stress or
anxiety responses including freezing behavior, defecation, and plasma corticosterone
levels (Pellow et al., 1985). Entry into an open arm was defined as the movement of the
head, shoulders, and two front paws into the open arm area. Anxiety-like behavior was
determined by calculating the amount of time each mouse spent on the open arms and
reported as a percentage of the total time on the maze. In some cohorts, the selective
5-HT2C receptor antagonist, SB 242084, (1 mg/kg i.p. or 0.5 µl of 50 mM intra-dorsal
raphe) or saline was administered one hour prior to elevated plus maze testing. Data
were analyzed using a two-way ANOVA with Bonferroni’s post hoc analysis.
Whole Cell Electrophyisiology
Mice used for electrophysiology experiments underwent either chronic binge cocaine or
saline administration for 10 days, and were tested for anxiety-like behavior on the
elevated plus maze 30 minutes, 25 hours or 7 days following the last injection.
Immediately following elevated plus maze testing, mice were rapidly decapitated and
brains prepared for whole cell electrophysiology as described previously (Crawford et
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al., 2010; Kirby et al., 2008). Brains were immediately submerged in ice-cold artificial
cerebrospinal fluid where sucrose (248 mM) was substituted for NaCl. Dorsal raphe
slices (200 µm) were obtained using the Vibratome 3000 Plus (Vibratome,
Bannockburn, IL) and placed in ACSF ((in mM): 124 NaCl, 2.5 KCl, 2 NaH2PO4, 2.5
CaCl2, 2 MgSO4, 10 dextrose, and 26 NaHCO3) at 35° C bubbled with 95% O2/5%
CO2 for 1 h. Slices were then maintained in room temperature ACSF bubbled with 95%
O2/5% CO2. Slices were transferred to a recording chamber (Warner Instruments,
Hamden, CT) and continuously perfused with ACSF at 1.5–2.0 ml/min at 32–34° C
maintained by an in-line solution heater (TC-324; Warner Instruments). One cell was
recorded per brain slice. Dorsal raphe neurons were visualized using a Nikon E600
upright microscope (Optical Apparatus, Ardmore, PA). The resistance of the electrode
was 4–8 MΩ when filled with an intracellular solution (in mM): 70 K-gluconate, 70 KCl, 2
NaCl, 4 EGTA, 10 HEPES, 4 MgATP, 0.3 Na2GTP, 0.1% biocytin, pH 7.3). Composition
of the aCSF was as follows (in mM): 124 NaCl, 2.5 KCl, 1.25 NaH2PO4, 2.0 MgSO4, 2.5
CaCl2, 10 dextrose, and 26 NaHCO3.
Whole cell electrophysiology recordings were achieved in voltage-clamp mode
(Vm = −70 mV) to record GABAA inhibitory postsynaptic currents (IPSCs) from serotonin
neurons in the dorsal raphe with a Multiclamp 700B (Molecular Devices, Sunnyvale,
CA). Spontaneous IPSCs (sIPSCs) were recorded following bath application of the nonNMDA receptor antagonist, 6,7-dinitroquinoxaline-2,3(1H,4H)-dione (DNQX; 20 µM) in
order to remove any residual excitatory activity from the recording. Miniature inhibitory
post-synaptic currents (mIPSCs) were recorded for one minute in the presence of the
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DNQX (20 µM) and the neurotoxin tetrodotoxin (TTX, 1 µM) in order to isolate nonaction potential-dependent IPSCs. In order to identify the role of the 5-HT2C receptor in
modulation of GABA activity, bath application of a 5-HT2C receptor antagonist, SB
242084 (20 nM), was added and GABAA IPSC activity was assessed over a 10 minute
period. Cells in the lateral wing (lwDR), dorsomedial (dmDR) and ventromedial (vmDR)
subregions of the dorsal raphe were targeted. Current clamp mode was used in order to
measure cell membrane and action potential characteristics.
MiniAnalysis software (Synaptosoft, Inc., Decatur, GA) was used to analyze GABA
IPSC activity for frequency and amplitude. GABA IPSC frequency and amplitude
measurements indicate levels of extracellular release of presynaptic GABA and GABAA
receptor number or occupancy, respectively. Statistical analyses were performed using
a two-way ANOVA with treatment and time after the last injection as factors, with a
Bonferroni’s post hoc test when indicated. Differences were considered significant at
p<0.05. Linear regression analyses were performed in order to test the correlation
between anxiety on the elevated plus maze and GABA IPSC frequency. GraphPad
software was used to create figures and analyze data. Current clamp recordings of cell
membrane and action potential characteristics were analyzed using Clampfit 9.0
(Molecular Devices). Tau, resistance, resting membrane potential (RMP), action
potential (AP) threshold, activation gap, AP amplitude, AP duration,
afterhyperpolarization (AHP) amplitude, and the time it takes for the AHP to depolarize
to one-half its peak amplitude (AHP t1/2) were measured directly from traces as
previously described (Beck et al., 2004). Cell membrane and action potential
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characteristics were compared between treatment groups using a two-tailed t-test.
Immunohistochemistry – Serotonin cells
Post hoc immunohistochemistry was performed in order to confirm serotonin expression
in recorded cells. Cells were filled with biocytin during the recording through the
recording electrode pipet. Tissue slices were post-fixed in 4% paraformaldehyde and
stored at 4°C until further processing. Biocytin labeling was detected by processing
tissue in a secondary antibody (1:200 Streptavidin Alexa Fluor 488 (Invitrogen)), and
serotonin expression was confirmed by labeling the serotonin synthesizing enzyme,
tryptophan hydroxylase (TPH) (1:1000 Primary rabbit anti-goat TPH (Novus Biologicals)
and 1:200 secondary Alexa Fluor Cy3 (Invitrogen). Sections were imaged by Leica
DMIRE2 confocal microscope (Leica Microsystems, Exton, PA).
Immunohistochemistry - cFos
cFos was measured in the nucleus accumbens core and shell using
immunohistochemistry techniques. Mice underwent intra-dorsal raphe guide cannula
implantations on day 8 of the 10-day chronic binge cocaine or saline administration.
Twenty-four hours following the last injection, mice received intra-dorsal raphe SB
242084 or saline microinjection and 1 h later, were tested on the elevated plus maze.
Brains were collected 90 minutes after elevated plus maze testing, flash frozen via
submersion in 2-methylbutane cooled to -35ºC, and stored at -80ºC. Twenty micron
coronal sections of brains were collected using the cryostat (Leica Microsystems), and
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adhered on slides. All slides were stored at -80ºC until processed for
immunohistochemistry.
Immunohistochemical techniques achieved detection and analysis for cFos expression.
Sections were fixed in 4% paraformaldehyde for 30 minutes at room temperature,
washed in phosphate-buffered saline (PBS, 3 x 10 minutes), then blocked in 10%
normal donkey serum with 0.3% H2O2 for 25 minutes, and washed a second time in
PBS (3 x 10 minutes). Sections were incubated in primary antibody for 48 hours at room
temperature (neuronal activation marker, 1:5000, rabbit anti-c-fos, Calbiochem).
Following 48 hours of primary incubation, sections were washed (PBS, 3 x 10 minutes)
and incubated in secondary antibody for 2 hours (biotinylated-conjugated donkey antirabbit antibody of 1:1,000). Sections were then washed with PBS (3 x 10 minutes) and
incubated in ABC solution for one hour (Vectastain Elite ABC kit, Vector Laboratories,
rabbit IgG) to optimize signal expression. Sections were then washed in PBS (3 x 10
minutes) and incubated in the 3’3-diaminobenzidine (DAB) staining solution for 6
minutes (Abcam). Sections were rinsed with PBS (2 x 10 minutes), and protected for
storage and image acquisition using fluoromount mounting medium (Sigma-Aldrich Co.,
LLC) and coverslips.
Labeled brain sections were examined using a microscope (Nikon Corporation)
interfaced with an analog camera and quantification software system (Bioquant Image
Analysis Corporation). cFos- positive cells were counted within the nucleus accumbens
core and shell for the four treatment groups. cFos-positive nuclei were counted from six
sections for each brain region from each animal. Total number of cFos-positive cells
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from the six sections was determined for each animal. Group means and standard
errors were calculated from 3 - 4 animals per treatment group. Data were analyzed by
two-way ANOVA (main treatment and pretreatment factors) with Bonferroni’s post hoc
tests.
Results
Withdrawal from repeated cocaine increased anxiety-like behaviors
Mice were tested on the elevated plus maze to assess anxiety-like behavior during
active cocaine exposure (30 minutes following the last injection) or at 25 hours or 7
days of withdrawal. The data in Figure 3.1
represent the mean time spent on the
open arms as a percentage of the total
time on the elevated plus maze. Two-way

ANOVA revealed a significant difference

Figure 3.1. Anxiety-like behaviors as measured by the
elevated plus maze were assessed 30 minutes, 25 hours, or
7 days after the last injection of saline or cocaine. Cocainetreated mice after 25 hours of withdrawal spent significantly
less time on the open arms of the elevated plus maze, as
compared to saline controls (***p<0.001), demonstrating an
anxiogenic phenotype. Mice that were subjected to elevated
plus maze testing 30 minutes or 7 days after the last cocaine
injection did not demonstrate anxiety-like behavior on the
elevated plus maze as compared to saline controls (n=10-23
mice/group).

at 25 hours following the last cocaine
injection. Cocaine withdrawn mice spent
significantly less time on the open arms

as compared to saline controls (two-way ANOVA with Bonferroni’s post hoc analysis,
p<0.01), thus exhibiting a heightened anxiety-like phenotype (effect of interaction, F(2,84)
= 4.518, p = 0.0137; effect of treatment, F(1,84) = 11.87, p = 0.0009; effect of withdrawal
time, F(2,84) = 2.673, p = 0.0749). Behaviors of mice on the elevated plus maze not
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undergoing cocaine withdrawal (30 minutes after last injection) were not different from
that of control saline-injected mice. Likewise, no significant differences on open arm
times were revealed between cocaine and saline-injected mice at 7 days of withdrawal.
Thus, a significant anxiety-like phenotype was found after 25 hours of cocaine
withdrawal, but not during active cocaine exposure or after 7 days of cocaine
withdrawal.
Increased GABA spontaneous inhibitory postsynaptic currents (sIPSC) in dorsal raphe
serotonin cells from cocaine-withdrawn mice during acute (25 h) and protracted (7 d)
withdrawal
GABA inhibitory postsynaptic currents were recorded from serotonin cells in the
dorsomedial (dmDR), ventromedial (vmDR) and lateral wing (lwDR) subregions of the
dorsal raphe nucleus. Serotonin cells from cocaine-withdrawn mice demonstrated
significantly increased GABA inhibitory tone in specific dorsal raphe subregions
dependent on time since the last cocaine injection. Figure 3.2 depicts comparisons of
the mean sIPSC frequency and amplitude in the 3 subregions of the DR. Two-way
ANOVA with Bonferroni’s post hoc analysis revealed significantly heightened GABA
sIPSC frequency in dmDR serotonin cells from mice at 25 hours of cocaine withdrawal
(Figure 3.2A, p < 0.001), while no significant differences in sIPSC frequency were
revealed at 30 minutes or 7 days after the last injection in the dmDR subregion (effect of
interaction, F(2,51) = 3.255, p = 0.0467; effect of treatment, F(1,51) = 9.263, p = 0.0037,
and effect of withdrawal time F(2,51) = 3.317, p = 0.0442). Analysis of GABA sIPSC
amplitude from dmDR serotonin cells revealed no significant differences between
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cocaine-injected and saline control mice at either 30 minutes, 25 hours or 7 days after
the last injection (effect of interaction, F(2,53) = 0.1020, p = 0.9032; effect of treatment,
F(1,53) = 0.04943, p = 0.8249; effect of withdrawal time, F(2,53) = 6.605, p = 0.0027).
Although statistical significance was achieved for overall withdrawal time, Bonferroni’s
post hoc analyses were non-significant (Figure 3.2B).
Serotonin cells from the vmDR of mice at 25 hours of cocaine withdrawal demonstrated
significantly higher GABA sIPSC frequency as compared to saline controls (Figure
3.2C, p < 0.001). No significant differences in sIPSC frequency were found at 30
minutes or 7 days after the last injection in the vmDR (effect of interaction, F(2,50) =
4.663, p= 0.0139; effect of treatment, F(1,50) = 7.250, p = 0.0096; effect of withdrawal
time F(2,50) = 6.324, p = 0.0036). Two-way ANOVA revealed no significant differences in
sIPSC amplitude in serotonin cells from the vmDR subregion of cocaine- versus salineinjected mice at 30 minutes, 25 hours, or 7 days following the last injection (effect of
interaction, F(2,54) = 0.5682, p = 0.5699; effect of treatment, F(1,54) = 1.245, p = 0.2695;
effect of withdrawal time, F(2,54) = 2.064, p = 0.1369).
Lateral wing dorsal raphe neurons demonstrated significantly greater GABA sIPSC
frequency at 7 days of cocaine withdrawal as compared to cells from saline controls
(Figure 3.2E, p < 0.01). No significant differences in sIPSC frequencies between
cocaine and saline-injected mice were observed at 30 minutes or 25 hours following the
last injection (effect of interaction, F(2,43) = 3.036, p = 0.0584; effect of treatment, F(1,43) =
8.798, p = 0.0049; effect of withdrawal time, F(2,43) = 3.878, p = 0.0283). No significant
differences in GABA sIPSC amplitude were revealed at 30 minutes, 25 hours or 7 days
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after the last saline or cocaine injection (Figure 3.2F, effect of interaction, F(2,45) =
0.8735, p = 0.4245; effect of treatment, F(1,45) = 0.3658, p = 0.5483; effect of withdrawal
time, F(2,45) = 2.282, p = 0.1138).
Figure 3.2G shows representative traces comparing sIPSC frequencies and amplitudes
of vmDR cells from saline- and cocaine-injected mice at 25 hours after the last injection.
Figure 3.2H shows a representative biocytin-filled recorded cell double labeled for
tryptophan hydroxylase. Taken together, these data demonstrate that at 25 hours of
withdrawal, there was a significant increase in GABA sIPSC frequency in dmDR and
vmDR serotonin cells from anxious, cocaine-withdrawn mice, as compared to saline
controls. Cells from cocaine-treated mice tested 7 days following the last injection
showed significant increases in sIPSC frequency in the lwDR region, as compared to
cells from saline controls. No significant differences were found in GABA sIPSC
frequency or amplitude from serotonin cells between saline- and cocaine-treated mice
at 30 minutes following the last injection.
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Figure 3.2, A-H. Spontaneous inhibitory postsynaptic currents (sIPSCs) were recorded in dorsal raphe neurons using whole cell
patch-clamp in vitro electrophysiology techniques. (A) Serotonin neurons in the dmDR region from cocaine-treated mice
demonstrated significantly heightened GABAA sIPSC frequency after 25 hours of withdrawal (n= 6-17 cells/group, ***p<0.001), and
no significant differences were observed at 30 minutes or 7 days of withdrawal (n=6-8 cells/group). (B) No significant differences in
dmDR sIPSC amplitudes at 30 minutes, 25 hours or 7 days after the last injection were observed. (C) Serotonin cells from the
vmDR aspect of the dorsal raphe exhibited heightened GABAA sIPSC frequency at 25 hours of withdrawal (n=6-15, p<0.001), and
no differences were observed in sIPSC frequency of vmDR cells at 30 minutes or 7 days after the last injection (n=6-8 cells/group).
(D) No significant differences in sIPSC amplitude were observed in the vmDR subregion at 30 minutes, 25 hours or 7 days after
the last saline or cocaine injection (n=6-17 cells/group). (E) Within the lateral wing subregion, serotonin neurons from cocaine
withdrawn mice at 7 days of withdrawal exhibited significantly heightened sIPSC frequency as compared to cells from saline
controls (n=6-13, p<0.01), while no differences were observed at 30 minutes or 25 hours after the last injection. (F) No significant
differences were observed in sIPSC amplitudes of lwDR cells at 30 minutes, 25 hours or 7 days after the last injection. (G)
Representative traces providing 1 minute bins of data and average amplitude are shown for vmDR 25 hr cell data. (H) Recorded
cells were filled with biocytin during the whole cell electrophysiology recording and post-hoc immunohistochemical analysis was
performed to confirm serotonin expression in recorded cells (TPH = tryptophan hydroxylase).
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Increased GABA miniature inhibitory postsynaptic currents (mIPSC) in dorsal raphe
serotonin cells in anxious, cocaine-withdrawn mice
Miniature IPSCs (mIPSCs) were recorded from serotonin cells in the dmDR, vmDR and
lwDR subregions in order to compare activity of non-action potential evoked events of
cells from cocaine-exposed mice versus saline controls. No significant differences were
revealed in mIPSC frequency from dmDR cells of cocaine-injected mice as compared to
saline controls at 30 minutes, 25 hours or 7 days after the last injection (Figure 3.3A,
two-way ANOVA with Bonferroni’s post hoc analysis, effect of treatment, F(1,34) = 7.043,
p = 0.0120; effect of interaction, F(2,34) = 0.9280, p = 0.4051; effect of withdrawal time,
F(2,34) = 1.854, p = 0.1721). There were no significant differences in the mIPSC
amplitude of dmDR serotonin cells from cocaine versus saline injected mice at 30
minutes, 25 hours or 7 days after the last injection (Figure 3.3B, effect of interaction,
F(2,39) = 0.1997, p = 0.8198; effect of treatment, F(1,39) = 1.090, p = 0.3028; effect of
withdrawal time, F(2,39) = 1.120, p = 0.3365).
In contrast with the dmDR, significantly higher mIPSC frequency in vmDR cells from
mice withdrawn from cocaine for 25 hours versus saline controls was revealed (Figure
3.3C, p < 0.001, effect of interaction, F(2,37) = 3.613, p = 0.0369; effect of treatment,
F(1,37) = 9.212, p = 0.0044); effect of time since last injection, F(2,37) = 9.890, p = 0.0004).
Post hoc analysis showed no significant differences in mIPSC frequency between
cocaine and saline-injected mice at 30 minutes or 7 days following the last injection
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Serotonin cells in the vmDR region from cocaine-withdrawn mice at the 25 hour
withdrawal time point exhibited significantly higher GABA mIPSC amplitude (Figure
3.3D, p < 0.05). No significant differences in vmDR mIPSC amplitudes between
cocaine- and saline-injected mice were observed 30 minutes or 7 days following the
last injection (effect of interaction, F(2,43) = 4.553, p = 0.0161; effect of treatment, F(1,43) =
0.4928, p = 0.4865; effect of withdrawal time, F(2,43) = 0.2270, p = 0.7978).
No significant differences in lwDR mIPSC frequencies were observed between salineand cocaine-injected mice at 30 minutes, 25 hours or 7 days of withdrawal (Figure 3.3E,
effect of interaction, F(2,35) = 0.9608, p=0.3924; effect of treatment, F(1,35) = 1.458,
p=0.2354; effect of withdrawal time, F(2,35) = 3.164, p=0.0546). Likewise, mIPSC
amplitudes in lwDR cells were not different between saline- and cocaine-injected mice
at 30 minutes, 25 hours or 7 days of withdrawal (Figure 3.3F, effect of interaction, F(2,38)
= 0.4998, p = 0.6106; effect of treatment, F(1,38) = 0.02084, p = 0.8860, effect of
withdrawal time, F(2,28) = 1.334, p = 0.2755).
Figure 3.3G shows representative traces comparing mIPSC frequencies and amplitudes
of vmDR cells from saline- and cocaine-injected mice at 25 hours following the last
injection. Figure 3.3H shows a representative biocytin-filled recorded cell double labeled
positive for tryptophan hydroxylase. As depicted by the representative traces, significant
increases in GABA mIPSC frequency and amplitude were evident in vmDR serotonin
cells from cocaine-injected mice at 25 hours of withdrawal, as compared to cells from
saline control mice.
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Figure 3.3. A-H. Miniature inhibitory postsynaptic currents (mIPSCs) using TTX (1 µM) were recorded in dorsal
raphe neurons using whole cell patch-clamp in vitro electrophysiology techniques. (A and B) No significant
differences were observed in mIPSC frequency (A) or amplitude (B) in dmDR cells at 30 minutes, 25 hours or 7
days after the last cocaine injection (n=5-12 cells/group). (C and D) Serotonin neurons from cocaine withdrawn
mice demonstrated significantly heightened GABAA mIPSC frequency (n= 5-10 cells/group, ***p<0.001) and
amplitude (n=6-14 cells/group, p<0.05) in the ventromedial aspect of the dorsal raphe at 25 hours of withdrawal. (E
and F) No differences were observed in mIPSC frequency or amplitude in lwDR cells from cocaine-treated mice at
30 minutes, 25 hours or 7 days following the last injection, as compared to cells from saline controls (n=7-12
cells/group). (G) Representative traces providing 1 minute bins of data from vmDR cells are shown. (H) Recorded
cells were filled with biocytin during the whole cell electrophysiology recording and post-hoc immunohistochemical
analysis was performed to confirm serotonin expression in recorded cells (TPH = tryptophan hydroxylase).
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Correlation of GABA IPSC frequency and anxiety on the elevated plus maze
Linear regression analyses were performed in order to establish a relationship between
IPSC frequency in cells from the dmDR, vmDR and lwDR subregions and anxiety-like
behavior. Averages of IPSC frequencies from the cells of each mouse (both cocaine
and saline) were plotted against their open arm time on the elevated plus maze and
used for statistical analysis. Linear regression analysis of vmDR cells revealed a
significant negative correlation between both sIPSC (r2=0.3176, p=0.0003) and mIPSC
(r2=0.2973, p=0.0015) frequency and time spent on the open arms of the elevated plus
maze, such that lower time spent on the open arms of the elevated plus maze (i.e. more
anxious) was correlated with higher sIPSC or mIPSC frequency (Figure 3.4 A and B).
Analysis of dmDR cells did not reveal a significant correlation between either sIPSC
(r2=0.07098, p=0.1218) or mIPSC (r2=0.0045, p=0.7295) frequency and behavior on the
elevated plus maze. Likewise, analysis of lwDR cells did not reveal a significant
correlation between either sIPSC (r2=0.1129, p=0.0646) or mIPSC (r2=0.01907,
p=0.0513) frequency and time spent in the open arms of the elevated plus maze. These
data reveal that heightened anxiety was associated with higher sIPSC and mIPSC
frequencies specifically in the vmDR.
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Figure 3.4. Linear regression analyses were performed to establish a correlation between either sIPSC or mIPSC
frequency and time spent on the open arms of the elevated plus maze. Averages of single cell data from each mouse
(both saline- and cocaine-injected) were used in analyses. There was a significant negative correlation in A) sIPSC (n=37
mice, p<0.001) and B) mIPSC (n=31 mice, p<0.01) frequencies of vmDR serotonin cells and the time spent on the open
arms of the elevated plus maze.

Bath application of SB 242084 reduces GABA activity
In order to investigate the participation of the 5-HT2C receptor in altered dorsal raphe
GABA activity, a selective 5-HT2C receptor antagonist, SB 242084 (20 nM), was added
to the ACSF bath of the recorded cell in the DR, and changes in GABA frequency were
assessed. Cells from mice following 25 hours of cocaine withdrawal demonstrated
heightened sIPSC frequency as compared to cells from saline controls (Figure 3.5A;
two-way ANOVA, Bonferroni’s post hoc analysis, sal/ACSF vs. coc/ACSF, ** p < 0.01).
This increase in sIPSC activity was restored to levels comparable to baseline upon bath
application of SB 242084 (coc/ACSF vs. coc/SB 242084, # p<0.05; effect of interaction,
F(1,20) = 3.658, p = 0.0702; effect of treatment, F(1,20) = 8.835, p = 0.0075; effect of SB
242084 bath application, F(1,20) = 6.358, p = 0.0203).
In Figure 3.5B, data depicting mIPSC frequencies from cells of saline- and cocaineinjected mice at 25 hours of withdrawal are provided. No significant differences in
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mISPC frequency were found between cells from saline controls and cocaine-withdrawn
mice or between SB 242084 versus ACSF application (effect of interaction, F(1,34) =
0.0962, p=0.7583; effect of treatment, F(1,34) = 2.405, p = 0.1302; effect of SB 242084
application, F(1,34) = 1.157, p = 0.2896).
Bath application of SB 242084 normalized cocaine withdrawal-induced elevations in
sIPSC frequency to baseline levels (Figure 3.5A), while not significantly affecting sIPSC
or mIPSC frequencies of cells from saline-injected controls.

Figure 3.5. IPSC frequency of serotonin cells at 25 hours after repeated saline or cocaine: Effect of 5-HT2C receptor blockade.
(A) Serotonin cells from cocaine-withdrawn mice demonstrated significantly heightened sIPSC frequency as compared to
saline controls (**p<0.01). Bath application of the 5-HT2C receptor antagonist, SB 242084 (20 nM),significantly attenuated
GABAA sIPSC frequency in cells from anxious, cocaine-withdrawn mice (n=6 cells/group, #p<0.05). (B) An increase in mIPSC
frequency was observed in cells from cocaine-withdrawn mice at 25 hours of withdrawal, as compared to saline controls,
although no statistical significance was revealed. Bath application of SB 242084 had no significant effect on mIPSC
frequency (n = 7-12 cells/group).

Non-serotonin dorsal raphe neurons from saline-injected and cocaine-withdrawn mice
show no significant differences in IPSC frequency
GABA sIPSC and mIPSC frequencies were recorded in non-serotonin cells from saline
and cocaine-treated mice after 25 hours of withdrawal (Figure 3.6). Two-way ANOVA
revealed no significant differences in sIPSC frequency of non-serotonin cells from
saline- and cocaine-injected mice at 25 hours of withdrawal (Figure 3.6A; effect of
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interaction, F(2,9) = 0.4085, p = 0.6764; effect of treatment, F(1,9) = 0.9404, p = 0.3575;
effect of subregion, F(2,9) = 0.2271, p = 0.8012). mIPSC frequencies of non-serotonin
cells from cocaine-withdrawn mice at 25 hours of withdrawal were not different from
those from saline controls (Figure 3.6B, effect of interaction, F(2,6) = 1.7, p = 0.2601;
effect of treatment, F(1,6) = 0.2774, p = 0.6173; effect of subregion, F(2,6) = 0.1276, p =
0.8826). Representative traces are shown in Figure 3.6C. Biocytin-filled cells were not
TPH-immunoreactive demonstrating that they were non-serotonin cells (Figure 3.6D).

Figure 3.6. GABA sIPSC and mIPSC frequencies from non-serotonin cells from mice at 25 hours following the last saline or
cocaine injection were compared. (A-B) GABA sIPSC and mIPSC frequency levels were not different in non-serotonin cells from
cocaine-withdrawn mice as compared to cells from saline controls (n=2-3 cells/group). (C) Representative traces show similar
GABA IPSC frequency in non-serotonin cells. (D) Biocytin failed to colocalize with TPH in recorded cells.

Basal IPSC characteristics
Table 3.1 reports cell membrane characteristics of serotonin cells recorded from mice
25 hours after the last cocaine or saline injection. No significant differences in tau,
resistance, resting membrane potential, action potential threshold, or activation gap
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were revealed between cells from saline controls and those of cocaine-withdrawn mice
for each dorsal raphe subregion (two-tailed t-test).
Table 3.1. Cell membrane characteristics in serotonin neurons from cocaine-withdrawn mice and saline controls. No
significant differences were found between cocaine-treated mice at 25 hours of withdrawal and saline controls in tau,
resistance, resting membrane potential (RMP), action potential threshold, or activation gap (n=10-20 cells/group).

dmDR

vmDR

lwDR

Activation
gap (RMPAP
Threshold)

Treatment

Tau (ms)

Resistance
(MOhms)

RMP
(mV)

AP
thresh
(mV)

Saline (N=17)

32.7+5.2

441.0+47.0

-56.1+3.5

-31.0+2.0

-26.5+3.6

Cocaine (N=20)

31.0+4.0

402.5+54.5

-51.6+2.9

-32.7+1.4

-22.4+2.5

Saline (N=13)

33.4+3.6

468.1+40.0

-54.0+3.1

-25.7+3.3

-29.9+4.7

Cocaine (N=10)

32.3+6.0

387.3+36.3

-53.8+4.2

-29.8+3.1

-30.7+4.2

Saline (N=11)

32.1+3.2

442.2+63.3

-53.3+5.0

-31.1+2.6

-25.0+4.8

Cocaine (N=11)

29.3+6.3

503.5+80.2

-50.3+4.5

-31.7+2.3

-26.5+2.7

Action potential characteristics were recorded in current clamp mode to compare cell
characteristics of serotonin cells from saline- and cocaine-injected mice 25 hours after
the last injection (Table 3.2). There were no significant differences in action potential
characteristics (amplitude, duration, afterhyerpolarization tau), except for a significantly
decreased action potential duration in vmDR neurons from cocaine-treated mice after
25 hours of withdrawal, as compared to vmDR cells from saline controls (two-tailed ttest, *p = 0.0291).
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Table 3.2. Action potential characteristics from serotonin neurons from cocaine-withdrawn mice and saline controls. No significant
differences were found in action potential amplitude, after-hyperpolarization from threshold, AHPt1/2, AHP tau (1/2). No
differences were observed in action potential duration in the dmDR and lwDR cells; however, cells within the vmDR from mice
withdrawn from cocaine for 25 hours had a significantly shorter action potential duration (n=6-11 cells/group, two-tailed t-test,
p<0.05).

AP
amplitu
de (mV)

AP duration
(ms)

AHP from
thresh
(mV)

AHP t1/2

Saline (N=16)

52.2+3.4

2.6+0.1

-23.5+1.1

-12.8+1.0

40.1+4.1

Cocaine (N=14)

55.1+3.3

2.3+0.3

-23.5+1.1

-11.7+0.5

41.8+3.7

Saline (N=11)

45.9+4.9

3.18+0.4

-25.3+2.5

-8.8+3.2

34.2+5.0

Cocaine (N=6)

54.3+4.2

*1.9+0.1

-26.7+1.3

-13.5+0.6

35.3+5.2

Saline (N=9)

42.2+5.8

2.4+0.3

-19.2+2.3

-10.7+1.3

39.7+6.0

Cocaine (N=7)

40.9+4.3

2.4+0.4

-23.5+2.1

-12.1+1.1

37.0+5.7

Treatment

AHP tau
(t1/2)

dmDR

vmDR

lwDR

Slow decay, fast decay and rise time were examined in both sIPSCs and mIPSCs in
serotonin cells from saline- or cocaine-treated mice at 25 hours of withdrawal (Table
3.3). Serotonin cells in the vmDR from cocaine-withdrawn mice demonstrated a
significantly slower sIPSC fast decay time than cells from saline controls (two-tailed ttest, p<0.01). In addition, vmDR serotonin cells from cocaine-withdrawn mice exhibited
significantly heightened sIPSC rise time in comparison to cells from saline controls (twotailed t-test, p<0.05). No significant differences were found in mIPSC characteristics in
cells from the vmDR or sIPSC and mIPSC data from either the dmDR or lwDR
subregions between groups.
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Table 3.3. Fast decay, slow decay and rise time characteristics of sIPSCs and mIPSCs in dmDR, vmDR and lwDR serotonin
cells from saline or cocaine-treated mice at 25 hours of withdrawal. Serotonin cells in the vmDR from cocaine-withdrawn mice
had significantly decreased sIPSC fast decay time (n=13-15 cells/group, two-tailed t-test, p<0.01) and higher rise time
(p<0.05) as compared to cells from saline controls. No significant differences were found between cells in the dmDR or lwDR
subregions.

dmDR

vmDR

lwDR

Treatment

sIPSC fast
decay time
(ms)

sIPSC
slow
decay time
(ms)

sIPSC rise
time (ms)

mIPSC
fast
decay
time (ms)

mIPSC
slow
decay
time (ms)

mIPSC
rise time
(ms)

Saline
(N=17)

2.72+0.2

34.97+0.2

1.19+0.2

3.49+0.31

16.88+5.49

1.65+0.29

Cocaine
(N=17)

2.53+0.21

49.76+8.79

0.99+0.15

2.9+0.39

35.73+8.97

1.28+0.17

Saline
(N=15)

3.33+0.41

14.75+3.41

0.88+0.13

4.40+0.62

15.01+3.11

0.94+0.13

Cocaine
(N=13)

**1.96+0.17

30.78+8.94

*1.43+0.24

2.85+0.43

21.31+5.04

1.38+0.24

Saline
(N=12)

2.46+0.24

14.12+4.62

0.52+0.06

2.04+0.19

5.22+0.49

0.57+0.06

Cocaine
(N=11)

2.43+0.22

26.24+7.22

0.67+0.16

2.28+0.10

18.02+10.9

0.54+0.05

At 25 hours of cocaine withdrawal, no changes in cell membrane, action potential
characteristics, or kinetics were present in the lwDR or dmDR subregions. Serotonin
cells from the vmDR dorsal raphe subregion of cocaine-withdrawn mice exhibited lower
action potential duration, lower sIPSC fast decay time, and higher sIPSC rise time than
cells from saline controls.
Involvement of the 5-HT2C receptor in the regulation of anxiety produced by cocaine
withdrawal
In order to establish a role for the 5-HT2C receptor in regulating anxiety caused by
withdrawal from repeated cocaine, mice received the 5-HT2C receptor antagonist, SB
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242084 (1 mg/kg, i.p.) or saline 24 hours following the last cocaine or saline injection,
and were tested on the elevated plus maze for anxiety-like behavior one hour later.
Mice withdrawn from cocaine for 25 hours demonstrated significantly heightened
anxiety-like behavior on the elevated plus maze as compared to saline controls, similar
to the data shown in Figure 3.1 (Figure 3.7A, sal/sal vs. coc/sal, *** p < 0.001). The
heightened anxiety-like behavior in cocaine-withdrawn was attenuated upon
pretreatment with SB 242084 (coc/sal vs. coc/SB, *** p < 0.001; effect of interaction,
F(1,34) = 16.75, p = 0.0002; effect of treatment, F(1,34) = 5.398, p = 0.0263), and effect of
pretreatment, F(1,34) = 4.872, p = 0.0341).
5-HT2C receptors located specifically in the dorsal raphe were targeted in the second
aspect of this study. Intra-dorsal raphe microinjection of SB 242084 (50 mM/0.5 µl) one
hour prior to elevated plus maze testing significantly attenuated anxiety-like behavior in
cocaine-withdrawn mice at 25 hours of withdrawal (Figure 3.7B, coc/sal vs. coc/SB, ** p
< 0.01; effect of interaction, F(1,25) = 6.847, p = 0.0148); effect of treatment, F(1,25) =
7.395, p = 0.0117; effect of pretreatment, F(1,25) = 4.858, p = 0.0369). These data
provide evidence that 5-HT2C receptors specifically in the dorsal raphe nucleus regulate
anxiety produced by withdrawal from repeated cocaine exposure. Both global and local
dorsal raphe blockade of 5-HT2C receptors attenuated anxiety produced by cocaine
withdrawal.
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Figure 3.7. 5-HT2C receptor regulation of anxiety during cocaine withdrawal was evaluated using the elevated plus maze. (A)
Mice exposed to a chronic binge cocaine paradigm and 24 hours of withdrawal with a saline injection (i.p.) 1 hour prior to
elevated plus maze testing spent significantly less time in the open arms than the saline-administered controls (n=8-13
mice/group, ***p<0.001). Administration of 1 mg/kg SB 242084 (i.p.) 1 hour prior to elevated plus maze testing blocked the
expression of anxiety-like behavior in cocaine-withdrawn mice (***p<0.001). (B) Mice exposed to a chronic binge cocaine
paradigm and 24 hours of withdrawal with a saline microinjection into the dorsal raphe prior to elevated plus maze testing spent
significantly less time on the open arms than the saline-administered controls (***p<0.001). Intra-dorsal raphe administration of
0.5 µl of 50 mM SB 242084 1 hour prior to elevated plus maze testing prevented the expression of anxiety-like behavior in
cocaine-withdrawn mice (**p<0.01). (C) Microinjection locations along the rostrocaudal gradient of the dorsal raphe (images from
Paxinos and Watson, 1996. (D) Representative coronal section (40 µ) of the dorsal raphe with blue dye injected for confirmation
of accurate injection site.

Dorsal raphe 5-HT2C receptor modulation of neuronal activity in nucleus accumbens
The influence of 5-HT2C receptor activity in the dorsal raphe on the downstream target
subregions of the nucleus accumbens was studied by measuring cFos immunoreactivity
in the nucleus accumbens following intra-dorsal raphe injection of SB 242084 and
elevated plus maze testing. cFos was used as a marker of neuronal activation. Mice
undergoing cocaine withdrawal showed heightened anxiety-like behaviors on the
elevated plus maze and demonstrated significantly lower levels of cFos in the nucleus
accumbens core than saline controls (Figure 3.8 A and B, sal/sal vs. coc/sal, two-way
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ANOVA with Bonferroni’s post hoc test, *p = 0.0230). Acute intra-dorsal raphe
administration of SB 242084 blocked the reduction in cFos in cocaine-withdrawn mice
while having no significant effect on cFos immunoreactivity in saline-injected controls
(coc/sal vs. coc/SB, # p = 0.0423; effect of interaction, F(1,11) = 6.640, p = 0.0257; effect
of treatment, F(1,11) = 0.2147, p = 0.6522; effect of pretreatment, F(1,11) = 0.6801, p =
0.4271).
Analysis of cFos immunoreactivity in the nucleus accumbens shell revealed that
cocaine-withdrawn mice had lower levels of cFos immunoreactivity as compared to
saline controls (Figure 3.8 C and D, sal/sal vs. coc/sal, **p = 0.0019). Intra-dorsal raphe
blockade of 5-HT2C receptors increased levels of cFos in cocaine-withdrawn mice,
though this analysis did not prove to be statistically significant (coc/sal vs. coc/SB, p =
0.1816; effect of interaction, F(1,11) = 1.921, p = 0.1932; effect of treatment, F(1,11) =
1.111, p = 0.3144; effect of pretreatment, F(1,11) = 1.659, p = 0.2241).
These data demonstrate that cFos induction following plus maze testing is lower in the
nucleus accumbens core and shell of mice undergoing cocaine withdrawal as compared
with saline-withdrawn controls. Intra-dorsal raphe 5-HT2C receptor blockade partially
attenuated the decrease in cFos induction elicited by cocaine withdrawal.
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Figure 3.8. cFos immunoreactivity was measured in the nucleus accumbens core and shell from saline- and cocainetreated mice at 25 hours of withdrawal and elevated plus maze testing. (A) Cocaine-withdrawn mice showed significantly
lower levels of cFos induction in the nucleus accumbens core (n=3-4 mice/group, *p<0.05). Microinjection of SB 242084
into the dorsal raphe significantly blocked cocaine withdrawal-induced decrease in cFos immunoreactivity (*p<0.05). (B)
Images obtained at 20x magnification are shown. (C) Cocaine-withdrawn mice showed significantly lower levels of cFos in
the nucleus accumbens shell (n=4 mice/group, **p<0.01). No significant difference was observed in SB 242084-treated
cocaine-withdrawn mice as compared to saline-injected, cocaine-withdrawn mice. (D) Images obtained at 20x
magnification are shown.

Schematic representation of the 5-HT2C receptor and GABA negative feedback
mechanism in the dorsal raphe in the regulation of anxiety produced by cocaine
withdrawal
Figure 3.9 represents a proposed mechanism of dorsal raphe 5-HT2C receptor and
GABA activity during cocaine withdrawal, such that heightened GABA activity, which is
5-HT2C receptor mediated, contributes to anxiety produced by cocaine withdrawal. This
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local dorsal raphe 5-HT2C receptor and GABA negative feedback mechanism potentially
leads to an overall inhibition of serotonin neurotransmission during cocaine withdrawal.

Figure 3.9. Representative schematic illustrating the dorsal raphe 5-HT2C receptor and GABA negative feedback mechanism.
Activation of 5-HT2C receptors leads to stimulation of GABA release from GABA neurons. GABA then activates GABAA
receptors located on serotonin neurons, resulting in the influx of chloride ions and hyperpolarization of the cell, thus overall
inhibition of serotonin release. During cocaine withdrawal, this negative feedback mechanism is dysregulated and a
heightened release of GABA through the 5-HT2C receptor contributes to anxiety at this stage of addiction.

Discussion
In the current study, dorsal raphe serotonin neurons from anxious, cocaine-treated mice
at 25 hours of withdrawal demonstrated heightened GABA sIPSC and mIPSC frequency
in both the dorsomedial and ventromedial aspects of the dorsal raphe, an effect that
was blocked upon bath application of the 5-HT2C receptor antagonist, SB 242084, and
absent in non-serotonin cells. Likewise, serotonin cells from cocaine treated mice at 25
hours of withdrawal demonstrated heightened mIPSC amplitude in the vmDR
subregion, as compared to cells from saline controls. Increased IPSC frequency in
various subregions during cocaine withdrawal indicates increased presynaptic release
of GABA under both constitutive (sIPSC) and non-action potential evoked (mIPSC)
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conditions. The heightened GABA amplitude evident in vmDR serotonin cells from
cocaine-withdrawn mice likely represents greater occupancy of GABAA receptors as a
result of the increase in presynaptic GABA release. By recording mIPSC GABA events,
an assessment of non-action potential evoked GABA IPSC activity was achieved.
Differences in mIPSC frequency and amplitude evident in serotonin cells from cocaine
withdrawn mice indicate that cocaine withdrawal-induced alterations in GABA
neurocircuitry is driven by local constitutive dorsal raphe activity, as these changes are
manifested in the slice preparation following blockade of action potentials. No
differences in GABA frequency or amplitude were found in cells from cocaine-injected
mice that were not undergoing withdrawal and that did not show anxiety, suggesting
that heightened dorsal raphe GABA activity is a dysfunction specific to the stage of
cocaine withdrawal, and is not associated with cocaine exposure itself. Differences in
kinetics at 25 hours of cocaine withdrawal were evident in vmDR serotonin cells, as
compared to cells from saline controls. A reduced fast decay time and increased rise
time in sIPSC events from cells of cocaine-withdrawn mice indicates that different
GABA receptor subunits are activated under these conditions which alter the kinetics of
the sIPSC response.
After 7 days of cocaine withdrawal, anxiety-like behavior dissipated. Concurrently, there
was an anatomical shift in heightened GABA frequency in cells from mice at 7 days of
cocaine withdrawal. The lateral wing subregion demonstrated significantly increased
GABA frequency at 7 days of cocaine withdrawal, as compared to cells from saline
controls. Cells in the lateral wings have distinct physiology from those in the
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dorsomedial or ventromedial dorsal raphe with regard to anxiety mechanisms. A greater
excitability and higher density of GABA neurons have been found in the lateral wings,
as compared to the dmDR and vmDR subregions (Crawford et al., 2010). In addition,
the lateral wing subregion demonstrates differential regulation of downstream
structures. Afferents from the lateral wings innervate subcortical regions only, whereas
dorsomedial and ventromedial afferents extend to subcortical and cortical regions
(Lowry et al., 2008). The current study showed that during acute cocaine withdrawal,
the vmDR and dmDR subregions demonstrated increased inhibitory tone, which
potentially contributes to inhibition of downstream subcortical and cortical structures,
such as the nucleus accumbens. The increase in inhibitory GABA activity shifted after 7
days of withdrawal when it became evident in the lwDR subregion, perhaps producing
dysregulation of afferents projecting to subcortical structures. The disparate neuronal
populations and innervation of downstream structures of the three subregions may have
implications for their differential involvement in anxiety mechanisms during cocaine
withdrawal.
This investigation identified an important role for the 5-HT2C receptor within the dorsal
raphe in regulating anxiety produced by cocaine withdrawal. Specifically, blockade of 5HT2C receptors, via either systemic or intra-dorsal raphe administration of the highly
selective 5-HT2C receptor antagonist, SB 242084, attenuated the expression of cocaine
withdrawal-induced anxiety-like behavior. These findings are in accordance with other
studies that have identified a role for the 5-HT2C receptor in the regulation of anxiety
produced by other causes. Antagonists targeting the 5-HT2C receptor produce an
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anxiolytic effect in an uncontrollable traumatic stress model (Christianson et al., 2010).
Additionally, 5-HT2C knockout mice display lower anxiety-like behavior (Heisler et al.,
2007), whereas overexpression of the 5-HT2C receptor leads to elevations in anxiety-like
behavior (Kimura et al., 2009). Likewise, clinical studies have shown that administration
of a 5-HT2C receptor agonist causes symptoms of anxiety in humans (Mueller et al.,
1985).
The inhibitory effects of the 5-HT2C receptor and GABA network in the dorsal raphe
found in the current study are in alignment with previous studies showing that 5-HT2C
receptor activity leads to an overall downregulation of both serotonin and dopamine
neurotransmission. Specifically in the context of cocaine, the 5-HT2C receptor has been
identified as a regulator of cocaine-induced alterations in monoamine systems and
behaviors associated with dopamine dysregulation (Liu and Cunningham, 2006). In the
presence of cocaine, activation of 5-HT2C receptors decreases mesolimbic dopamine
neurotransmission (Navailles et al., 2007).
The inhibitory effects of the 5-HT2C receptor on serotonin and dopamine
neurotransmission are proposed to arise from a negative feedback mechanism through
GABA networks. 5-HT2C receptors are expressed on GABA neurons (Boothman et al.,
2006) and thus, 5-HT2C receptor activity leads to heightened GABA activation in the
dorsal raphe and in serotonin projection areas (Liu et al., 2007, Quérée et al., 2009). In
addition, firing rates of dorsal raphe serotonin cells are decreased by 5-HT2C receptor
activation, an effect which is reversed upon application of a GABAA receptor antagonist
(Boothman et al., 2006). Dorsal raphe neurons project to mesolimbic regions involved in
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regulating addictive behaviors (De Deurwaerdère and Spampinato, 1999, Gervais and
Rouillard, 2000). Therefore, it is likely that during cocaine withdrawal, dorsal raphe
serotonin dysregulation interferes with normal 5-HT2C receptor signaling, leading to
potentiated inhibition of local and long-range circuitry through GABA networks in
contribution to anxiety.
This study supports the hypothesis that during cocaine withdrawal, the 5-HT2C receptormediated alterations in GABA activity contribute to dysregulation of serotonin
neurocircuitry and lead to anxiety. The increase in inhibitory tone of dorsal raphe
neurocircuitry during cocaine withdrawal is consistent with previous findings suggesting
there is an overall inhibitory tone of the serotonin system produced by cocaine
withdrawal (Parsons et al., 1995). There is also a reduction in mesolimbic dopamine
levels and brain stimulation reward thresholds that may be associated with anxiety
produced by cocaine withdrawal (Markou and Koob, 1991, 1992). In light of evidence for
a reduction of dopamine as well as serotonin levels during cocaine withdrawal paired
with the inhibitory influence of the 5-HT2C receptor on dopamine and serotonin
neurocircuitry, it is likely that an integrated dysregulation of serotonin and dopamine
neurotransmission through the 5-HT2C receptor is responsible for producing anxiety
during cocaine withdrawal. Future studies will aim to further address this link.
The nucleus accumbens shell and core are areas directly influenced by dorsal raphe
serotonin afferents (Azmitia and Segal, 1978, Hervé et al., 1987). It was expected that
impairment of dorsal raphe serotonin signaling would contribute to dysregulation of
dopamine pathways through the inhibitory control of the 5-HT2C receptor and GABA
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network. As expected, anxious, cocaine-withdrawn mice demonstrated less activation of
nucleus accumbens shell and core neurons as shown by cFos immunoreactivity levels.
The decrease in cFos immunoreactivity in the nucleus accumbens core was attenuated
by dorsal raphe 5-HT2C receptor blockade, demonstrating the link between dorsal raphe
serotonin neurons and cellular activity in the nucleus accumbens.
This study identifies an important role for the 5-HT2C receptor in the regulation of anxiety
during cocaine withdrawal. A mechanistic description of neurochemical changes that
contribute to anxiety during cocaine withdrawal was elucidated. These data are the first
to show that blockade of 5-HT2C receptors attenuates anxiety during cocaine
withdrawal, specifically through dorsal raphe 5-HT2C receptors. Within the dorsal raphe,
an important region for providing serotonin input throughout the brain, the 5-HT2C
receptor participates in elevations in GABA activity in anxious, cocaine-withdrawn mice
in a subregion-specific manner dependent on withdrawal time. Altered GABA function in
the dorsal raphe occurred in the vmDR and dmDR subregions at acute (25 hours)
withdrawal, whereas the increased GABA frequency was evident only in the lwDR
subregion during protracted (7 day) withdrawal.
The period of withdrawal is particularly important to address from a therapeutic
standpoint, as this is when treatment intervention is clinically relevant and useful.
People who abuse drugs are most likely to seek treatment during abstinence from drug
use. Current treatment strategies for the prevention of relapse in cocaine-dependent
persons have not proven to be efficacious, and there are no FDA-approved
pharmacotherapies for cocaine dependence. Therefore, it is critical to study the role of
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the serotonin system in cocaine withdrawal to understand the mechanisms underlying
addictive behaviors, as well as the integrated neurocircuitry of the serotonin and
dopamine systems associated with neural adaptations that lead to sustained drug use.
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CHAPTER 4: 5-HT2C RECEPTOR BINDING DURING COCAINE WITHDRAWAL: AN
AUTORADIOGRAPHIC ANALYSIS
ABSTRACT
As shown in Chapter 3 of the current thesis study, the 5-HT2C receptor has been
identified as a key receptor in the mediation of anxiety produced by cocaine withdrawal.
We have shown previously that global and local DR blockade of 5-HT2C receptors
attenuates cocaine withdrawal-induced anxiety measured at 25 hours of withdrawal. In
the current study, 5-HT2C receptor levels in anxious, cocaine withdrawn mice and saline
controls were assessed using quantitative receptor autoradiography techniques. Mice
were subjected to a ten day chronic binge cocaine or saline administration procedure.
Twenty-five hours following the last injection, mice were tested on the elevated plus
maze. Cocaine withdrawn mice demonstrated significantly heightened anxiety-like
behavior on the elevated plus maze, as compared to saline controls. Following elevated
plus maze testing, brains were collected and sectioned for autoradiography analysis.
Levels of 5-HT2C receptors were quantified using the tritiated receptor radioligand,
mesulergine, a 5-HT2C receptor antagonist. Brains regions investigated include the DR,
medial prefrontal cortex, nucleus accumbens, caudate putamen, and ventral tegmental
area. A significant decrease in binding to DR 5-HT2C receptors was exhibited in sections
from anxious, cocaine withdrawn mice; however, no differences were identified in
5-HT2C receptor densities in other brain regions. The alteration of 5-HT2C receptor levels
in the DR during cocaine withdrawal could reflect disruption of 5-HT2C receptor signaling
and an adaptive downregulation of receptor levels.
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Introduction
Cocaine withdrawal is often accompanied by a negative affective state that involves
anxiety, irritability and dysphoria. This negative affective state potentially increases a
cocaine-dependent individual’s vulnerability to relapse (Resnick and Resnick, 1984a,
Gawin and Kleber, 1986). It is important to address the withdrawal stage in order to
provide therapeutic targets in the alleviation of anxiety produced by cocaine withdrawal
and prevention of relapse to cocaine abuse.
The serotonin system is largely involved in the mediation of anxiety-like mechanisms, as
well in the regulation of the effects elicited by cocaine. Specifically, the 5-HT2C receptor
has been identified as a key regulator of dopamine and serotonin transmission
associated with the effects of cocaine (Leggio et al., 2009), and separately, in the
orchestration of anxiety neurocircuitry (Christianson et al., 2010). The 5-HT2C receptor is
a G-protein coupled receptor coupled to Gq/11, which results in activation of the
phospholipase C pathway (Labasque et al., 2010). Activation of 5-HT2C receptors leads
to an attenuation of cocaine-induced increases in serotonin and dopamine levels (Di
Matteo et al., 2000, Leggio et al., 2009). Likewise, blockade of 5-HT2C receptors has
shown to produce anxiolytic effects in rodent studies (Mongeau et al., 1997, Harada et
al., 2008, Christianson et al., 2010). Previous work from our laboratory has established
a role for the 5-HT2C receptor specifically in regulating cocaine withdrawal-induced
anxiety, such that global and intra-DR blockade of 5-HT2C receptors attenuates anxietylike behaviors in cocaine-withdrawn mice (Craige et al., Chapter 3).

80

It is possible that 5-HT2C receptors are differentially expressed during cocaine
withdrawal, and alterations in 5-HT2C receptor levels contribute to anxiety during
cocaine withdrawal. In the current study, quantitative receptor autoradiography
techniques were used to measure 5-HT2C receptor levels and distribution in anxious,
cocaine withdrawn mice, as compared to saline controls. Brain regions targeted were
the DR, nucleus accumbens, medial prefrontal cortex, caudate putamen, and ventral
tegmental area. Assessment of 5-HT2C receptor levels during cocaine withdrawal
provides further insight into how the 5-HT2C receptor might be involved in withdrawal
mechanisms, specifically the regulation of anxiety.
Materials and Methods
Animals
Adult male C57Bl/6 mice were obtained from Charles River, Inc. (22–24 g at the start of
the experiment) and housed 4 per cage. Mice were maintained on a 12 h light/dark
cycle and provided food and water ad libitum. All testing was accomplished during the
light phase. Animal use procedures were conducted in strict accordance with the NIH
Guide for the Care and Use of Laboratory Animals and approved by the Institutional
Animal Care and Use Committee of Temple University.
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Drugs
Cocaine hydrochloride, generously provided by the NIDA drug supply program, was
dissolved in 0.9% saline and administered intraperitoneally (i.p.) in a volume of 3 ml/kg
body weight.
Cocaine administration
Mice were injected with cocaine 15 mg/kg or saline three times daily at 1 hour intervals
for 10 days. Mice were tested on the elevated plus maze 25 hours after the last
injection.
Elevated plus maze
The elevated plus maze test was used to assess anxiety-like behavior. The elevated
plus maze (San Diego Instruments) consists of four equal-sized runways (12” x 2”) in
the shape of a plus sign, and elevated 15.25 inches off the ground. Two of the arms are
enclosed by solid walls (6 inches high, closed arms), whereas the other two arms have
no side walls (open arms). A ledge (1/8”s high) is present around the perimeter of the
open arms of the maze. Test room lighting was adjusted from normal level (∼450 lux) to
a low-light dimmer setting of 15 lux. Mice were placed on the center of the elevated plus
maze, and activity was video recorded for 10 minutes. The amount of time spent on the
open arms is considered a measure of anxiety-like behavior, based on the rodent’s
natural aversion to open spaces versus the inclination to explore novel areas. Studies
have shown that confinement to the open arms leads to increases in freezing behavior,
defecation, and plasma corticosterone levels (Pellow et al., 1985). Entry into an open
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arm was defined as the movement of the head, shoulders, and two front paws into the
open arm area. Anxiety-like behavior was determined by calculating the amount of time
each mouse spent on the open arms and reported as a percentage of the total time.
Quantitative in vitro 5-HT2C receptor autoradiography
Following elevated plus maze testing, mice were rapidly decapitated and brains were
removed and submerged in 2-methylbutane cooled to -35ºC, and stored at -80ºC.
Brains were sectioned using the Cryostat (Leica Systems, Inc.) and 14 µM think
sections were mounted on Superfrost plus slides (Fisher Scientific). While sectioning,
slides were stored in a slide box over wet ice and sections were allowed to dry with
desiccant for 30 minutes. Slides were stored at -40ºC until the binding assay was
performed.
The binding assay was based on the methods of (Pazos et al., 1985, Mengod et al.,
1996). Sections were incubated for 30 minutes at room temperature (21ºC) in 170 mM
Tris-HCl buffer (7.4 pH). In order to label 5-HT2C receptors, sections for total binding
were then incubated for 120 minutes at room temperature in a solution consisting of 170
mM Tris-HCl containing 5 nM [3H] mesulergine, a 5-HT2A and 5-HT2C receptor
antagonist, and 100 nM spiperone, a 5-HT2A receptor antagonist. Spiperone was added
to the incubation solution in order to block binding of mesulergine to 5-HT2A receptors.
To measure nonspecific binding, sections were incubated in the binding solution with
the addition of 1 µM mianserin, a non-selective 5-HT2 receptor antagonist, for 120
minutes at room temperature. Sections were washed in ice-cold buffer four times for 10
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minutes each wash. Slides were dipped in ice-cold deionized water, and thoroughly
dried under a stream of cold air.
Labeled sections were exposed to tritium-sensitive film (Biomax MR, Kodak, New York)
along with tritium standards (Amersham, NJ) for 20 weeks at room temperature in x-ray
cassettes. Films were developed in a dark room under red light conditions. Films were
submerged in developer solution for 1 minute, then dipped in water, and submerged in
fixer solution for 10 minutes. After a second water dip, films were hung to dry.
Optical densities for brain regions of interest were determined using a computer imaging
device (AIS 6.0, MCID Imaging, Cambridge, UK) and converted to fmol of radioligand
bound per mg of tissue by reference to the tritium standards. The optical density from
the left and right aspects of each brain region were obtained, when necessary, and
averaged for each section. Eight to ten sections per brain region per animal were
analyzed. Specific radioligand binding was calculated by subtracting non-specific
binding from total binding. The mean values were used to calculate average 3Hmesulergine binding for each individual treatment group. Data from all animals in the
treatment group were averaged to obtain a mean specific binding value relative to the
saline control group.
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Results
Withdrawal from cocaine produced heightened anxiety-like behavior as measured by
the elevated plus maze
Cocaine withdrawn mice spent significantly less time in the open arms of the elevated
plus maze, as compared to saline controls (two-tailed t-test, p<0.05, Figure 4.1). This
demonstrates that cocaine withdrawn mice show increased anxiety-like behavior
compared to saline control mice at 25 hours of withdrawal, in agreement with Figures
3.1 and 3.7 of Chapter 3.

Figure 4.1. Anxiety-like behaviors as measured by the elevated plus maze were assessed 25 hours after the last
injection of saline or cocaine. Cocaine withdrawn mice spent significantly less time on the open arms of the elevated
plus maze, as compared to saline controls (***p<0.001), demonstrating an anxiogenic phenotype (n=8 mice/group).

3-

H Mesulergine binding was lower in DR subregions from anxious, cocaine withdrawn

mice, as compared to saline controls
In the DR, 5-HT2C receptor levels were assessed in the three subregions, the lateral
wings (lwDR), the dorsomedial aspect (dmDR) and the ventromedial aspect (vmDR).
Two-way analysis of variance with Bonferroni’s post hoc test revealed that within the
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dmDR, there was a significant decrease in 5-HT2C receptor density in sections from
cocaine withdrawn mice, as compared to saline controls (p<0.05, Figure 4.2). There
were not significant interaction (F(2,39) = 0.2643, p = 0.7691) or subregion (F(2, 39) =
2.903, p = 0.0668) effects; however, there was a significant treatment effect (F(1, 39) =
16.62, p=0.0002) in 3-H mesulergine binding in DR sections from cocaine withdrawn
mice compared to saline controls.

Figure 4.2. Autoradiography analysis identified 5-HT2C receptor densities in the dorsal raphe subregions of anxious, cocaine
withdrawn mice, as compared to saline controls. Cocaine-withdrawn mice demonstrated significantly lower levels of 5-HT2C
receptors in the dorsomedial (dmDR) aspect of the dorsal raphe, as compared to saline controls (*p<0.05, (n=6-9
mice/group).No differences were found in 5-HT2C receptor levels between cocaine-withdrawn mice and saline control mice in the
lateral wings (lwDR) or ventromedial (vmDR) aspects of the dorsal raphe. Representative autoradiographs from saline (B) and
cocaine (C) mice total binding (top panels) and non-specific binding (bottom panels) are included.

Unpaired, two-tailed t-tests revealed that there were no significant differences in 3-H
mesulergine binding between cocaine withdrawn mice and saline control mice in the
medial prefrontal cortex (p = 0.991, Figure 4.3), nucleus accumbens core (p= 0.2098,
Figure 4.4A) or shell (p = 0.3441, Figure 4.4B), caudate putamen (p = 0.7258, Figure
4.5), or ventral tegmental area (p = 0.4589, Figure 4.6). Taken together, these date
indicate that alterations in 5-HT2C receptor levels occur only in the DR dmDR subregion
during cocaine withdrawal, such that a reduction in 3-H mesulergine binding was
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observed in the dmDR subregion of cocaine withdrawn mice as compared to saline
control mice.

Figure 4.3. Autoradiography analysis identified 5-HT2C receptor densities in the medial prefrontal cortex (mPFC) of
anxious, cocaine withdrawn mice, as compared to saline controls. No significant differences were found in 5-HT2C
receptor levels between cocaine-withdrawn mice and saline control mice in the mPFC (n=7-9 mice/group)
Representative autoradiographs from saline (B) and cocaine (C) mice total binding (left panels) and non-specific
binding (right panels) are included.

Figure 4.4. Autoradiography analysis identified 5-HT2C receptor densities in the nucleus accumbens (NAc) core (A)
and shell (B) subregions of anxious, cocaine withdrawn mice, as compared to saline controls. No significant
differences were found in 5-HT2C receptor levels between cocaine-withdrawn mice and saline control mice in the NAc
core or shell (n=7-8 mice/group). Representative autoradiographs from saline (C) and cocaine (D) mice total binding
(top panels) and non-specific binding (bottom panels) are included.
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Figure 4.5. Autoradiography analysis identified 5-HT2C receptor densities in the caudate putamen (CPu) of anxious,
cocaine withdrawn mice, as compared to saline controls. No significant differences were found in 5-HT2C receptor
levels between cocaine-withdrawn mice and saline control mice in the CPu (n=7-8 mice/group). Representative
autoradiographs from saline (B) and cocaine (C) mice total binding (top panels) and non-specific binding (bottom
panels) are included.

Figure 4.6. Autoradiography analysis identified 5-HT2C receptor densities in the ventral tegmental area (VTA) of
anxious, cocaine withdrawn mice, as compared to saline controls. No significant differences were found in 5-HT2C
receptor levels between cocaine-withdrawn mice and saline control mice in the VTA (n=5-8 mice/group).
Representative autoradiographs from saline (B) and cocaine (C) mice total binding (top panels) and non-specific
binding (bottom panels) are included.

Discussion
In the current study, 5-HT2C receptor levels were assessed in several brain regions from
anxious, cocaine-withdrawn mice, as compared to saline control mice. There was a
significant decrease in binding to 5-HT2C receptors in the dmDR region of anxious,
cocaine withdrawn mice as compared to saline controls. No significant differences were
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found in 5-HT2C receptor levels in the lwDR, vmDR, medial prefrontal cortex, nucleus
accumbens, ventral tegmental area, or caudate putamen between cocaine withdrawn
mice and saline controls.
Our laboratory has found that 5-HT2C receptor activity contributes to anxiety during
cocaine withdrawal via an indirect gamma-aminobutryic acid (GABA)-mediated
feedback mechanism in the DR (Chapter 3). In light of these findings, it was
hypothesized that increases in 5-HT2C receptors may be evident in DR subregions from
anxious, cocaine withdrawn mice. Unexpected decreased 5-HT2C receptor levels in the
dmDR is not in accordance with the observed effect of blockade of 5-HT2C receptors in
the restoration of altered GABA levels and attenuation of anxiety-like behavior in
cocaine-withdrawn mice reported previously.
The decrease in 5-HT2C receptor binding in the dmDR is potentially an adaptive
response to increased sensitivity of the receptor. The Kd of mesulergine for the 5-HT2C
receptor in the mouse brain is approximately 1.5 nM (Pazos et al., 1985, Mengod et al.,
1996). The Kd, or dissociation constant, is a quantitative measurement for the binding
affinity of a ligand to a specific receptor and indicates the ligand concentration that binds
to half the receptor sites at equilibrium. Since a concentration of 5 nM mesulergine was
used, it is assumed that about 87.5% of the receptors able to bind to the radioactive
ligand were saturated (3 times the Kd). Saturation experiments testing a range of
concentrations would provide further support for that conclusion, and a higher
concentration could be tested in order to confirm 100% receptor saturation. The Bmax,
which is the maximum specific binding, for mesulergine to the 5-HT2C receptor is
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reported to be 147+12 fmol/mg tissue (Pazos et al., 1985). Since the highest specific
binding exhibited in the dorsal raphe was approximately 30 fmol/mg tissue, it is possible
that full occupancy was not achieved. Thus, there is potential for changes in binding
affinity in the 5-HT2C receptor during cocaine withdrawal. A decrease in the binding
affinity for 5-HT2C receptors could possibly contribute to the decreased 5-HT2C receptor
binding in dmDR region of cocaine-withdrawn mice, as compared to saline controls. A
more thorough investigation would include higher concentrations of 3H-mesulergine to
confirm achievement of maximum binding to 5-HT2C receptors.
A potential explanation for the decrease in dmDR 5-HT2C receptors and possible
alterations in affinity is derived from studies that identify changes in RNA editing of
5-HT2C receptors. The 5-HT2C receptor is the only known G-protein coupled receptor
that undergoes mRNA adenosine-to-inosine editing, leading to the generation of a great
number of isoforms (14 in human) exhibiting different regional distributions (Burns et al.,
1997). The editing of a single transcript encoding the 5-HT2C receptor results in the
generation of multiple receptor isoforms that differ in G-protein coupling efficacy and
constitutive activity (Lanfranco et al., 2009). The RNA editing characteristic of the
5-HT2C receptor has implications for the interpretation of the findings of the current
study.
The RNA editing characteristic of the 5-HT2C receptor results in a more complex
functional role for the 5-HT2C receptor, and has implications for the role of the 5-HT2C
receptor in mediating the effects of cocaine and withdrawal-induced anxiety. In addition,
alterations in RNA editing have been found to contribute to anxiety- and depression90

related disorders. For example, dysregulation in 5-HT2C mRNA editing has been
observed in the frontal cortex of depressed suicide victims (Niswender et al., 2001,
Gurevich et al., 2002). Further investigation is needed to study which isoforms of the 5HT2C receptor are altered during cocaine withdrawal, and potentially contribute to
anxiety-like symptoms.
The current study demonstrates that 5-HT2C receptor binding was unchanged between
cocaine-withdrawn and saline-treated mice in the medial prefrontal cortex, nucleus
accumbens, ventral tegmental area, caudate putamen, and lwDR or vmDR regions of
the DR. A significantly lower level of dmDR 5-HT2C receptor binding was evident in
sections from anxious, cocaine-withdrawn mice; however, it is unclear if this is an
adaptive mechanism in response to dysfunction at the level of the 5-HT2C receptor or
altered 5-HT2C receptor sensitivity levels. Future studies will further investigate
alterations in 5-HT2C receptor sensitivity or RNA editing in contribution to cocaine
withdrawal.

91

CHAPTER 5: GENERAL DISCUSSION
5-HT2C receptor activity influence on the effects of cocaine
In the first part of the current thesis study, the effect of 5-HT2C receptor activation on
cocaine-induced behaviors was evaluated (Chapter 2). It was found that treatment with
a 5-HT2C receptor agonist, Ro 60-0175, prior to cocaine injections on cocaineconditioning days, attenuated the development of cocaine-conditioned place preference
in mice in a dose-dependent manner. Secondly, the effects of activation of 5-HT2C
receptors by Ro 60-0175 on cocaine-induced hyperactivity and the development of
locomotor sensitization were evaluated. The locomotor effects elicited by cocaine are
known to demonstrate sensitization, in that cocaine-induced hyperactivity is elevated
upon each time the subject is re-exposed to the drug in a repeated administration
paradigm (Post and Rose, 1976, Everitt and Wolf, 2002). In this study, Ro 60-0175
pretreatment on days 1-5 attenuated acute cocaine-induced hyperactivity, as well as
locomotor sensitization during acute cocaine administration. Following a 10-day
withdrawal, mice received a cocaine challenge injection and locomotor activity was
assessed. It was evident that Ro 60-0175 pretreatment on days 1-5 partially attenuated
the development of long-term cocaine-induced locomotor sensitization, as expressed
following a cocaine challenge injection on day 16.
These findings demonstrate that 5-HT2C receptor activation inhibits the rewarding and
locomotor sensitizing effects of cocaine. Indeed, studies have shown that activity at
5-HT2C receptors modulates cocaine-induced behaviors in an inhibitory manner.
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Administration of 5-HT2C receptor agonist leads to reductions in cue- and cocaineprimed reinstatement of extinguished cocaine-seeking behavior (Grottick et al., 2000,
Fletcher et al., 2007, Neisewander and Acosta, 2007, Burbassi and Cervo, 2008).
Likewise, a 5-HT2C receptor agonist decreases, while an antagonist increases
expression of cocaine-induced conditioned hyperactivity (Liu and Cunningham, 2006).
Additionally, 5-HT2C receptor knockout mice exhibit increased responsiveness to novelty
and increased sensitivity to the psychostimulant and reinforcing effects of cocaine
(Rocha et al., 2002). We are the first to show that 5-HT2C receptor activity influences the
rewarding effects of cocaine through conditioned place preference testing, and the longterm sensitization effects of cocaine.
Region-specific effects have been identified as well. Microinfusion of a 5-HT2C receptor
agonist into the ventral tegmental area attenuates cocaine self-administration (Fletcher
et al., 2003), perhaps reflecting inhibition of dopamine cell firing and dopamine release
as noted earlier (Di Matteo et al., 2001). Likewise, infusions of the 5-HT2C receptor
agonist, MK212, into infralimbic and prelimbic regions of the medial prefrontal cortex
dose-dependently attenuates both cocaine-primed and cue-elicited reinstatement of
extinguished cocaine-seeking behavior, and attenuates cocaine-induced increases in
locomotor activity (Filip and Cunningham, 2002, Pentkowski et al., 2010). The current
thesis study adds to the existing literature in that it supports the potential for the use of
5-HT2C receptor agonists in blocking the positive effects of cocaine and the long-term
neural adaptations associated with sensitization that may contribute to drug taking
behavior.
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The ability of activity at the 5-HT2C receptor to influence cocaine-induced behaviors is
likely due to resultant alterations in the serotonin and dopamine systems. Activation of
5-HT2C receptors leads to an attenuation of cocaine-induced increases in dopamine and
serotonin (Di Matteo et al., 1999). The 5-HT2C receptor appears to possess a unique
ability to tonically regulate serotonin and dopamine release by combined actions
involving the effects of endogenous serotonin and constitutive receptor activity at
different 5-HT2C receptor populations present in multiple brain regions. Thus, the activity
at the 5-HT2C receptor may provide an exclusive functional basis for the fine-tuning of
serotonin and midbrain dopamine neuron activity.
Microdialysis studies show that intraperitoneal administration of the 5-HT2C receptor
agonist, Ro 60-0175, decreases extracellular dopamine levels in the nucleus
accumbens and ventral tegmental area by 26% (Di Matteo et al., 2000). In addition, Ro
60-0175 dose-dependently decreases the basal firing rate of ventral tegmental area
dopamine neurons (Di Giovanni et al., 2000; Di Matteo et al., 2000). Alternatively,
application of the 5-HT2C receptor antagonist, SB 242084, increases burst firing of
dopamine cells in the ventral tegmental area and dopamine release in the nucleus
accumbens (Di Matteo et al., 1999). 5-HT2C receptor knockout mice have higher
baseline extracellular dopamine levels in the nucleus accumbens, suggesting 5-HT2C
receptors provide tonic inhibition of mesolimbic dopamine activity (Higgins and Fletcher,
2003).
In the context of cocaine, 5-HT2C receptor knockout mice show increased cocaineinduced dopamine extracellular levels in the nucleus accumbens compared with wild94

type controls (Rocha et al., 2002), and treatment with a 5-HT2C receptor agonist
attenuates the increase in accumbal dopamine outflow induced by cocaine
administration (Leggio et al., 2009). These studies provide support that the inhibitory
effect of 5-HT2C receptor activity on dopamine neuronal activity is due to an indirect
phasic activation of 5-HT2C receptors present on GABA neurons. However, the overall
inhibitory action of 5-HT2C receptor on the mesolimbic pathway results from an
integrated response involving a functional balance between different populations of
5-HT2C receptors within multiple brain dopamine regions (Filip and Cunningham, 2002,
Navailles et al., 2007).
Dysfunction in this complex 5-HT2C receptor framework could lead to dysregulation of
mesolimbic transmission, potentially in contribution to associated physiological and
psychological disorders, including depression, schizophrenia, and reward-related
disorders such as addiction (Nestler and Carlezon Jr, 2006, Laviolette, 2007). The
findings of the current thesis study suggest that through the inhibition of serotonin and
dopamine pathways, the 5-HT2C receptor acts to inhibit the effects elicited by cocaine
and may prove a useful therapeutic target in pharmacological intervention to reduce
craving and maintenance of cocaine abuse in cocaine-dependent individuals. Evidence
in support of this stems from studies investigating the action of the selective serotonin
reuptake inhibitor commonly used to treat depression, fluoxetine. Treatment with
fluoxetine leads to inhibition of the mesolimbic dopamine pathway, through activity of
enhanced serotonin acting through 5-HT2C receptors, and has been shown to reduce
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cocaine-induced positive subjective effects and craving in cocaine-dependent
individuals (Batki et al., 1993).
5-HT2C receptor and anxiety produced by cocaine withdrawal
In the second aspect of the current thesis study, electrophysiological experiments
demonstrated that serotonin cells from anxious, cocaine-treated mice at 25 hours of
withdrawal had significantly heightened GABA postsynaptic inhibitory activity, as
evidenced by increased GABA frequency in the dmDR and vmDR subregions, and
increased GABA mIPSC amplitude in the vmDR. This effect was 5-HT2C receptormediated, as bath application of the 5-HT2C receptor antagonist, SB 242084, restored
increased GABA activity to normal levels. In addition, vmDR GABA IPSC activity
showed a negative correlation with anxiety-like behavior on the elevated plus maze,
such that the higher the level of IPSC frequency in serotonin cells, the lower amount of
time was spent on the open arms of the elevated plus maze, an indication of higher
anxiety. Non-serotonin cells from the same cocaine-treated mice at 25 hours of
withdrawal did not demonstrate differences in GABA activity from non-serotonin cells of
saline control mice. At 7 days of cocaine withdrawal, cocaine-withdrawn mice did not
demonstrate anxiety-like behavior on the elevated plus maze. However, increased
GABA activity was evident in the lwDR subregion. No differences were found between
cells from cocaine- and saline-injected mice 30 minutes after the last cocaine injection,
indicating the alterations in GABA activity are specific to the withdrawal effects, and not
to active cocaine exposure. The subregional heterogeneity in GABA activity is
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supported by previous studies that highlight the importance of differentiating subregion
activity when addressing DR neurocircuitry and anxiety mechanisms.
The role of the 5-HT2C receptor in serotonin feedback control demonstrated in the
current study is supported by in vivo electrophysiological findings that 5-HT2C receptor
agonists inhibit firing of DR neurons (Aghajanian et al., 1970, Garratt et al., 1991).
Treatment with a 5-HT2C receptor antagonist significantly reduces the effect of DR
stimulation on dopamine and serotonin levels in the nucleus accumbens (De
Deurwaerdère and Spampinato, 1999). The DR provides dense innervation of serotonin
processes to dopamine-rich areas like the ventral tegmental area and the nucleus
accumbens, thus any disruption of 5-HT2C receptor signaling on the serotonin system
would have implications on downstream dopamine regulation as well.
The 5-HT2C receptor-mediated negative feedback mechanism within the DR likely
involves actions on the GABA system. Anatomical and electrophysiological studies
show that the inhibitory effects of the 5-HT2C receptor result from activation of GABA
interneurons expressing 5-HT2C receptors (Eberle-Wang et al., 1997, Gobert et al.,
2000, Di Giovanni et al., 2001). Studies have identified the co-localization of GABA
neurons and 5-HT2C receptors in a number of brain regions important in serotonin and
dopamine regulation (Bubar and Cunningham, 2007). The 5-HT2C receptor agonist
causes a dose-dependent inhibition of DR serotonin cell firing which is reversed by a
GABAA receptor antagonist, picrotoxin (Boothman et al., 2006). Thus, the overall
inhibitory control of dopamine and serotonin systems occurring through the 5-HT2C
receptor occurs via a negative feedback mechanism through interactions with the GABA
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system. We are the first to establish that withdrawal from chronic cocaine leads to
increased anxiety and concomitant increased inhibitory GABA activity in the DR, which
are both dependent upon 5-HT2C receptor activity. This mechanism is proposed to
contribute to the downregulation of serotonin and dopamine systems associated with
anxiety during withdrawal.
Dorsal raphe GABA circuits are thought to function primarily as interneurons and govern
local DR signaling (Belin et al., 1979, Harandi et al., 1987, Stamp and Semba, 1995,
Allers and Sharp, 2003, Day et al., 2004, Lemos et al., 2006). However, some studies
provide evidence that GABA neurons in the DR project to forebrain regions (Van
Bockstaele et al., 1993, Puig et al., 2005). This is consistent with findings that excitation
of GABA neurons increases tonic inhibition of serotonin and dopamine cells (Cameron
et al., 1997). Thus, the altered GABA activity found in the DR of cocaine-withdrawn
mice may not only have implications on local serotonin neurocircuitry, but on GABA
efferents extending to downstream structures as well.
The current study (Chapter 3) shows that blockade of 5-HT2C receptors with SB 242084
in cocaine-treated mice at 25 hours of withdrawal attenuated the expression of anxietylike behavior on the elevated plus maze, as compared to saline pretreated cocaineinjected control mice. Mice were administered cocaine or saline injections for 10 days,
and 24 hours later received either a systemic injection or a DR microinjection of
SB 242084. When tested on the elevated plus maze one hour later, it was found that
both global and local DR blockade of 5-HT2C receptors prevented the expression of
anxiety in cocaine-withdrawn mice.
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These findings are supported by previous studies that identify the 5-HT2C receptor as a
mediator of anxiety neurocircuitry. Examples of this stem from numerous studies
demonstrating that administration of a 5-HT2C receptor antagonist produces an
anxiolytic response (Mongeau et al., 1997, Harada et al., 2008, Christianson et al.,
2010). One study shows that intra-DR lesion and systemic and intra-amygdala injection
of the 5-HT2C antagonist, SB 242084, prevents the expression of potentiated anxiety in
stressed rats (Christianson et al., 2010). Another study shows that 5-HT2C receptor
knockout mice display consistent and significant reductions in anxiety-like behavior, as
measured by the elevated zero maze and open field tests and display a selective
blunting of extended amygdala CRF neuronal activation in response to anxietyproducing stimuli (Heisler et al., 2007). 5-HT2C receptor activation in rats induces
anxiogenic-like responses in the social interaction test, light/dark test (Whitton and
Curzon, 1990) and elevated plus-maze test (Gibson et al., 1994). Overexpression of
5-HT2C receptors specifically in the forebrain leads to elevated anxiety and hypoactivity
in a novel environment with a component of stress (Kimura et al., 2009). The reductions
in time spent and distance traveled in the open arms of the elevated plus maze are
correlated to the density of 5-HT2C receptors in the basolateral nucleus of amygdala,
and activation of 5-HT2C receptors in basolateral amygdala produces an anxiogenic
effect in the elevated plus maze (Campbell and Merchant, 2003, Mello Cruz et al.,
2005).
Clinical studies provide support for a role for the 5-HT2C receptor in mediating anxiety
mechanisms. Administration of a 5-HT2C receptor agonist in humans causes anxiety in
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normal volunteers (Mueller et al., 1985), panic attacks in PTSD patients and normal
volunteers (Charney and Heninger, 1986, Southwick et al., 1997), and obsessive
compulsive symptoms in obsessive compulsive disorder patients (Zohar et al., 1987).
Additionally, dysregulation in 5-HT2C mRNA editing has been observed in the frontal
cortex of depressed suicide victims (Niswender et al., 2001, Gurevich et al., 2002). It
has also been found that several antidepressant drugs endowed with anxiolytic
properties have been found to act as 5-HT2C receptor antagonists (Millan, 2005, Papp et
al., 2006). Despite the success of these preclinical and clinical studies investigating the
role of the 5-HT2C receptor in regulating anxiety-like behaviors, we are the first to
identify the 5-HT2C receptor in the regulation of anxiety specifically during cocaine
withdrawal, as blockade of global and DR 5-HT2C receptors attenuated anxiety
produced by cocaine withdrawal.
The increased 5-HT2C receptor-mediated GABA activity in DR serotonin neurons from
cocaine-withdrawn mice (Chapter 3) has implications for activity in downstream
structures. As indicated previously, the DR is the primary source for serotonin in
forebrain structures. Dysregulation at the level of the DR could potentially lead to
interruptions in efferent processes extending to downstream structures, and thus,
widespread dysfunction of neurocircuitry related to cocaine withdrawal-induced anxiety.
Interactions between the DR serotonin system and the nucleus accumbens in the
context of cocaine withdrawal were evaluated in Chapter 3 of the current thesis study.
cFos expression, indicative of neuronal activation, was measured in nucleus
accumbens shell and core subregions of anxious, cocaine-withdrawn mice at 25 hours
100

of withdrawal and saline control mice. In the nucleus accumbens shell and core of
cocaine-withdrawn mice, there was a significant decrease in cFos expression. As
anxiety-like behavior was attenuated by intra-DR 5-HT2C receptor blockade in cocainewithdrawn mice, the reduction in cFos immunoreactivity was also attenuated upon intraDR SB 242084 microinjection. This indicates that neuronal activation is reduced in the
nucleus accumbens during cocaine withdrawal, and DR 5-HT2C receptor activity
contributes to those reductions perhaps through a negative feedback GABA-mediated
mechanism supported by electrophysiology recordings of the current study.
As 5-HT2C receptors are involved in the regulation of anxiety during cocaine withdrawal,
autoradiography assays performed in the current study aimed to decipher if alterations
in 5-HT2C receptor binding were evident during cocaine withdrawal (Chapter 4). There
were no differences in 5-HT2C receptor binding between cocaine-withdrawn mice and
saline controls in the lwDR, vmDR, medial prefrontal cortex, nucleus accumbens,
caudate putamen, and ventral tegmental area. However, there was a significant
decrease in 5-HT2C receptor binding in the dmDR region of anxious, cocaine-treated
mice at 25 hours of withdrawal as compared to saline controls. We found that blockade
of 5-HT2C receptors attenuated anxiety produced by cocaine withdrawal, and
heightened GABA activity dependent on 5-HT2C receptor activity in Chapter 3 of the
current study. Thus, it was expected that heightened 5-HT2C receptor levels would be
evident in cocaine-withdrawn mice. However, the decrease in 5-HT2C receptor binding in
the dmDR of cocaine-withdrawn mice indicates that an alternative mechanism may be
involved regarding 5-HT2C receptor activity and cocaine-withdrawal induced anxiety.
101

Potentially, 5-HT2C receptors are upregulated in sensitization, and decreased 5-HT2C
receptor levels are thus an adaptive response.
Summary and Conclusion
5-HT2C receptor activity and cocaine-induced behaviors
The current thesis study identifies an inhibitory role for activity at the 5-HT2C receptor in
regulating cocaine-induced conditioned place preference, acute hyperactivity and
behavioral sensitization in an inhibitory manner. Pretreatment with the 5-HT2C receptor
agonist, Ro 60-0175, attenuated the development of cocaine conditioned place
preference, suggesting that activation of 5-HT2C receptors prior to cocaine exposure
attenuates the rewarding effects of cocaine. The acute locomotor and long-term
sensitizing effects of cocaine were assessed in the context of 5-HT2C receptor activity. It
was found that pretreatment with Ro 60-0175 for 5 days prior to cocaine injections
attenuated acute cocaine-induced hyperactivity, and lead to partial attenuation of longterm sensitization following a cocaine challenge after 10 days of withdrawal.
5-HT2C receptor regulation of anxiety produced by cocaine withdrawal
Heightened anxiety following chronic cocaine use is considered a major risk factor for
relapse to drug seeking behavior. Thus, it is important to investigate the neural
mechanisms responsible for the regulation of anxiety during cocaine withdrawal in order
to identify potential targets for pharmacological intervention. The current thesis study
identified a role for the 5-HT2C receptor in the regulation of anxiety during cocaine
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withdrawal. It was found that systemic and intra-DR blockade of 5-HT2C receptors
attenuated anxiety in cocaine-withdrawn mice, as compared to saline control mice.
Electrophysiology characteristics of DR neurons from cocaine- or saline-injected mice
were assessed at 30 minutes, 25 hours or 7 days following the last injection. Cocaineinjected mice showed anxiety-like behavior at 25 hours of withdrawal, but not 30
minutes or 7 days following the last injection, as compared to saline control mice. In
addition, at 25 hours of withdrawal, there was a heightened GABA frequency in the
dmDR subregion and heightened GABA frequency and amplitude in vmDR subregion of
serotonin cells from cocaine-withdrawn mice. This increase in GABA activity was
mediated by 5-HT2C receptors, as bath application of a 5-HT2C receptor antagonist
attenuated increased GABA frequency in serotonin neurons from cocaine-withdrawn
mice. The increase in GABA frequency of postsynaptic currents in DR serotonin
neurons suggests that dysfunction at the 5-HT2C receptor results in upregulated GABA
activity in contribution to anxiety during cocaine withdrawal. Thus, the regulation of
anxiety during cocaine withdrawal through the 5-HT2C receptor likely involves a GABAmediated negative feedback mechanism, as evidenced by the present findings of
increased GABA activity in DR serotonin neurons from cocaine-withdrawn mice.
Activity within the DR has great potential to influence activity on downstream structures
which rely heavily on serotonin input from the DR. In the current thesis study, cFos
expression was evaluated in the nucleus accumbens shell and core subregions of
cocaine-withdrawn mice versus saline controls. A decrease in cFos expression was
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found in both the nucleus accumbens shell and core of cocaine-withdrawn mice, and
this reduction was attenuated by intra-DR 5-HT2C receptor blockade.
Lastly, 5-HT2C receptor binding assays were performed using quantitative receptor
autoradiography techniques to assess receptor binding levels in anxious, cocainewithdrawn mice at 25 hours of withdrawal versus saline controls. A decrease in 5-HT2C
receptor binding was evident in the dmDR subregion of cocaine-withdrawn mice;
however, no differences were found in the additional brain regions evaluated (lwDR,
vmDR, medial prefrontal cortex, nucleus accumbens, caudate putamen, or ventral
tegmental area).
Future Directions
Important information could be obtained by addressing the function of the 5-HT2C
receptor and GABA network during cocaine withdrawal. For example, evaluation of
alterations in 5-HT2C receptor sensitivity or mRNA editing, would be important to
consider as potential contributors to dysregulation of the serotonin system and anxiety
during cocaine withdrawal. It would be important to further examine the functional
relevance of evident DR subfield differences in GABA activity at varying cocaine
withdrawal stages. As the DR 5-HT2C receptor activity is intimately linked with the GABA
system in a negative feedback mechanism, future studies could investigate the impact
of this relationship on serotonin and dopamine neurocircuitry at the level of the DR, as
well as in downstream structures, providing an integrated approach to understanding
the cellular mechanisms underlying anxiety produced by cocaine withdrawal.
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