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CHAPTER I

DRUGS, BRAINS, AND BEHAVIOR:
UNDERSTANDING DRUG ABUSE AND ADDICTION
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1.1 SUBSTANCE USE DISORDERS AND ADDICTION: NATIONAL TRENDS
AND STATISTICS
Substance use disorders (SUDs) and addictions are serious mental conditions with
profound consequences on both an individual and society. In the United States alone, the
total estimated cost of substance abuse, including lost productivity-, crime-, and healthrelated costs, exceeds $700 billion per year (National Drug Intelligence Center, 2011);
yet, funding for research through the National Institute on Drug Abuse (NIDA) and the
National Institute on Alcohol Abuse and Alcoholism only amounts to $1.02 billion and
$446 million of that cost, respectively, in Fiscal Year 2015 (“Justification of Estimates
for Appropriations Committees: Fiscal Year 2015 ,” 2015). Meanwhile, in the face of
substantial increases in federal funding for drug-prevention programs and law
enforcement, addictive drugs continue to pose a growing threat to our national health.
According to a 2013 report by the Substance Abuse and Mental Health Services
Administration, more than 22.7 million Americans aged 12 or older suffer from substance
dependence and are in need of treatment. Unfortunately, only about 1% (2.5 million) of
those in need actually received treatment for their substance use at a specialized facility
(hospital, inpatient setting, drug or alcohol rehabilitation center, or mental health center)
in the previous year (Administration, Center for Behavioral Health Statistics and Quality,
2014). This tremendous ‘treatment gap’ is due in large part to the scarcity and limited
success of Food and Drug Administration (FDA)-approved pharmaceuticals for the
treatment of substance use disorders. In fact, there are no FDA-approved treatments for
cocaine or other psychostimulant addictions.
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Over the decade from 2003 to 2013, the percentage of Americans aged 12 or older
using illicit drugs rose from 8.2% to 9.4% (Administration, Center for Behavioral Health
Statistics and Quality, 2014). Because of this upward trend in illicit drug use, there is
heightened demand for novel treatments that are both affordable and effective in
promoting abstinence from commonly abused drugs.

1.2 COCAINE AND OTHER PSYCHOSTIMULANTS: USE, ABUSE, AND
ADDICTION
The term “psychostimulant” refers to drugs that activate the central nervous
system (CNS) and produce peripheral effects like increases in heart rate, elevated blood
pressure, and heightened cognitive alertness (Kuhn et al., 2008a). Cocaine is the most
commonly abused drug of this kind. Over the past half century, cocaine use in the United
States has increased dramatically. In the early 1960’s, it was estimated that only 10,000
Americans had ever tried cocaine (Comer, 2010). In 2013, 4.0 million (1.7% of the U.S.
population) of the 22.7 million Americans aged 18 or older who used illicit drugs had
used cocaine and another 3.2 million (1.4% of the population) reported use of another
stimulant during the previous year (National Survey on Drug Use and Health, 2013).
This drastic increase in psychostimulant use is likely attributable to the increasing
availability of more pure, powerful, and cheaper forms of these drugs.
Cocaine is the primary psychoactive ingredient of the coca plant, which is mostly
found in South America. The drug was first isolated from the plant in 1865, but natives
have chewed the coca plant’s leaves for energy and alertness since prehistoric times
(Comer, 2010). Extracted cocaine (hydrochloride powder) is an odorless, fluffy white
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powder that is most often snorted and absorbed through mucosal membranes in the nose.
However, the drug can be injected intravenously or smoked in a pipe or cigarette to
enhance its effects. When smoked or inhaled as a powder in its alkaloid free-base form,
cocaine produces a “high” that is nearly immediate but typically only lasts a few minutes.
This often leads users to consume additional drug in as few as 10-30 minutes (Purves et
al., 2004). Free-base cocaine can otherwise be boiled down into its more powerful and
more potent crystalline form, known as “crack”, before being smoked to produce a more
rapid and more powerful high.
The “high” produced by psychostimulants is associated with feelings of
satisfaction, well-being, and self-confidence. At higher doses, the euphoria felt by users
can turn into feelings of anger, aggression, and anxiety. These drugs can induce
psychosis, at times causing users to experience hallucinations, delusions, and exhibit
compulsive behavior (Kuhn et al., 2008a).
Regular use of psychostimulants often leads to patterns of abuse and dependence,
whereby users become increasingly depressed, irritable, and anxious when not using the
drug (Ksir et al., 2008). In addicts, brain function is disrupted and compulsive drugtaking continues despite the negative consequences the drug has on one’s daily function
and social relationships. Addicted individuals experience intense negative physiological
and emotional symptoms when the drug is not taken. These “withdrawal symptoms” are
generally characterized as effects opposite those produced by the drug itself (i.e.
depression, fatigue, sleepiness, and malaise) (Kuhn et al., 2008b).
The manifestation of addiction is not limited to humans, but is also demonstrable
in laboratory animals. Most agents abused by humans are self-administered by rodents

4

and primates when the animals are provided the opportunity to do so. Today, animal
models of addiction allow us to study neurobiological changes incurred by these
substances and to test putative treatments for addiction.

1.3 THE NEUROBIOLOGY OF PSYCHOSTIMULANT ADDICTIONS
Human and animal studies have determined that cocaine and other
psychostimulants primarily affect three major neurotransmitter systems: dopamine (DA;
associated with reward/motivation, pleasure, and fine motor function), serotonin (5-HT;
associated with mood, memory processing, sleep, and cognition), and norepinephrine
(NE; associated with alertness, concentration, and energy) (Hall et al., 2004; Haney,
2008; Ksir et al., 2008; Purves et al., 2004). These drugs of abuse primarily exert their
reinforcing effects by targeting the mesocorticolimbic DA circuit in the midbrain,
commonly referred to as the “brain’s pleasure center.”
Mesocorticolimbic DAergic neurons originate in the ventral tegmental area
(VTA) and project to the nucleus accumbens (NAc), prefrontal cortex (PFC), amygdala
(Amyg) and other limbic regions of the brain. Neurons in this circuit release DA into the
synapse in response to natural rewards such as food and sex. After DA is synthesized in
the cytoplasm of these neurons, it is packaged into synaptic vesicles by a vesicular
monoamine transporter (VMAT) for storage. When released into the synapse, DA
produces activation of receptors located on postsynaptic neurons and thus achieves
transmission of its neurochemical signal. To preserve the transient nature of DA
signaling, DA is then removed from the synapse in three major ways: passive diffusion,
degradation by the catabolic enzymes monoamine oxidase and catechol O-methyl-
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transferase, and reuptake back into the presynaptic neuron terminal via the Na+dependent dopamine transporter (DAT) (Gomperts et al., 2009).
Cocaine and other psychostimulants alter communication in this pathway by
raising extracellular DA levels in mesocorticolimbic synapses. Psychostimulant
compounds increase synaptic DA by one of two ways: “DAT inhibitors” such as cocaine
and methylphenidate (MPH) block DA reuptake via direct inhibition of the DAT while
“monoamine releasers” such as methamphetamine (METH), amphetamine (AMPH), and
phenmetrazine (PHEN) are actively taken up into presynaptic neuron terminals by
monoamine transporters, disrupt VMAT activity, and cause the release of DA from
intracellular storage vesicles into the synapse. Chemical structures of these compounds
are presented in Figure 1.1. Both types of psychostimulant drugs increase the
concentration of DA in the synaptic cleft, leading to over-stimulation of postsynaptic
receptors. It is thought that both the motivation and reinforcement of drug-taking
behaviors associated with stimulant addictions are primarily attributable to these actions
on mesocorticolimbic DA synapses.

Figure 1.1. Chemical structures of cocaine, phendimetrazine (PDM), phenmetrazine
(PHEN), methylphenidate (MPH), amphetamine (AMPH), and methamphetamine (METH).
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1.4 CONSEQUENCES OF CHRONIC PSYCHOSTIMULANT USE
Biological and behavioral responses to psychostimulants typically decline with
repeated exposure. Neurological changes incurred during persistent drug use can cause
tolerance to develop to many of these drugs’ effects. Tolerance is particularly important
in addiction as users find the need to increase the dose to experience the desired effects.
In addition to the development of tolerance, several other biological changes have
been reported in human psychostimulant abusers. For example, PET (McCann et al.,
1998) and [11C]d-threo-methylphenidate brain imaging (Volkow et al., 2001) studies
have shown that human METH abusers exhibit significantly reduced levels of striatal
DAT compared to healthy control subjects. While there appears to be partial recovery of
DAT binding with protracted abstinence, deficits in DAT availability were still detected
after three years of non-use (McCann et al., 1998). Moreover, studies in laboratory
animals have determined that METH permanently damages 5-HTergic axons and triggers
irreversible neuronal apoptosis in the striatum, cerebral cortex, hippocampus, and other
mesocorticolimbic regions (Cadet et al., 2005; 2003).
Like METH, clinical cocaine addiction is associated with decreases in
postsynaptic D2 receptor availability and enhancement of DA release due to reduced D2
autoreceptor function (Nader et al., 2006). In fact, D2 receptor availability is diminished
by ~15% in human cocaine abusers (Martinez et al., 2004). Cocaine-mediated changes in
D2 functionality appear to be long-lasting, too, as corresponding studies in rhesus
monkeys reveal that striatal D2 receptor availability is reduced ~15-20% within one week
and remains reduced by ~20% over the course of one year of cocaine self-administration
(Nader et al., 2006).
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Although the acute behavioral and clinical effects of DAT inhibitors and
monoamine releasers are mostly similar (Center for Substance Abuse Treatment, 1995;
Ciccarone, 2011), the difference between their two mechanisms may have profound
implications for chronic psychostimulant users. Yet, the question of which effects of
long-term psychostimulant abuse are dependent upon the drug’s mechanism of action
(DAT inhibition vs. monoamine release) remains largely unanswered. An investigation of
the neurobiological mechanisms underlying these changes may help shed light on this
question.
Given the harm that these stimulant-mediated neurological changes can inflict
upon a user’s psychological well-being, there is a growing need to a) investigate the
molecular mechanisms underlying these changes, and b) find treatments that prevent or
reverse these changes in human stimulant abusers. The goal of this study was to evaluate
the neurochemical effects of two putative treatments for cocaine addiction with very
different mechanisms of action, baclofen and phenmetrazine. Because prolonged use of
psychostimulants (and/or any addiction therapies) can have lasting effects on receptormediated signal transduction, downstream signaling cascades (Perrine et al., 2008), and
other neuroadaptations thought to underlie neurological changes, cognitive impairment,
cravings, and psychotic features exhibited by long-term users (Kuhn et al., 2008a), we
hypothesized that neuronal changes induced by these two agents would depend upon each
drug’s mechanism of action (MOA), duration of exposure (acute versus chronic), and
dosage among other factors.
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1.5 HISTORY OF BACLOFEN
Baclofen, chemically identified as β-(aminomethyl)-p-chlorohydrocinnamic acid,
is a strongly lipophilic γ-aminobutyric acid (GABA) derivative that demonstrates high
affinity and selectivity for GABAB receptors. First synthesized in 1962 by Heinrich
Keberle, baclofen has been approved by the FDA since 1977 for the treatment of skeletal
muscle spasms and rigidity associated with spinal cord injuries/lesions and neurological
diseases such as multiple sclerosis. Interestingly, it is the only drug marketed for multiple
neurological disorders associated with motor dysfunction. Baclofen achieves
monosynaptic and polysynaptic reflex transmission through stimulation of GABAB
receptors. The drug is typically dispensed as a racemic mixture of R(-) and S(+) isomers;
though, the R-isomer displays a three times greater affinity for GABAB receptors (Filip
and Frankowska, 2008).
Because of its ability to modulate central GABAergic signaling, the selective
GABAB agonist baclofen was first explored as a potential treatment for alcoholdependence (for review, see Agabio et al, 2013). Baclofen was reported to suppress
alcohol drinking in rats, prevent relapse drinking in previously abstinent rats, and reduce
the reinforcing and motivational properties of alcohol in both rats and non-human
primates (NHP) (Agabio et al., 2013). Baclofen also prevented reinstatement of alcoholseeking behavior in rats, attenuated alcohol-induced conditioned place preference in
mice, and reduced alcohol-induced hyperlocomotion in rats and mice (Maccioni et al.,
2005). There is now a growing body of literature suggesting that baclofen can produce
similar effects in humans. One such study reported that baclofen treatment was successful
in reducing the daily alcohol intake of alcohol-dependent individuals (Addolorato et al.,
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2011). Furthermore, there is evidence that baclofen-mediated activation of GABAB
receptors has the added benefit of alleviating anxiety in patients suffering from alcohol
use disorders, a common symptom among patients seeking treatment for withdrawal and
dependence (Addolorato et al., 2009). Such findings are consistent with anxiolytic effects
reported in patients treated with baclofen for panic disorders and posttraumatic stress
disorders (Agabio et al., 2013). Results from studies on baclofen for alcoholism have
been so successful that France’s Agency for the Safety of Health Products, the French
equivalent of the FDA, approved BAC for use in the treatment of alcoholism on a caseby-case basis in 2012.
With mounting evidence of its potential to treat alcohol use disorders, recent
investigations have expanded to explore balofen’s potential in the treatment of other
SUDs and addictive disorders. Results from preclinical studies are promising: acute
baclofen treatments have been shown to dose-dependently decrease responding for dAMPH and cocaine on fixed and progressive ratio schedules in rats (Brebner et al.,
2005), block cocaine-induced hyperlocomotion (Kalivas and Stewart, 1991), and
attenuate cocaine-induced DA release in the NAc (Fadda et al., 2003). Such evidence led
the authors of one recent comprehensive review to contend that baclofen might dosedependently reduce the intensity of alcohol and heroin withdrawal syndromes, prevent
voluntary alcohol intake, and block self-administration of alcohol, cocaine, heroin,
nicotine, and METH in humans (Vlachou and Markou, 2010).
Researchers at the Wake Forest Center for the Neurobiology of Addiction
Treatment (CNAT) have spearheaded efforts to explore the therapeutic potential of
baclofen in the treatment of substance use disorders and addiction. In one of the earliest
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investigations of baclofen’s potential as an addiction therapy, CNAT researchers
demonstrated that bilateral administration of the drug into the rat VTA reduced selfadministration of cocaine under an FR5 schedule of reinforcement through selective
activation of GABAB receptors (Backes and Hemby, 2007). Since then, CNAT
investigators have used other methods, including whole brain neuroimaging, to identify
brain regions involved in baclofen’s functional effects and to clarify the neurochemical
basis of its therapeutic effects. Notably, Porrino et al. (2013) found that baclofen
attenuated performance decriments on a modified delayed match-to-sample test caused
by cocaine in NHP. Furthermore, Porrino et al. showed that baclofen and cocaine alter
PET-imaged uptake of [18F]-fluorodeoxyglucose, a measure of metabolic activity, in
many of the same frontal and prefrontal cortical regions of the NHP brain (Porrino et al.,
2013). This finding was consistent with an earlier suggestion that GABAergic signals
influence the changes in the dopaminergic and glutamatergic systems of the medial
prefrontal cortex (mPFC) associated with cocaine sensitization (Vlachou and Markou,
2010). These effects had previously been linked to decreased GABAB receptor
responsiveness in the mPFC (Jayaram and Steketee, 2005). GABAergic manipulation of
the dopaminergic system may help explain how acute inactivation of dorsal mPFC
dopaminergic neurons by baclofen blocks reinstatement of cocaine-seeking behavior
(Fuchs et al., 2005).
Despite emerging evidence of baclofen’s therapeutic potential in addiction
treatment, few preclinical studies have evaluated its neurochemical effects following
chronic administration. This is concerning, as a number of clinical studies have reported a
reduction in efficacy following chronic administration of baclofen as well as the need to
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increase the dose to maintain its therapeutic effect (Dones and Broggi, 2010; Heetla et al.,
2009; Lehmann et al., 2003; Soni et al., 2003). That tolerance may develop to baclofen’s
therapeutic effects is of particular importance since baclofen would be administered
chronically in the clinic.
In the CNAT’s most recent investigation of baclofen, rats administered the drug
acutely displayed reduced locomotion compared to vehicle-treated controls while rats
treated chronically with baclofen exhibited no differences in locomotor activity compared
to their vehicle-treated counterparts (Beveridge et al., 2013). These results were in
keeping with previous reports that tolerance develops to several behavioral effects of
GABAB agonists following repeated treatments (Frankowska et al., 2009; Liang et al.,
2006; Paredes and Agmo, 1989). Additionally, this CNAT study highlighted differences
in rates of local cerebral glucose metabolism (functional brain activity) between acutelyand chronically-treated animals: while rates of glucose metabolism were significantly
lower in most brain regions of acutely-treated animals compared to those treated with
vehicle, these acute, region-specific reductions in glucose metabolism were abolished in
the brain regions of chronically-treated animals with the exception of the caudate
putamen and lateral septum (Beveridge et al., 2013). Not only did this study provide
definitive evidence of the development of tolerance to baclofen’s locomotor and
functional effects, it emphasized that region-specific changes in neuronal activity must be
investigated in order to properly evaluate baclofen’s potential as a treatment for
addiction.
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1.6 HISTORY OF PHENDIMETRAZINE / PHENMETRAZINE
Monoamine releasers such as d-AMPH are also being considered as candidate
medications in the treatment of cocaine addiction. Several groups have demonstrated the
efficacy of AMPH to decrease cocaine intake in laboratory animals (Greenwald et al.,
2010; Negus and Mello, 2003a; 2003b; Thomsen et al., 2013) and in humans (Fleming
and Roberts, 1994; Grabowski et al., 2001; Rush et al., 2010; Shearer et al., 2003; White,
2000). These impressions were consistent with studies performed at the CNAT which
demonstrated the ability of acute and chronic AMPH treatments to reduce responding for
cocaine in rodents and NHP self-administration paradigms (Chiodo et al., 2008; Chiodo
and Roberts, 2009; Czoty et al., 2011; 2010). However, in light of concerns about its high
abuse liability and status as a Schedule II-controlled substance, it is unlikely that AMPH
would be accepted by the medical community as a tangible treatment for cocaine
addiction. This has prompted pharmacologists to explore other monoamine releasers as
candidate medications for treating cocaine addiction.
One compound that has emerged from these preclinical evaluations is the
clinically-available medication phendimetrazine (PDM). PDM, an FDA-approved
anorectic, is a low-potency monoamine uptake inhibitor and is a prodrug for the Schedule
II-controlled drug phenmetrazine (PHEN) (Banks et al., 2013c; Rothman et al., 2002).
PDM’s active, trans-configured N-demethylated metabolite, PHEN, is an AMPH-like
monoamine releaser with EC50 values to release DA, NE, and 5-HT of approximately
307, 62, and 6051 nM, respectively (Negus et al., 2007). Like AMPH, continuous 7-day
treatment with PDM or PHEN has been shown to decrease cocaine self-administration in
rhesus monkeys under several schedules of reinforcement (Banks et al., 2013c; 2013a;
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2011). Notably, chronic (21-day) PDM treatment decreased cocaine choice, caused a
reciprocal increase in food choice, and nearly abolished cocaine consumption by rhesus
monkeys in an extended-access (20 h/day) paradigm (Banks et al., 2013b).
Because PDM is virtually inactive until it is metabolized into its active
metabolite, PHEN (Rothman et al., 2002), and possesses a much lower abuse liability
than AMPH or PHEN (Corwin et al., 1987; Jain et al., 1979). PDM is classified as a
Schedule III controlled substance and is therefore a more likely candidate for FDA
approval as a psychostimulant addiction therapy.
For the reasons outlined above, chronic PDM treatment may pose a relatively safe
and effective strategy to combat psychostimulant addictions. However, further research is
warranted to clarify the neurochemical mechanisms underlying PDM-, PHEN-, and other
psychostimulant-mediated reductions in cocaine self-administration.

1.7 GOAL OF THE PRESENT STUDY
Although there is some evidence that pharmacological agents may counteract the
neurological changes caused by chronic psychostimulant use, more studies are warranted
to establish the molecular mechanisms underlying these changes and to find treatments
that prevent and/or reverse these adaptive changes in human addicts. Our goal was
therefore to evaluate the neurochemical effects of two putative treatments for cocaine
addiction, baclofen and PHEN. Specifically, we sought to identify changes in receptormediated signaling and phosphorylation mechanisms that might be unique to each drug’s
mechanism of action, dose, and/or duration of exposure (acute versus chronic treatment).
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CHAPTER II

CHRONIC BACLOFEN DESENSITIZES GABAB-MEDIATED G-PROTEIN
ACTIVATION AND STIMULATES PHOSPHORYLATION OF KINASES IN
MESOCORTICOLIMBIC RAT BRAIN

The following manuscript was adapted from: Bradley M.T. Keegan, Thomas J.R.
Beveridge, Jeffrey J. Pezor, Ruoyu Xiao, Tammy Sexton, Steven R. Childers, and Allyn
C. Howlett. (2015) Neuropharmacology 95:492-502.
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ABSTRACT
The GABAB receptor is a therapeutic target for CNS and neuropathic disorders;
however, few preclinical studies have explored effects of chronic stimulation. This study
evaluated acute and chronic baclofen treatments on GABAB-activated G-proteins and
signaling protein phosphorylation as indicators of GABAB signaling capacity. Brain
sections from rats acutely administered baclofen (5 mg/kg, i.p.) showed no significant
differences from controls in GABAB-stimulated GTPγS binding in any brain region, but
displayed significantly greater phosphorylation/activation of focal adhesion kinase
(pFAKTyr397) in mesocorticolimbic regions (caudate putamen, cortex, hippocampus,
thalamus) and elevated phosphorylated/activated glycogen synthase kinase 3-β
(pGSK3βTyr216) in the prefrontal cortex, cerebral cortex, caudate putamen, nucleus
accumbens, thalamus, septum, and globus pallidus. In rats administered chronic baclofen
(5 mg/kg, t.i.d. for five days), GABAB-stimulated GTPγS binding was significantly
diminished in the prefrontal cortex, septum, amygdala, and parabrachial nucleus
compared to controls. This effect was specific to GABAB receptors: there was no effect
of chronic baclofen treatment on adenosine A1-stimulated GTPγS binding in any region.
Chronically-treated rats also exhibited increases in pFAKTyr397 and pGSK3βTyr216
compared to controls, and displayed wide-spread elevations in phosphorylated dopamineand cAMP-regulated phosphoprotein-32 (pDARPP-32Thr34) compared to acutely-treated
or control rats. We postulate that those neuroadaptive effects of GABAB stimulation
mediated by G-proteins and their sequelae correlate with tolerance to several of
baclofen’s effects, whereas sustained signaling via kinase cascades points to cross-talk
between GABAB receptors and alternative mechanisms that are resistant to
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desensitization. Both desensitized and sustained signaling pathways should be considered
in the development of pharmacotherapies targeting the GABA system.
2.1 INTRODUCTION
γ-Aminobutyric acid (GABA), the primary inhibitory neurotransmitter in the
mammalian brain, plays an integral role in several neuropsychiatric and
neurodegenerative pathologies. Modulators of the GABA system constitute novel
treatments for Parkinson’s and Alzheimer’s diseases, as well as neuropsychiatric
disorders such as anxiety, depression, and drug addiction (for review, see Kumar et al.,
2013). Because GABA receptors are expressed throughout the limbic system (Bischoff et
al., 1999), they are thought to mediate many emotional behaviors associated with these
disorders through modulation of both dopaminergic and glutamatergic systems. GABAB
receptors are class C G-protein-coupled receptors (GPCRs) that exist as heterodimers of
GABAB1 and GABAB2 subunits (Jones et al., 1998). Notably, GABAB1 subunits contain
the extracellular ligand-recognition site (Galvez et al., 2000), whereas GABAB2 subunits
facilitate intracellular receptor interaction with Gi/o-type G-proteins (Havlickova et al.,
2002). GABAB receptors function to inhibit adenylyl cyclase activity and thus decrease
intracellular levels of cAMP. Yet, pre- and postsynaptic GABAB receptors achieve
neuronal inhibition in markedly different ways. Presynaptic GABAB receptors occur as
either autoreceptors or heteroceptors to inhibit calcium entry into the presynaptic terminal
and prevent vesicular neurotransmitter release (Bowery, 2006; Ladera et al., 2008). In
contrast, postsynaptic GABAB receptors predominantly exert their inhibitory effects
through release of Gβγ subunits that open inwardly rectifying Kir3-type potassium
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channels, producing late inhibitory postsynaptic potentials and hyperpolarization (Filip
and Frankowska, 2008).
Baclofen, a full agonist at GABAB receptors, has been used clinically in the
treatment of pain and spasticity, conditions which allow for acute treatment paradigms
(Bertman and Advokat, 1995). The drug exhibits a short half-life, ranging between 4.5 h
(Anderson et al., 1984) and 6.8 h (Wuis et al., 1989), such that it is typically prescribed
three or four times daily to treat these conditions. Baclofen therapies are also being
investigated for their potential to counterbalance over-stimulation of the DA system
caused by alcohol, cocaine, and other addictive drugs; as presynaptic GABAB receptors
located on mesolimbic neuron terminals in the NAc can effectively inhibit the release of
DA (Brebner et al., 2005; Halbout et al., 2011; Xi and Stein, 1998). With emerging
evidence that baclofen has therapeutic benefit in addiction treatment (Addolorato et al.,
2006; Agabio et al., 2013; Kahn et al., 2009), there is additional need for preclinical
studies to evaluate the effects of chronic administration of the drug. Studies have reported
a reduction in efficacy following chronic administration of baclofen and the need to
increase the dose to maintain its antispasmodic effect (Heetla et al., 2009; Nielsen et al.,
2002). These clinical findings are consistent with the observation that tolerance develops
to baclofen’s locomotor effects after 5 to 11 days of baclofen in rodents (Beveridge et al.,
2013; Gianutsos and K. E. Moore, 1978; Levy and Proudfit, 1977). Interestingly, regionspecific reductions in cerebral metabolism were observed in acutely treated rats
compared with controls, but not in chronically treated animals (Beveridge et al., 2013).
These findings emphasized that region-specific changes in neuronal activity must be
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investigated in order to properly evaluate baclofen’s potential as a treatment for
conditions that require use of the drug for extended periods of time.
Molecular mechanisms underlying the development of tolerance to many of
baclofen’s effects remain unclear. Kohout and Lefkowitz (2003) speculated that chronic
administration of baclofen might induce either desensitization or changes in GABAB
receptor density. We therefore examined intracellular signal transduction using
[35S]GTPγS binding analysis to identify changes in GABAB-stimulated G-protein
activation. We also examined the effects of acute versus chronic GABAB receptor
activation on phosphorylation patterns of three key signaling pathway regulators which
served as indicators of changes in fundamental cellular processes: focal adhesion kinase
(FAK), glycogen synthase kinase 3-β (GSK3β), and dopamine- and cAMP-regulated
phosphoprotein-32 (DARPP-32). FAK (also known as protein tyrosine kinase 2, PTK2)
is an ubiquitously expressed non-receptor tyrosine kinase that is recruited by integrins
and growth factors of the extracellular matrix for incorporation into focal adhesion
complexes under conditions of synaptic plasticity (Leask, 2013; Monje et al., 2012).
GSK3β is a highly conserved and constitutively active serine/threonine protein kinase
whose dysregulation has been implicated in a wide variety of dopamine-associated
psychiatric diseases including substance addiction (Shi et al., 2014), bipolar disorder, and
schizophrenia (Jope and Roh, 2006). DARPP-32 (also known as protein phosphatase 1
regulatory subunit 1B, PPR1B) is phosphorylated at Thr34 by the cAMP-activated
protein kinase A (PKA). The extent of DARPP-32 phosphorylation is commonly used as
a measure of psychostimulant activity, as this protein is abundantly expressed in
dopaminergic cells involved in the addiction pathology (for review, see Le Novère et al.,
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2008). In our study, rat brain sections were evaluated following acute and chronic
baclofen treatments in order to identify those brain regions exhibiting variations in
cellular signaling following extended periods of administration compared to a single
treatment.

2.2 MATERIALS AND METHODS
2.2.1 Animal Treatments
Animal procedure protocols were approved by the Wake Forest University School
of Medicine Institutional Animal Care and Use Committee (IUCAC), conformed to the
principles set forth in the NIH Guide for the Care and Use of Laboratory Animals, and
were conducted by the Wake Forest Tissue Core. All animal experiments were performed
in an effort to minimize the number of animals used and the degree of animal suffering.
Male Sprague-Dawley rats (280–300 g) (Harlan Industries, Indianapolis, IN, USA) were
housed in a temperature- and humidity-controlled vivarium on a 12-hour light/dark cycle
(lights on at 7:00 am) and were given unrestricted access to food and water. Rats were
randomly assigned to one of three treatment groups: control (n=8), acute baclofen (n=8),
or chronic baclofen (n=8). Animals were administered i.p. injections of either 150 mM
NaCl saline/vehicle (control), or (±)-baclofen (Sigma Aldrich, St. Louis, MO) (5 mg/kg
at 1 mL/kg) (chronic) t.i.d. at 9:00 am, 12:00 pm, and 3:00 pm for five consecutive days
as previously described (Beveridge et al., 2013). On the sixth day, the animals were given
a final injection of either vehicle (control) or drug (chronic) 15 min prior to sacrifice. The
acute treatment group received saline vehicle i.p., t.i.d. for five days and a single i.p.
injection of baclofen (5 mg/kg at 1 mL/kg) on the sixth day 15 min prior to sacrifice. This
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dose of baclofen had been shown to block the development of cocaine sensitization
(Frankowska et al., 2009) and reduce responding for amphetamine on both fixed and
progressive ratio schedules (Brebner et al., 2005). Animals were sacrificed via sodium
pentobarbital (100 mg/kg, i.v.). Brains were removed, quick-frozen in isopentane at
-45 °C, and preserved at -80 °C.
2.2.2 [35S]GTPγS Binding Analysis
The Childers laboratory performed [35S]GTPγS binding experiments on coronal
brain sections extracted from saline- and baclofen-treated animals. Frozen brains were
sliced as coronal sections (20 µm) using a cryostat microtome maintained at − 22 °C and
the sections were thawed onto glass slides for [35S]GTPγS autoradiography (Sim et al.,
1995). Brain sections were washed with TME (50 mM Tris-HCl, pH 7.4; 3 mM MgCl2;
0.2 mM EGTA; 100 mM NaCl) for 10 min at 25 oC prior to incubation with TME assay
buffer containing 2 mM GDP for 15 min at 25 oC. Sections were then incubated for two
hours at 25 oC in TME assay buffer containing 2 mM GDP, 100 nM 8-cyclopentyl-1,3dipropylxanthine (DPCPX, an A1 adenosine receptor antagonist), and 0.04 nM
[35S]GTPγS in the presence and absence of 300 µM baclofen (Sim et al., 1996a). In some
assays, the specific GABAB antagonist CGP-54626 ((3-N[[1-(S)-(3,4dichlorophenyl)ethyl]amino-2-(S)-hydroxypropyl-P-cyclohexylmethylphosphinic acid;
Tocris) was added at 1 µM to block baclofen stimulation of GABAB receptors (Brugger
et al., 1993). For assay of adenosine A1-stimulated [35S]GTPγS binding, sections were
incubated with 1 µM of the adenosine A1 agonist phenylisopropyladenosine (PIA) in the
absence of DPCPX (R. J. Moore et al., 2000). The sections were washed twice with 50
mM Tris-HCl, pH 7.4 at 4 oC, rinsed once with deionized water, and were exposed to
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phosphor-imaging screens overnight. Screen images were captured with a Sony XC-77
video camera, and quantitative densitometric analysis was performed on regions of
interest using NIH ImageJ software (National Institute of Health, Bethesda, MD, USA).
Regions of interest were defined by user-defined settings in NIH Image software that
selected areas of highest optical density. Optical densities were quantitated by
comparison with [14C] brain paste standards and values corrected to nCi/g [35S].
[35S]GTPγS binding data were expressed as percent of net agonist-stimulated binding in
sections from saline-treated control rats.
2.2.3 Immunohistochemistry: In-Cell WesternTM Analysis
Frozen coronal sections (30 µm) were prepared from the same brains used above
for [35S]GTPγS binding using a cryostat microtome maintained at − 22 °C, and were then
placed flat onto frozen phosphate-buffered formalin (1.5 mM KH2PO4, 2.7 mM KCl, 8
mM Na2HPO4, 150 mM NaCl; 30% sucrose (w/v); 3% paraformaldehyde (v/v), pH 7.4)
in a well of a 24-well plate. Thawed sections were stored at 4°C in fixative. Kinase
phosphorylation was measured using an In-Cell Western assay as previously described
(Blume et al., 2013; Kearn, 2004). To summarize, rat brain sections were rinsed six times
with Tris-buffered saline (TBS, 20 mM Tris-HCl, pH 7.4; 137 mM NaCl), blocked
overnight at 4 oC in Blocking Buffer (TBS containing 0.1% IGEPAL and 50% Odyssey®
Blocking Buffer (LI-COR Biosciences®, Lincoln, NE, USA)), and incubated with
affinity-purified primary antibodies (Santa Cruz Biotechnology, Inc., Santa Cruz, CA,
USA; dilutions 1:250 or 1:500) in Blocking Buffer overnight at 4° C. The primary
antibodies used were anti-FAK (A-17), anti-pFAK (2D11), anti-GSK3β (11B9), antipGSK3β (Tyr216), anti-DARPP-32 (N-19), and anti-pDARPP-32 (Thr34). Two primary
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antibodies were applied together: 1) a “total protein” antibody recognizing a nonmodifiable region of the protein, and 2) a phosphoprotein antibody specific for only the
phosphorylated species of the protein. Tissue sections were then washed four times with
TBS containing 0.1% Tween-20 (TBST) and incubated with secondary antibodies
conjugated to one of two IRDye® fluorophores (700 nm and 800 nm) (LI-COR
Biosciences®; dilution 1:1500) in Blocking Buffer for two hours at 25oC. Sections were
washed four times with TBST, allowed to dry overnight at 4 oC, and visualized using LICOR Odyssey Infrared Imaging System software (LI-COR Biosciences®). Images (TIFF
files) and signal intensity values were quantified using NIH ImageJ software.
Phosphoprotein fluorescence intensity was normalized to the total protein fluorescence
intensity in each of the indicated brain regions and expressed as relative fluorescence
units (RFU).
2.2.4 Data Analysis
Brain regions of interest were selected for analyses from each section according to
the stereotaxic atlas of the rat brain (Paxinos and Watson, 2014). Densitometric data from
[35S]GTPγS binding were expressed as net agonist-stimulated binding (nCi/g) in sections.
Agonist-stimulated G-protein activation is expressed as mean ± standard error of the
mean (SEM) of triplicate sections from 6 to 8 animals per group for comparison between
treatment groups. The mean ± SEM of normalized RFU values from
immunohistochemical assays were used to compare relative phosphorylation levels of
each kinase between treatment groups (n = 8). Results were expressed as percent of net
intensity ratio (RFU value) of saline-treated rat brain regions. Statistically significant
differences in GABAB-stimulated [35S]GTPγS binding and kinase phosphorylation
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between groups were determined by one-way ANOVA (between-subjects factor:
treatment condition) followed by Tukey’s multiple comparisons tests with single pooled
variance. In all cases, the family-wise significance and confidence threshold (α) was 0.05.
2.3 BACKGROUND STUDIES
The Childers laboratory determined the effects of baclofen treatment on GABAB
activation of G-proteins in various regions by [35S]GTPγS autoradiography using
baclofen as GABAB agonist (Sim et al., 1996a). They have used similar methods in the
past to detect the development of region-selective and time-dependent desensitization of
GPCRs following prolonged treatment with their respective agonists (Maher et al., 2001;
Martin et al., 2007; O'Connor et al., 2005; Selley et al., 1997). The pharmacological
specificity of baclofen-stimulated [35S]GTPγS binding is confirmed in Figure 2.1, which
shows autoradiograms of baclofen-stimulated [35S]GTPγS binding in rat brain coronal
sections assayed in the presence and absence of the GABAB antagonist CGP-54626
(Brugger et al., 1993). These autoradiograms show that stimulation of [35S]GTPγS
binding by baclofen (300 µM) is completely blocked by CGP-54626 (1 µM, a
concentration of antagonist that blocked stimulation of [35S]GTPγS binding by 300 µM
baclofen in rat cerebellar membranes; data not shown). These results demonstrate that
baclofen-stimulated [35S]GTPγS binding is a specific measure of GABAB activation of
G-proteins in rat brain sections.
To compare effects of acute versus chronic treatments of baclofen, brain sections
were examined from animals following acute (5 mg/kg, single dose i.p.) and chronic (5
mg/kg, t.i.d. for five days) administration schedules. Representative autoradiograms from

24

Figure 2.1. Autoradiograms of baclofen-stimulated [35S]GTPγS binding in coronal rat
brain sections, showing blockade of stimulated binding by the GABAB antagonist CGP54626. Sections were incubated in the absence of agonist alone (BASAL), with 300 µM baclofen
(BACLOFEN), or 300 µM baclofen in the presence of 1 µM CGP-54626 (BAC + CGP) as
described in the Materials and Methods section. Activation of G-proteins by baclofen was
reduced to virtually basal levels in all brain regions examined.

sections prepared from the three treatment groups of rats (saline, acute baclofen, and
chronic baclofen) are shown in Figure 2.2. These sections reveal high levels of baclofenstimulated [35S]GTPγS binding in the prefrontal cortex and cingulate cortex (top row),
lateral septum (second row), hippocampus, amygdala, and periaqueductal gray (third
row), as well as the cerebellum and parabrachial nucleus (bottom row). As these
autoradiograms suggest, there was no evident effect of acute baclofen treatment on
GABAB-stimulated [35S]GTPγS binding in any region; in contrast, chronic baclofen
treatment appeared to decrease agonist-stimulated binding in several regions.

25

Figure 2.2 Representative autoradiograms showing the effect of acute and chronic baclofen
treatments on GABAB-stimulated [35S]GTPγS binding in coronal rat brain sections.
Densitometric values of specific baclofen-stimulated GTPγ[35S] binding were determined as
described in the Materials and Methods section, and are denoted as progressing from low to high
(blue, green, yellow red).

To quantify these changes, densitometric data were analyzed in eight brain region
(Table 2.1), with values expressed as nCi/g of net baclofen-stimulated binding from
densitometric analysis. Acute treatment with baclofen had no significant effect in any of
these regions; however, chronic treatment with baclofen significantly reduced levels of
baclofen-stimulated [35S]GTPγS binding in the prefrontal cortex, lateral septum,
amygdala, and parabrachial nucleus (p<0.05 vs. saline). Although some reductions in
baclofen-stimulated [35S]GTPγS binding were also observed in the cingulate cortex and
hippocampus of rats chronically treated with baclofen, these effects failed to reach
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statistical significance (0.05<p<0.10). Chronic baclofen treatment had no detectable
effect on GABAB-stimulated [35S]GTPγS binding in the cerebellum or periaqueductal
gray.
Table 2.1. Effects of saline, acute baclofen, and chronic baclofen treatment of rats on
baclofen-stimulated [35S]GTPγS binding in brain sections.

Rats were treated with saline or with baclofen (acute, single injection; chronic, 5 days injections
t.i.d.) and brain sections were assayed for GABAB-activated G-proteins by [35S]GTPγS
autoradiography using 300 µM baclofen as a full agonist, as described in the Materials and
Methods section. Data are expressed as net agonist stimulated [35S]GTPγS binding (nCi/g),
determined by densitometric analysis of autoradiograms using 14C standards corrected for 35S;
* p < 0.05 significantly different from saline (one-way ANOVA, Tukey’s test for multiple
comparisons).

These results were normalized as percent of the [35S]GTPγS binding in sections
from saline-treated (control) animals (Figure 2.3). Once again, acute baclofen treatment
had no significant effect on baclofen-stimulated [35S]GTPγS binding in any brain region.
However, baclofen-stimulated binding was significantly decreased in the prefrontal
cortex (PFC), lateral septum (Sept), amygdala (Amyg), and parabrachial nucleus (PBN)
of rats chronically administered baclofen compared to vehicle-treated controls. The most
dramatic decreases were observed in parabrachial nucleus (45% decrease vs. control) and
septum (35% decrease).
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Figure 2.3. Effect of acute and chronic baclofen treatments on GABAB-stimulated
[35S]GTPγS binding in coronal rat brain sections. Slide-mounted tissue sections were assayed
for baclofen-stimulated [35S]GTPγS binding as described in the Materials and Methods section,
and densities from the autoradiograms for each region of interest are presented as mean values
SEM (n=6-8 per group); * p < 0.05 significantly different from saline (one-way ANOVA,
Tukey’s test for multiple comparisons).

To determine whether these reductions in baclofen-stimulated [35S]GTPγS
binding were specific to GABAB receptors, the Childers laboratory evaluated adjacent
sections from the same animals in each treatment groups for adenosine A1-activated Gproteins by [35S]GTPγS autoradiography using the A1 agonist PIA. A1-stimulated
[35S]GTPγS binding was chosen as a control because A1 receptors activate Gi/o proteins in
many of the same brain regions as GABAB receptors (R. J. Moore et al., 2000). Figure
2.4 shows the results of densitometric analysis of A1-stimulated [35S]GTPγS binding in
sections from these rats, expressed as percent of values in saline control rats. In contrast
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to the effects on GABAB-activated G-proteins, chronic treatment with baclofen had no
effect on stimulation of [35S]GTPγS binding by the A1 agonist in any region. Of
particular note was that chronic baclofen treatment had no effect on A1-stimulated
[35S]GTPγS binding in the prefrontal cortex, lateral septum, or amygdala; brain regions
that displayed significant reductions in GABAB-stimulation of G-proteins in the same
animals.

Figure 2.4. Effect of acute and chronic baclofen treatments on adenosine A1-stimulated
[35S]GTPγS binding in coronal rat brain sections. Adjacent sections from the same animals
assayed in Table 1 and Figure 3 were assayed for A1-stimulated [35S]GTPγS binding using 1 µM
PIA as an A1 agonist as described in the Materials and Methods section. Optical densities were
determined for each region of interest, and data are presented as mean values
SEM of percent
values in saline animals (n=6-8 per group); No significant effects of either treatment were
observed in any region (one-way ANOVA, Tukey’s test for multiple comparisons).
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2.4 RESULTS
My investigation utilized rat brain sections from the same treated animals to
survey for changes in tyrosine phosphorylation of protein kinases that are pertinent to cell
signaling in the brain. Representative images of sections prepared from saline-treated rats
for detection of total FAK, pFAK, total pGSK3β, and pGSK3β are shown in Figure 2.5. I
performed quantitative immunohistochemical analyses to quantitate levels of
immunodetectable phosphoproteins, which were normalized to total protein for each
brain region of interest (Figures 2.6-2.8).

Figure 2.5. Representative images of coronal rat brain sections from saline-treated rats
used in immunohistochemical analysis for detection of changes in phosphorylation of
signaling proteins. Sections were incubated with two primary antibodies: one antibody
recognizing a non-modifiable region of the protein (“Total”) and one phosphoprotein-specific
antibody (“p”). Secondary antibodies conjugated to two different IRDye® fluorophores were
applied for visualization with LI-COR Odyssey Infrared Imaging System software (LI-COR
Biosciences®), as described in the Materials and Methods section. For comparison between
treatment groups, signal intensity values were quantified using NIH ImageJ software.
Phosphoprotein fluorescence intensity was normalized to the total protein fluorescence intensity
in each brain region of each brain section.

First, we were interested in patterns of FAK auto-activation at Tyr397. As shown
in Figure 2.6, acute baclofen treated rats displayed significantly increased pFAKTyr397 in
the cortex, caudate putamen (Caudate), thalamus (Thal), and hippocampus (Hippo)
compared to vehicle-treated control animals. There was also a tendency for higher levels
of pFAKTyr397 to be detected in the globus pallidus (Glob Pal) following acute baclofen
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treatment, but this effect failed achieve statistical significance (p=0.089). Following
chronic baclofen treatment, rats displayed significantly increased pFAKTyr397 in the
cortex, prefrontal cortex, caudate putamen, thalamus, and hippocampus compared to
vehicle-treated control rats (p<0.05).

Figure 2.6. Effect of acute and chronic baclofen treatments on FAK auto-phosphorylation
at Tyr397 in select rat brain regions. Fixed coronal sections were immunostained for detection
of pFAKTyr216 and total FAK and visualized by Li-Cor infrared imaging system. The integrated
intensity of pFAK was normalized to total FAK in each region and data are reported as mean
SEM (n=6-8); * p < 0.05 significantly different from saline (one-way ANOVA, Tukey’s test for
multiple comparisons).
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Next, we explored the proposal that GABAB receptors might regulate GSK3β
activity through phosphorylation of Tyr216, the auto-activation site (Cole et al., 2004; F.
F. Lu et al., 2012a).

Figure 2.7. Effect of acute and chronic baclofen treatments on GSK3β phosphorylation at
Tyr216 in select rat brain regions. Fixed coronal sections were immunostained for detection of
pGSK3βTyr216 and total GSK3β and visualized by Li-Cor infrared imaging system. The integrated
intensity of pGSK3β was normalized to total GSK3β in each region and data are reported as mean
values
SEM (n=6-8 per group); * p < 0.05 significantly different from saline, # p < 0.05
significantly different from acute baclofen treatment (one-way ANOVA, Tukey’s test for multiple
comparisons).

Figure 2.7 shows that rats acutely administered baclofen exhibited elevated levels
of pGSK3βTyr216 in the cortex, prefrontal cortex, caudate putamen, globus pallidus,
nucleus accumbens (NAc), thalamus, and lateral septum compared to saline controls.
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Following chronic baclofen treatment, rats displayed significantly increased
pGSK3βTyr216 in the cortex, caudate putamen, globus pallidus, thalamus, and lateral
septum compared to vehicle-treated controls. In chronically treated rats, there also tended
to be higher levels of pGSK3βTyr216 in the hippocampus (p=0.066) and prefrontal cortex
(p=0.74), although these effects did not achieve statistical significance. Follow-up
statistical analyses further revealed that levels of pGSK3βTyr216 in rats acutely
administered baclofen were significantly higher than those chronically treated in the
cortex (p=0.024) and globus pallidus (p=0.032).
Lastly, the extent of DARPP-32 Thr34 phosphorylation in each brain region
following acute versus chronic administration of baclofen is presented in Figure 2.8.
Higher levels of pDARPP-32Thr34 were detected in the substantia nigra (SN) of animals
treated acutely with baclofen compared to saline controls. There was a similar but nonsignificant tendency for increased pDARPP-32Thr34 in the cortex (p=0.053) and lateral
septum (p=0.052) of acutely treated animals compared to controls. Following chronic
baclofen treatment, rats displayed significantly increased pDARPP-32Thr34 in the cortex,
nucleus accumbens, thalamus, hippocampus, SN, amygdala, and cerebellum compared to
saline controls. In chronically treated rats, there also tended to be higher levels of
pDARPP-32Thr34 in the ventral tegmental area (VTA) (p=0.063), prefrontal cortex
(p=0.064), and globus pallidus (p=0.064), although these effects failed to achieve
significance. Further analysis of acute versus chronic treatments revealed significantly
higher levels of pDARPP-32Thr34 in the thalamus, amygdala, and cerebellum of rats
chronically administered baclofen compared to those that received baclofen acutely. In
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addition, chronically treated rats also tended to display higher levels of pDARPP-32Thr34
in the VTA (p=0.067) compared to those treated acutely with baclofen.

Figure 2.8. Effect of acute and chronic baclofen treatments on DARPP-32 phosphorylation
at Thr34 in select rat brain regions. Fixed coronal sections were immunostained for detection
of pDARPP-32Thr34 and total DARPP-32 and visualized by Li-Cor infrared imaging system. The
integrated intensity of pDARPP-32Thr34 was normalized to total DARPP-32 in each region and
data are reported as mean values
SEM (n=6-8 per group); * p < 0.05 significantly different
from saline, # p < 0.05 significantly different from acute baclofen treatment (one-way ANOVA,
Tukey’s test for multiple comparisons).

2.5 DISCUSSION
The aim of this study was to determine neurobiological changes that occur in the
brain as a result of acute versus chronic administration of the GABAB receptor agonist
baclofen. Few preclinical studies have assessed the consequences of extended-term
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baclofen treatments; nevertheless, there are reports of a decline in efficacy and the
development of tolerance to many of baclofen’s effects (Heetla et al., 2009; Lehmann et
al., 2003; Soni et al., 2003). In the clinic, tolerance to baclofen’s untoward side effects,
but not its therapeutic effects, might offer a significant pharmacokinetic advantage.
However, the intracellular mechanisms by which GABAB receptor agonists might exert
their acute versus chronic effects are not well understood at this time. This report
documents neuropharmacological changes observed in both GABAB receptor-stimulated
G-protein activation and phosphorylation of FAKTyr397, GSK3βTyr216, and DARPP-32Thr34
in various brain regions implicated in psychiatric disorders.

2.5.1 Chronic baclofen treatment attenuates GABAB-mediated activation of G-proteins
Our CNAT colleagues recently reported the development of tolerance to
baclofen’s locomotor effects following chronic treatment (Beveridge et al., 2013). Data
using the same treatment regimen demonstrated that region-specific decreases in
GABAB-stimulated G-protein activation arise following chronic administration of
baclofen. Taken together, these findings lead to the conclusion that desensitization to
GABAB-mediated signal transduction might account for the locomotor tolerance.
Tolerance to baclofen’s sedative and antinociceptive effects has previously been linked to
GABAB receptor desensitization, where baclofen-stimulated [35S]GTPγS binding was
nearly abolished in lumbar spinal tissue of rats chronically administered baclofen for
seven days (Sands et al., 2003).
Chronic treatment of rats with baclofen decreased GABAB-activated G-proteins to
different degrees in different brain regions; indeed, in cerebellum and periaqueductal
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gray, there was no effect of chronic baclofen treatment at all, despite relatively high
levels of GABAB-activated G-proteins in these regions. The mechanism of these regional
differences is not known; they likely involve regional differences in receptor kinases, βarrestins, and other molecules involved in receptor desensitization and/or downregulation. Regardless of the mechanism, this finding of regional differences in receptor
desensitization is found in many other studies. For example, our laboratory has
previously reported such differences after chronic treatment with morphine, heroin, Δ9THC, buspirone, and cocaine analogs (O'Connor et al., 2005; Sim et al., 1996a; 1996b;
Sim-Selley et al., 2000).
The finding that a significant decrease in GABAB receptor-activated G-proteins
occurred in the medial prefrontal cortex (mPFC) is consistent with cocaine selfadministration as well as sensitization phenomena. Specifically, the dorsal mPFC is
important for cocaine- and cue-primed reinstatement of cocaine self-administration in rats
(Fuchs et al., 2005). Baclofen injected into the mPFC prior to cocaine injections blocked
the initiation of cocaine-induced motor activity sensitization (Steketee and Beyer, 2005).
However, baclofen delivered to the mPFC of cocaine-sensitized rats did not block the
locomotor effects of a subsequent dose of cocaine (Jayaram and Steketee, 2004). Using
microdialysis, these authors later showed that seven days of repeated cocaine exposure
(associated with cocaine sensitization) increased GABA levels in the mPFC, and
suggested that this increase in GABA neurotransmission following repeated cocaine
might be due to a reduction in GABAB presynaptic autoreceptor function (Jayaram and
Steketee, 2005). In agreement with these studies, Porrino and colleagues showed that
baclofen and cocaine induce changes in PET-imaged metabolic activity in many of the
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same regions of the non-human primate mPFC (Porrino et al., 2013). Moreover,
baclofen’s effects on the mPFC are associated with its capacity to attenuate acute
cocaine-mediated declines in cognition on a delayed match to sample test (Porrino et al.,
2013). Taken together, all of these findings indicate that GABAB receptor desensitization
in the prefrontal cortex is a key factor linked to cocaine-invoked neuroadaptations and
that this might limit baclofen’s efficacy as a therapy for addiction.
Significant decreases in GABAB receptor-activated G-proteins also occurred in
the basolateral amygdala and lateral septum. GABA neurotransmission within the lateral
amygdala has been linked to foot-shock fear conditioning and expression of anxiety
(Lange et al., 2014). The lateral septum plays a critical role in depression as determined
in the forced swim test (Singewald et al., 2011). There are reports that long-term baclofen
treatment produced anxiolytic effects in humans clinically treated for alcohol use
disorders (Addolorato et al., 2006) and reduced the incidence of panic attacks in a clinical
trial for panic disorder (Breslow et al., 1989). However, neither group reported tolerance
to these effects after long-term treatment (Addolorato et al., 2006; Breslow et al., 1989).
These results cannot differentiate between true receptor desensitization (i.e.,
uncoupling between the GABAB receptor and G-proteins) versus receptor downregulation (i.e., decrease in the number of GABAB receptors) since a decrease in agoniststimulated [35S]GTPγS binding would be produced by either mechanism. Sands et al.
(2003) showed that GABAB receptor desensitization in response to chronic baclofen was
not associated with changes in the mRNA level of GABAB1 or GABAB2 subunits.
Similarly, Lehmann et al. (2003) reported that tolerance to baclofen’s hypothermic
effects arose without significant changes in GABAB receptor density or mRNA levels.
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Both reports support the notion that GABAB receptors undergo agonist-dependent
modification rather than down-regulation. On the other hand, Malcangio et al. (1993)
reported that 21 days of (-)-baclofen administration led to significantly reduced (71%)
density of spinal cord GABAB receptors in autoradiographs, supporting a model whereby
GABAB receptor desensitization occurs via dynamic changes in surface expression of the
receptor. These seemingly contradictory conclusions might suggest a mechanistic
progression in GABAB tolerance beginning with modification of G-protein coupling
during “sub-chronic” baclofen treatment (5-7 days) followed by long-term adjustments in
receptor surface density after extended administration (21 days). To differentiate between
these different mechanisms is beyond the scope of the current study; nevertheless, it is
important to point out that either desensitization or down-regulation would attenuate
GABAB receptor-mediated signal transduction.

2.5.2 Baclofen treatment alters auto-phosphorylation of tyrosine kinases
Many of the GABAB receptor’s cellular effects are neuroprotective under
conditions of oxidative stress, injury, and glucose deprivation (Tu et al., 2010). My
studies therefore examined changes in the phosphorylation states of two proteins that
mediate cellular responses to these conditions, FAK and GSK3β. I found significantly
elevated levels of auto-phosphorylated pFAKTyr397 in several mesocorticolimbic rat brain
regions following both acute and chronic baclofen. Focal adhesion complexes serve as
cellular attachments to the extracellular matrix by linking the actin cytoskeleton to matrix
proteins and can mediate cell survival by allowing cells to rapidly adapt to changes in
their microenvironments. Typically, FAK is recruited by integrins and growth factors for
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incorporation into focal adhesions. Activation of FAK involves auto-phosphorylation at
Tyr397 (Parsons, 2003) primarily in response to integrin clustering (Cooper et al., 2003).
pFAKTyr397 assumes a conformation with a high affinity binding site for several substrates
including Src family kinases, which catalyze the phosphorylation of additional tyrosine
residues on FAK for maximal activation (Parsons, 2003; Toutant et al., 2000) and
stimulation of its downstream PI3K/Akt, Grb2-SOS/Ras/Raf/MEK/ERK, and Rho/Rac
effector pathways (Calalb et al., 1996). GPCRs can elicit rapid increases in
phosphorylation of FAK at Tyr397 (Rozengurt, 1995; Salazar and Rozengurt, 2001;
Zachary and Rozengurt, 1992). In fact, Gi/o-coupled (Dalton et al., 2013; Karanian et al.,
2005) and Gq/11-coupled receptors (Slack, 1998) are capable of stimulating pFAKTyr397
through mechanisms that require a direct interaction of integrins with G-protein subunits
(Gong et al., 2010). Moreover, FAK is thought to play a critical role in GPCR
transactivation of receptor tyrosine kinases (RTKs), an effect which can occur in the
absence of growth factor ligands (Knezevic et al., 2009; Lin et al., 2012; Rozengurt,
2007). Auto-phosphorylation of pFAKTyr397, which occurs in response to GABAB
receptor activation and cross-talk with integrins, is necessary for the assembly of GABAB
receptor, G-proteins, IGF-1 receptor, Src, and Akt into a single protein complex for the
transactivation of IGF-1 receptors (Lin et al., 2012). Notably, GABAB agonists and
positive allosteric modulators both induce transactivation of the IGF-1 receptor in
primary neurons in vitro through a mechanism involving Gβγ subunits, phospholipase C,
and Ca2+ (Baloucoune et al., 2012; Lin et al., 2012; Tu et al., 2010).
GSK3 has been described as a ‘master regulator’ of cellular processes due to its
wide range of substrates including metabolic proteins, structural proteins, and
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transcription factors (for review, see Silva et al., 2014). GSK3β is a serine/threonine
kinase that has been linked to hyper-DA-associated behaviors and psychiatric disorders
such as bipolar disorder, schizophrenia, and attention deficit disorder (for review, see Li
and Gao, 2011). Auto-phosphorylation at Tyr216 is associated with enhanced activation
of GSK3β and permits this kinase to function constitutively (Hughes et al., 1993).
Phosphorylated pGSK3βTyr216 plays a critical role in important processes such as memory
formation through regulation of long-term potentiation (Peineau et al., 2007), inhibition
of cAMP response element-binding-protein (CREB) (Bullock and Habener, 1998;
Hansen et al., 2004), and promotion of actin and tubulin assembly during memory
formation (Koivisto et al., 2004).
It is not clear how baclofen regulates GSK3β Tyr216 auto-phosphorylation in the
brain regions studied herein. Whereas Lu et al. (2012a) observed phosphorylation of Ser9
in cells following in vitro treatment with a GABAB agonist, they failed to detect
significant changes in phosphorylation at Tyr216. However, regulation of pGSK3βTyr216
phosphorylation is predominantly mediated by D2 dopamine receptors, which were
absent in those in vitro experiments. High concentrations of DA activate D2 receptors
(Gi/o-coupled GPCRs), which mediate many behavioral and locomotor responses to DA
through the cAMP-independent mechanism first described by Beaulieu et al. (2004). In
this mechanism, DA stimulation of D2 receptors results in the dephosphorylation of Akt
at Thr308, inhibiting its kinase activity (Beaulieu et al., 2005). Reduced Akt activity
allows for disinhibition of pGSK3β by removal of the phosphate from Ser9, a reaction
catalyzed by the DA-activated protein phosphatase 2A (for review, see Li and Gao,
2011). Cocaine and other DA-releasing stimulants readily enhance GSK3β activity by
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this mechanism, and pGSK3β in turn mediates the development of sensitization to many
effects of these stimulants (Xu et al., 2009). In support of the notion that changes in the
GABAergic system influence dopaminergic signaling in mesocorticolimbic brain regions,
we report that rats administered acute and chronic baclofen displayed increased
pGSK3βTyr216 in regions receiving dopaminergic input (prefrontal cortex, cortex,
hippocampus, thalamus, caudate putamen). For these reasons, it can be postulated that
chronic baclofen resulted in a loss of the tonic inhibitory GABAB receptor activity at DAreleasing neuronal terminals. Resultant increases in dopamine D2 receptor activation
could have inhibited phosphorylation of Ser9, permitting GSK3β to undergo greater
Tyr216 auto-phosphorylation.

2.5.3 GABAB desensitization alters phosphorylation of DARPP-32Thr34
Region-specific elevations in pDARPP-32Thr34 observed after chronic, but not
acute, baclofen administration are consistent with the suggestion that activation of the
GABA system might increase phosphorylation of DARPP-32 Thr34 through inhibition of
dephosphorylation (Snyder et al., 1994). However, we attribute these changes in DARPP32 phosphorylation to be a direct consequence of decreased GABAB receptor activation
of Gi/o proteins. The loss of inhibitory GABAB tone and subsequent disinhibition of
adenylyl cyclase would be expected to lead to elevated basal levels of tonic cAMP
synthesis and cAMP-stimulated PKA activity. If true, one would expect this effect to be
most pronounced in areas with the greatest populations of GABAB receptors. Indeed, the
most significant changes in pDARPP-32Thr34 were observed in regions where GABAB
receptors are most densely expressed: thalamic nuclei, cerebellum, amygdala, cortex,
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hippocampus, habenula, substantia nigra, VTA, nucleus accumbens septi, globus
pallidus, and hypothalamus (Bischoff et al., 1999; Bowery et al., 1987). PKA-activated
pDARPP-32Thr34 affects downstream regulation of GSK3β, CREB, and c-Fos proteins
through inhibition of PP1 and is associated with the effects of many commonly abused
drugs including cocaine, AMPH, nicotine, ethanol, and morphine (Svenningsson et al.,
2005). Beyond regulation of DARPP-32, increased PKA activity affects the regulation of
a number of other PP1 inhibitors and has a plethora of other downstream consequences
for the cell.
2.6 CONCLUSIONS
Given that GABAB receptors are expressed throughout the CNS, regulate neuronal
excitability and neurotransmitter release in many different neuronal pathways, and are
involved in nearly all brain functions, it is no wonder that dysregulation of GABAB
signaling has been implicated in a number of pathologies such as mood disorders
(depression and anxiety), neurodegenerative disorders (Parkinson’s and Alzheimer’s
diseases) and substance use disorders (for review, see Kumar et al., 2013). Observed
differences in GABAB-stimulated G-protein activation between rats administered vehicle
and chronic baclofen are indicative of GABAB receptor desensitization and/or downregulation. Consequently, increases in pDARPP-32Thr34 imply that GABAB receptor
desensitization (i.e., suppressed Gi/o protein activity) permits tonic Gs protein activation of
cAMP production and increased PKA activation of DARPP-32. On the other hand,
changes in baclofen-stimulated, G-protein-independent tyrosine phosphorylation of
FAKTyr397 and GSK3βTyr216 did not exhibit desensitization. Hence, future studies should
seek to uncover these different molecular mechanisms of GABAB receptor effectors in
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order to rationally design medications based on the appropriate signaling mechanism
involved in the desired therapeutic responses.
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CHAPTER III

PHENMETRAZINE CAUSES DOSE-DEPENDENT D2 AND α2-adrenergic
RECEPTOR DESENSITIZATION AND ALTERS PHOSPHORYLATION OF ERK
1/2, GSK3β, AND DARPP-32 IN THE MESOCORTICOLIMBIC RAT BRAIN
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3.1 INTRODUCTION
Psychostimulants are commonly abused drugs that evoke a wide range of
behavioral responses by increasing synaptic levels of dopamine (DA), norepinephrine
(NE), serotonin (5-HT), and other neurotransmitters in the brain. The euphoric and
reinforcing effects of these drugs are primarily attributed to their ability to increase DA
levels in mesocorticolimbic brain regions, resulting in exaggerated activation of the
brain’s natural pleasure and reward circuitry (Kuhn et al., 2008a). In general,
psychostimulant compounds produce this increase in extracellular DA in one of two
ways: 1) ‘DAT inhibitors’ such as cocaine and methylphenidate (MPH) block DA
reuptake via direct inhibition of the dopamine transporter (DAT), while 2) ‘monoamine
releasers’ such as amphetamine (AMPH) and phenmetrazine (PHEN) have the capacity
to passively diffuse into presynaptic neurons and promote the release of DA from storage
vesicles into the synapse.
Although the acute behavioral and clinical effects of DAT inhibitors and
monoamine releasers are mostly similar (Kuhn et al., 2008a; Ciccarone, 2011), the
difference between these two mechanisms can have profound implications for chronic
psychostimulant users. Prolonged use of these compounds can cause lasting changes in
receptor-mediated signal transduction, downstream signaling cascades (Perrine et al.,
2008), and other neuroadaptations thought to underlie the neurological changes, cognitive
impairment, cravings, and psychotic features exhibited by long-term stimulant users
(Kuhn et al., 2008). Our hypothesis was that cellular changes induced by
psychostimulants would be dependent upon the drug’s mechanism of action (MOA),
duration of exposure (acute versus chronic), and dosage among other factors.
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3.2 BACKGROUND STUDIES
The Wake Forest Center for the Neurobiology of Addiction Treatment (CNAT)
has evaluated two other potential treatments for cocaine addiction, AMPH and MPH.
Their goal was to characterize neuropharmacological mechanisms of drug action that
might serve as targets for medication development. Studies were performed on groups of
rats treated with saline/vehicle control, acute drug, or chronic drug. The Childers
laboratory performed [35S]GTPγS binding assays in coronal brain sections from these
animals and showed that while chronic AMPH (5 mg/kg/day for 14 days via s.c.
minipump) treatment produced significant decreases in D2 and α2-adrenergic receptormediated activation of G-proteins in mesocorticolimbic regions of the rat brain compared
to saline controls, chronic MPH (14 days) treatment did not (see Table 3.1).
Meanwhile, the Howlett laboratory performed immunohistochemical analyses in
corresponding brain sections from the same animals to determine the effects of acute
versus chronic drug treatments on phosphorylation of the following key signaling
proteins in specific brain regions: extracellular signal regulated kinase 1 and 2 (ERK 1/2),
glycogen synthase kinase 3-β (GSK3β), focal adhesion kinase (FAK), and cyclindependent kinase 5 (Cdk5) (see Table 3.2). Results from these experiments (which are
explained in greater detail later) generally indicated that MPH and AMPH treatments
caused dissimilar patterns of protein phosphorylation in mesocorticolimbic regions of the
rat brain.
These findings supported the assertion that there are significant differences in the
long-term neurochemical effects of DAT inhibitors and monoamine releasers. While
these mechanistic differences were proposed to underlie each drugs’ therapeutic effects,
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further investigation of another putative cocaine addition treatment was warranted. We
therefore elected to evaluate the effects of PHEN.
PHEN was first discovered in Europe in 1952, and the monoamine releaser was
approved for use in the clinic as an anorectic in 1954. Abuse of the psychostimulant
spread in the U.S. during the 1960s and early 1970s, which ultimately led to its current
classification as a Schedule III-controlled substance. However, evidence now suggests
that PHEN may be useful in the treatment of cocaine addiction. CNAT researchers
showed that continuous 14-day PHEN treatments decrease responding for cocaine, but
not food, in rats and that PHEN is more effective than AMPH at preventing cocaineinduced increases in responding during reinstatement (Czoty et al., 2015). Even more
encouraging is that continuous 7-day treatment with PHEN reduced cocaine, but not
food, self-administration in rhesus monkeys (Negus et al., 2009).
Today, the clinically-available anorectic drug phendimetrazine (PDM) is used as a
prodrug for PHEN. PDM is slowly metabolized to PHEN via N-demethylation by
cytochrome P450 liver enzymes, resulting in prolonged plasma levels of PHEN. Like
PHEN, PDM reduces cocaine self-administration in NHP (Banks et al., 2013b), but does
so without affecting DA uptake, DA release, or extracellular DA levels (Rothman et al.,
2002). For these reasons, PDM is being strongly considered as a treatment for cocaine
addiction.
For this study, rats were treated with either saline/vehicle, acute low dose PHEN,
chronic low dose PHEN, or chronic high dose PHEN. We performed [35S]GTPγS binding
assays and immunohistochemistry on fixed coronal brain sections from these animals to
determine the effects of PHEN treatments on receptor-mediated G-protein activation and
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signaling protein phosphorylation. We hypothesized that chronic treatment with the
monoamine releaser PHEN would produce AMPH-like decreases in D2 and α2adrenergic receptor-mediated activation of G-proteins compared to saline controls and,
unlike the DAT inhibitor MPH, would only alter protein phosphorylation signals in a
limited number of mesocorticolimbic brain regions.

3.3 MATERIALS AND METHODS
3.3.1 Animal Treatments
Animal procedure protocols were approved by the Wake Forest University School
of Medicine IUCAC, conformed to the principles set forth in the NIH Guide for the Care
and Use of Laboratory Animals, and were conducted by the Wake Forest Tissue Core.
All animal experiments were performed in an effort to minimize the number of animals
used and the degree of animal suffering. Male Sprague-Dawley rats (280–300 g) (Harlan
Industries, Indianapolis, IN, USA) were housed in a temperature- and humiditycontrolled vivarium on a 12-hour light/dark cycle (lights on at 7:00 am) and were given
unrestricted access to food and water. Rats were randomly assigned to one of four
treatment groups: control (n=9), acute PHEN (n=8), chronic 25 mg PHEN (n=8), or
chronic 50 mg PHEN. On the next day, subcutaneous (s.c.) osmotic minipumps (ALZET
Model 2001; Durect, Cupertino, CA) were implanted in each animal as previously
described (Czoty et al., 2015).
Animals were continuously administered either 150 mM NaCl saline/vehicle
(control and acute), or (+)-phenmetrazine hemifumarate (RTI International, Raleigh, NC)
(25 mg/kg/day or 50 mg/kg/day at 1 mL/kg) (chronic) s.c. via osmotic minipump for
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thirteen consecutive days as previously described (Czoty et al., 2015). On the fourteenth
day, the animals were given infusions of either saline vehicle (control) or drug (chronic).
The acute treatment group was infused with phenmetrazine (25 mg/kg at 1 mL/kg) via
osmotic minipump for one day and then sacrificed the next day. These doses of PHEN
had previously been shown to decrease self-administration of cocaine, but not food
pellets, in rodents and attenuate increases in cocaine-induced responding during
reinstatement (Czoty et al., 2015). Animals were sacrificed via sodium pentobarbital (100
mg/kg, i.v.). Brains were removed, quick-frozen in isopentane at -45 °C, and preserved at
-80 °C.
3.3.2 [35S]GTPγS Binding Analysis
The Childers laboratory performed [35S]GTPγS binding experiments on coronal
brain sections extracted from saline- and phenmetrazine-treated animals. Frozen brains
were sliced as coronal sections (20 µm) using a cryostat microtome maintained at −22 °C
and the sections were thawed onto glass slides for [35S]GTPγS autoradiography (Sim et
al., 1995). Brain sections were washed with TME (50 mM Tris-HCl, pH 7.4; 3 mM
MgCl2; 0.2 mM EGTA; 100 mM NaCl) for 10 min at 25 oC prior to incubation with TME
assay buffer containing 2 mM GDP for 15 min at 25 oC. Sections were then incubated for
two hours at 25 oC in TME assay buffer containing 2 mM GDP and 0.04 nM [35S]GTPγS
in the presence and absence of agonists (D2 agonist: 10 µM propyl-norapomorphine; 5HT1A agonist: 3 µM 8-OH-DPAT; α2-adrenergic agonist: 300 µM NE) (Sim et al.,
1996a). The sections were washed twice with 50 mM Tris-HCl, pH 7.4 at 4 oC, rinsed
once with deionized water, and were exposed to phosphor-imaging screens overnight.
Screen images were captured with a Sony XC-77 video camera, and quantitative
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densitometric analysis was performed on regions of interest using NIH ImageJ software
(National Institute of Health, Bethesda, MD, USA). Regions of interest were defined by
user-defined settings in NIH Image J software that selected areas of highest optical
density. Optical densities were quantitated by comparison with [14C] brain paste
standards and values corrected to nCi/g [35S]. [35S]GTPγS binding data were expressed as
percent of net agonist-stimulated binding in sections from saline-treated control rats.
3.3.3 Immunohistochemistry: In-Cell WesternTM Analysis
Frozen coronal sections (30 µm) were prepared from the same brains used above
for [35S]GTPγS binding using a cryostat microtome maintained at −22 °C, and were then
placed flat onto frozen phosphate-buffered formalin (1.5 mM KH2PO4, 2.7 mM KCl, 8
mM Na2HPO4, 150 mM NaCl; 30% sucrose (w/v); 3% paraformaldehyde (v/v), pH 7.4)
in a well of a 24-well plate. Thawed sections were stored at 4°C in fixative. Kinase
phosphorylation was measured using an In-Cell Western assay as previously described
(Blume et al., 2013; Kearn, 2004; Keegan et al., 2015). To summarize, rat brain sections
were rinsed six times with Tris-buffered saline (TBS, 20 mM Tris-HCl, pH 7.4; 137 mM
NaCl), blocked overnight at 4 oC in Blocking Buffer (TBS containing 0.1% IGEPAL and
50% Odyssey® Blocking Buffer (LI-COR Biosciences®, Lincoln, NE, USA)), and
incubated with affinity-purified primary antibodies (Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA, USA; dilutions 1:250 or 1:500) in Blocking Buffer overnight at 4° C.
The primary antibodies used were anti-ERK 1/2 (H-72), anti-pERK 1/2 (Thr202/Tyr204),
anti-GSK3β (11B9), anti-pGSK3β (Tyr216), anti-DARPP-32 (N-19), and anti-pDARPP32 (Thr34). Two primary antibodies were applied together: 1) a “total protein” antibody
recognizing a non-modifiable region of the protein, and 2) a phosphoprotein antibody
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specific for only the phosphorylated species of the protein. Tissue sections were then
washed four times with TBS containing 0.1% Tween-20 (TBST) and incubated with
secondary antibodies conjugated to one of two IRDye® fluorophores (700 nm and 800
nm) (LI-COR Biosciences®; dilution 1:1500) in Blocking Buffer for two hours at 25 oC.
Sections were washed four times with TBST, allowed to dry overnight at 4 oC, and
visualized using LI-COR Odyssey Infrared Imaging System software (LI-COR
Biosciences®). Images (TIFF files) and signal intensity values were quantified using NIH
ImageJ software. Phosphoprotein fluorescence intensity was normalized to the total
protein fluorescence intensity in each of the indicated brain regions and expressed as a
ratio of relative fluorescence units (RFU).
3.3.4 Data Analysis
Brain regions of interest were selected for analyses from each section according to
the stereotaxic atlas of the rat brain (Paxinos and Watson, 2014). Densitometric data from
[35S]GTPγS binding were expressed as net agonist-stimulated binding (nCi/g) in sections.
Agonist-stimulated G-protein activation is expressed as mean ± standard error of the
mean (SEM) of triplicate sections from 6 to 8 animals per group for comparison between
treatment groups. The mean ± SEM of normalized RFU values from
immunohistochemical assays were used to compare relative phosphorylation levels of
each kinase between treatment groups (n = 8). Results were expressed as percent of net
intensity ratio (RFU value) of saline-treated rat brain regions. Statistically significant
differences in GABAB-stimulated [35S]GTPγS binding and kinase phosphorylation
between groups were determined by one-way ANOVA (between-subjects factor:
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treatment condition) followed by Tukey’s multiple comparisons tests with single pooled
variance. In all cases, the family-wise significance and confidence threshold (α) was 0.05.

3.4 RESULTS
To compare the neurochemical effects of acute low dose (25 mg/kg infused via
s.c. minipump over 24 hrs), chronic low dose (25 mg/kg/day s.c. minipump for 14 days),
and chronic high dose (50 mg/kg/day s.c. minipump for 14 days) PHEN treatments to
vehicle-treated controls, coronal brain sections were extracted from rats fifteen minutes
following final administration of drug or vehicle. First, [35S]GTPγS binding assays were
performed on sections obtained from each animal as previously described (Keegan et al.,
2015) in order to identify any differences in G-protein coupling between treatment
groups. The mean ± SEM for each PHEN treatment group is presented (Figure 3.1).
Statistical analyses reveal that 5-HT1A receptor function was not significantly affected by
any of the PHEN treatments in any of the brain regions studied. Acute PHEN treatment
had no significant effect on D2 or α2-stimulated [35S]GTPγS binding in any brain region;
yet, rats chronically administered low dose (25 mg/kg/day) and high dose (50 mg/kg/day)
PHEN treatments displayed significantly (p<0.05) decreased D2-stimulated binding in the
nucleus accumbens (NAc) compared to vehicle-treated controls. In animals administered
chronic high dose PHEN, but not low dose PHEN, α2-stimulated [35S]GTPγS binding was
significantly decreased in the dentate gyrus (DG), hippocampus (Hippo), and amygdala
(Amyg) compared to saline controls. Animals from the chronic high dose treatment group
also tended to display decreased D2-stimulated binding in the caudate (Caud), although
this effect failed to achieve statistical significance (0.05<p<0.10).
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Figure 3.1. Effect of acute and chronic phenmetrazine treatments on D2-, 5-HT1A-, and α2stimulated [35S]GTPγS binding in coronal rat brain sections. Slide-mounted tissue sections
were assayed for D2-, 5-HT1A-, and α2-stimulated [35S]GTPγS binding as described in the
Materials and Methods section, and densities from the autoradiograms for each region of interest
are presented as mean values ± SEM (n = 6-8 per group); * p < 0.05 significantly different from
saline (one-way ANOVA, Tukey’s test for multiple comparisons).

Quantitative immunohistochemical assays were performed on separate but
corresponding coronal brain sections to detect changes in phosphorylation of key kinases
and signaling proteins as previously described (Keegan et al., 2015). As shown in Figure
3.2, PHEN administration produced two distinct patterns of changes in ERK 1/2
phosphorylation:

53

Figure 3.2. Effect of acute and chronic phenmetrazine treatments on ERK 1/2
phosphorylation at Thr202/Tyr204 in select rat brain regions. Fixed coronal sections were
immunostained for detection of pERK 1/2Thr202/Tyr204 and total ERK 1/2 and visualized by Li-Cor
infrared imaging system. The integrated intensity of pERK 1/2 was normalized to total ERK 1/2
in each region and data are reported as mean ± SEM (n = 6-8 per group); * p < 0.05 significantly
different from saline, # p < 0.05 significantly different from chronic high dose (50 mg/kg)
phenmetrazine treatment (one-way ANOVA, Tukey’s test for multiple comparisons).

Pattern one was observed in the ventral tegmental area (VTA) where acute PHEN
significantly increased levels of pERK 1/2 (p<0.05) and in regions such as the substantia
nigra (SN), thalamus (Thal), and hippocampus where acute PHEN tended to increase
pERK 1/2 (0.05<p<0.10) relative to saline control levels. In these regions pERK 1/2
levels remained significantly elevated after chronic administration of both PHEN doses.
Secondary statistical analyses reveal that levels of pERK 1/2 in the substantia nigra,
thalamus, and hippocampus were significantly higher in rats treated with chronic low
dose PHEN compared to those treated with chronic high dose PHEN (p<0.05).
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Pattern two was observed in regions where acute PHEN significantly decreased
(amygdala) or exhibited no measurable effect on pERK 1/2 levels (cortex (Cort), caudate,
and dentate gyrus). In these regions chronic administration of low dose PHEN produced
significant and robust reductions in ERK 1/2 phosphorylation. For example, amydalar
pERK 1/2 fell to 65% of baseline (saline) levels following chronic low dose PHEN.
However, rats administered chronic high dose PHEN displayed levels of pERK 1/2 in
these brain regions that were statistically indistinguishable from animals treated with
acute low dose PHEN. Further analyses revealed that levels of pERK 1/2 in all four of
these brain regions were significantly lower in rats treated with chronic low dose PHEN
compared to those treated with chronic high dose PHEN (p<0.05).
We next tested whether PHEN treatment would decrease GSK3β activity through
inhibition of GSK3β auto-phosphorylation at Tyr216 (F. F. Lu et al., 2012b). This
hypothesis was based on reports that GSK3β inhibition attenuates the hyperlocomotion
induced by either acute cocaine or amphetamine administration and interferes with the
development of locomotor sensitization after chronic administration of cocaine, AMPH,
or METH (Enman and Unterwald, 2012; Miller et al., 2009; Xu et al., 2011). Figure 3.3
shows that neither acute administration of low dose PHEN nor chronic administration of
high dose PHEN treatment produced any significant changes in GSK3β Tyr216
phosphorylation in any brain region. However, chronic low dose PHEN treatment
significantly (p<0.05) decreased levels of pGSK3βTyr216 in the cortex, ventral tegmental
area, caudate, thalamus, hippocampus, dentate gyrus, and bed nucleus of the stria
terminalis (BNST) compared to saline controls. Follow-up statistical analyses further
reveal that levels of pERK 1/2 in all of these brain regions except the BNST were
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significantly lower in rats treated chronically with low dose PHEN than those treated
chronically with high dose PHEN (p<0.05).

Figure 3.3. Effect of acute and chronic phenmetrazine treatments on GSK3β autophosphorylation at Tyr216 in select rat brain regions. Fixed coronal sections were
immunostained for detection of pGSK3βTyr216 and total GSK3β and visualized by Li-Cor infrared
imaging system. The integrated intensity of pGSK3β was normalized to total GSK3β in each
region and data are reported as mean ± SEM (n = 6-8 per group); * p < 0.05 significantly
different from saline, # p < 0.05 significantly different from chronic high dose (50 mg/kg)
phenmetrazine treatment (one-way ANOVA, Tukey’s test for multiple comparisons).

Lastly, the effects of each PHEN treatment on DARPP-32Thr34 phosphorylation
are presented in Figure 3.4. Acute PHEN administration tended to elevate levels of
pDARPP-32Thr34 in all brain regions tested; however, none of these effects achieved
statistical significance (0.05<p<0.10). Significantly higher levels of pDARPP-32Thr34
were detected in the cortex, amygdala, caudate, and hippocampus of animals treated
chronically with lose dose PHEN compared to saline controls (p<0.05), yet DARPP32Thr34 phosphorylation was significantly reduced in the thalamus of rats chronically
administered high dose PHEN. Furthermore, p-DARPP-32Thr34 levels in the caudate and
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thalamus of rats given chronic low dose PHEN were significantly higher than in rats
treated with chronic high dose PHEN (p<0.05).

Figure 3.4. Effect of acute and chronic phenmetrazine treatments on DARPP-32
phosphorylation at Thr34 in select rat brain regions. Fixed coronal sections were
immunostained for detection of pDARPP-32Thr34 and total DARPP-32 and visualized by Li-Cor
infrared imaging system. The integrated intensity of pDARPP-32 was normalized to total
DARPP-32 in each region and data are reported as mean ± SEM (n = 6-8 per group); * p < 0.05
significantly different from saline, # p < 0.05 significantly different from chronic high dose (50
mg/kg) phenmetrazine treatment (one-way ANOVA, Tukey’s test for multiple comparisons).

3.5 DISCUSSION
Because the intracellular mechanisms by which PHEN and other
psychostimulants exert their acute versus chronic effects were not well understood at the
time of this study, our objective was to identify neurochemical changes underlying the
behavioral effects of these psychostimulants which depend upon duration of exposure
57

(i.e. acute versus chronic treatment), dose, and/or mechanism of drug action. Chronic
administration of two different PHEN doses allowed us to examine those effects of
prolonged PHEN exposure at multiple doses. This report documents
neuropharmacological changes in both GPCR-stimulated G-protein activation and
phosphorylation of pERK 1/2Thr202/Tyr204, GSK3βTyr216, and DARPP-32Thr34 observed in
specific rat brain regions following acute and chronic PHEN treatments.

3.5.1 Chronic PHEN treatment dose-dependently attenuates D2 and α2, but not 5-HT1A,
receptor-mediated G-protein activation
It is common for cells to desensitize surface receptors in response to repeated
GPCR stimulation in order to maintain cellular homeostasis. [35S]GTPγS binding
experiments have detected GPCR desensitization following exposure to several different
drugs of abuse (Maher et al., 2001; Sim et al., 1996b; 1996a; 1995). For this study, we
performed [35S]GTPγS binding experiments to test the hypothesis that chronic
administration of the amphetamine-like catecholamine releaser PHEN would produce
widespread increases in extracellular monoamine levels and lead to marked
desensitization of monoamine receptors.
Previous in vitro experiments in rat brain synaptomes not only characterized
PHEN as a more potent monoamine releaser than monoamine uptake inhibitor, but also
revealed that PHEN acts as a much more potent releaser of norepinephrine (EC50 = 50.4
nM) and dopamine (EC50 = 131 nM) than serotonin (EC50 = 7765 nM) (Rothman et al.,
2002). Given this functional profile, it is not surprising that results from this study reveal
significant, region-specific, and dose-dependent decreases in D2 dopamine and α2-
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adrenergic, but not 5-HT1A-serotonergic, receptor-stimulated G-protein activation
following chronic administrations of PHEN.
It is worth noting that desensitization of accumbal D2 receptors occurred after
chronic administration of both doses of PHEN but that desensitization of α2-adrenergic
receptors only occurred in rats treated chronically with the higher dose of PHEN. This
may be evidence that desensitization of D2 and/or α2-adrenergic receptors requires
threshold concentrations of DA and NE in the synapse be breached. Under this model,
our interpretation is that the amount of DA released by the low dose (25 mg/kg/day) of
PHEN was sufficient to trigger the mechanisms underlying D2 receptor desensitization,
and that chronic treatment with twice the dose of PHEN (50 mg/kg/day) elicited even
more DA to be released, triggering an even greater extent of D2 desensitization. On the
other hand, it would appear that the low PHEN dose was not sufficient to prompt the
release of NE in amounts above the threshold needed to induce α2-adrenergic receptor
desensitization. That chronic high dose PHEN did cause α2-adrenergic receptor
desensitization may be an indication that the threshold level of extracellular NE needed
for α2-adrenergic receptor desensitization is achieved by a dose of PHEN between 25 and
50 mg/kg/day. Further studies would be needed to confirm this hypothesis, determine
threshold concentrations of DA and NE required for desensitization, and find the doses of
PHEN needed to elicit each threshold concentration of these monoamines.
Mechanistic differences underlying D2 and α2-adrenergic receptor desensitization
in each brain region are unclear; they likely involve differences in expression and
activation of receptor kinases, β-arrestins, and other molecules involved in receptor
desensitization and/or down-regulation. We must emphasize, however, that results from
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this study cannot differentiate between true receptor desensitization (i.e., uncoupling
between the D2/α2-adrenergic receptors and G-proteins) and receptor down-regulation
(i.e., decrease in the number of receptors), since a decrease in agonist-stimulated
[35S]GTPγS binding would be produced by either mechanism. To differentiate between
these different mechanisms is beyond the scope of the current study; nevertheless, it is
important to point out that either desensitization or down-regulation could be responsible
for the reductions in receptor-mediated signal transduction observed in this study.

3.5.2 Phenmetrazine induces two distinct patterns of ERK 1/2Thr202/Tyr204 and DARPP32Thr34 phosphorylation
In addition to altering receptor functionality, chronic drug exposure can cause
changes in G-protein independent, phosphorylation-driven signaling events. In fact,
phosphorylation mechanisms have been implicated in a number of long-term
neuroplasticity changes associated with addiction (axonal growth cone dynamics,
dendritic spine/actin cytoskeleton remodeling, long-term changes in transcription, etc.)
(Thomas and Kalivas, 2008). During the process of GPCR desensitization in particular,
phosphorylation of the receptor by GPCR-receptor kinases (GRKs) allows for binding of
β-arrestins that serve as scaffolds for alternative (i.e. G-protein independent) signaling
cascades (Beaulieu et al., 2008; Kohout and Lefkowitz, 2003). Two signaling proteins in
particular have been implicated in several functional and structural plasticity changes
associated with β-arrestin-mediated signaling: ERK 1/2 and GSK3β.
Mitogen-activated protein kinases (MAPKs) play critical roles in the transmission
of diverse extracellular signals into intracellular responses. The MAPKs extracellular
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signal-regulated kinases 1 and 2 (ERK 1/2; also known as MAPK 3 and MAPK 1,
respectively) can become activated/phosphorylated by a wide variety of stimuli and are
involved in regulating cellular processes such as differentiation, migration, glucose
sensing, and proliferation. ERK 1/2 are also involved in the regulation of many
dopamine-associated behaviors (Berhow et al., 1996), including several plasticity
changes associated with addiction (Girault et al., 2007; L. Lu et al., 2006). As a matter of
fact, pERK 2 has been directly implicated in the induction of conditioned place
preference and in the development of psychomotor sensitization associated with chronic
cocaine administration (Girault et al., 2007; L. Lu et al., 2006; Zhai et al., 2008).
According to previous reports, repeated administrations of psychostimulant
compounds cause increases in cellular phosphorylation of ERK 1/2: both acute and
repeated injections of the monoamine releaser AMPH increase ERK 1/2 phosphorylation
in the rat dorsal striatum (reportedly through a mechanism involving D1 receptors, and
ionotropic glutamate receptors) (Choe et al., 2002; Choe and Wang, 2002; Shi and
McGinty, 2011; Valjent et al., 2004), and chronic treatment with cocaine enhances ERK
1/2 activity in the rat VTA (Berhow et al., 1996; Valjent et al., 2000). A central role of
these kinases in mediating cellular responses to psychostimulant drugs is further
evidenced by the observation that pharmacological inhibition of ERK alters several shortand long-term behavioral effects of these drugs (Pan et al., 2011; Valjent et al., 2004;
2000).
We report that PHEN administration induces two distinct patterns of changes in
ERK 1/2 phosphorylation. In several regions, acute PHEN-mediated increases in ERK
1/2 phosphorylation were sustained after chronic treatment. In other regions, chronic low
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dose, but not high dose, PHEN caused significant reductions in pERK 1/2. Considering
that D2-like receptors mediate the inhibition of ERK signaling via the D2/Ras/MEK
pathway (Beaulieu and Gainetdinov, 2011; Zhang et al., 2004) and that this phenomenon
occurred in regions where chronic high dose, but not low dose, PHEN produced marked
D2 and α2-adrenergic receptor desensitization, one can reasonably speculate that repeated
and un-equilibrated (i.e. not counter-balanced by desensitization) stimulation of these
receptors was primarily responsible for the decreases in pERK 1/2 observed.

Dopamine- and cAMP-regulated neuronal phosphoprotein-32 (DARPP-32), also
known as protein phosphatase 1 regulatory subunit 1B (PPR1B), is a cellular inhibitor of
protein phosphatase 1 (PP1) that can be activated by phosphorylation at Thr34 by the
cAMP-activated protein kinase A (PKA). PKA-activated pDARPP-32Thr34 can in turn
affect downstream regulation of GSK3β, CREB, and c-Fos proteins via inhibition of PP1.
Beyond regulation of DARPP-32, increased PKA activity affects the regulation of a
number of other PP1 inhibitors and has a plethora of other downstream consequences for
the cell. The extent of DARPP-32 phosphorylation is actually used as a common measure
of psychostimulant activity, as this protein is abundantly expressed in mesolimbic
DAergic cells, has been shown to mediate several effects of cocaine and AMPH
(Svenningsson et al., 2005), and is implicated in the addiction pathology (for review, see
Le Novère et al., 2008).
PHEN appears to have produced opposing effects on pERK 1/2 and pDARPP-32:
in regions where chronic low dose PHEN decreased pERK 1/2 (Cort, Amyg, Caud, and
DG), chronic low dose PHEN significantly increased pDARPP-32 levels; but, in those
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regions were acute increases in pERK 1/2 were maintained after chronic treatments
(VTA, SN, and Thal), chronic high dose PHEN treatment tended to decrease pDARPP32.
Region-specific elevations in pDARPP-32Thr34 were observed in regions that
receive large amounts of DA and NE input. Moreover, elevated pDARPP-32 levels were
detected in animals treated with chronic low dose PHEN and who showed normal
receptor function, but not in those treated with high dose PHEN and displayed
desensitization. These results might therefore suggest that repeated stimulation of
DAergic and NEergic receptors in these regions potentiates levels of cAMP synthesis and
cAMP-stimulated PKA activity. Conversely, decreases in pDARPP-32 were observed in
the VTA and SN, two regions in which DA is produced in the brain. These decreases
were only observed in animals treated with high dose PHEN who displayed marked D2
desensitization. One might reasonably infer that while repeated D2 receptor stimulation
appears to have induced desensitization, the consequent repeated release of adenylyl
cyclase-inhibiting Gi proteins also blocked cAMP production and attenuated PKA
activity.

3.5.3 Chronic low dose (25 mg/kg), but not high dose (50 mg/kg), phenmetrazine
significantly reduces GSK3βTyr216 phosphorylation
The constitutively active Ser/Thr protein kinase GSK3β has been described as a
‘master regulator’ of cellular processes due to its wide range of substrates, which include
metabolic proteins, structural proteins, and transcription factors (for review, see Silva et
al., 2014). Among these target proteins, neuronal GSK3β is regarded as a regulator of tau
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protein, β-catenin, NMDA glutamate receptors, and circadian clock proteins. Autophosphorylation at Tyr216 is associated with maximum activation of GSK3β and permits
this kinase to function constitutively (Hughes et al., 1993). The importance of GSK3β
auto-phosphorylation is evidenced by the fact that pGSK3βTyr216 plays a critical role in
important processes such as memory formation through regulation of long-term
potentiation (LTP) (Peineau et al., 2007), inhibition of cAMP responsive element-binding
protein (CREB) (Bullock and Habener, 1998; Hansen et al., 2004), and promotion of
actin and tubulin assembly during memory formation (Koivisto et al., 2004).
Disruption of of GSK3β signaling has been implicated in several DA-associated
disorders, including addiction, bipolar disorder, schizophrenia, and attention deficit
disorder (for review, see Li et al., 2011). Prior to this study, investigators showed that
GSK3β activity is significantly enhanced by cocaine (Miller et al., 2014; Perrine et al.,
2008), AMPH (Enman and Unterwald, 2012; Xu et al., 2009) cues associated with these
drugs (Shi et al., 2014), as well as DAT knockout and other means of elevating
extracellular DA levels (Beaulieu et al., 2004; 2011; 2006). It had also been shown that
GSK3β mediates the initiation and expression of sensitization to many behavioral effects
of cocaine (Xu et al., 2009) and METH (Xu et al., 2011); thus, it is apparent that GSK3β
plays an integral role in the cellular neuroadaptations that contribute to addiction.
As a constitutively active kinase, neuronal GSK3β is principally regulated by
inhibition via the PI3K/Akt signaling pathway. In this pathway, activation of PI3K
stimulates Akt, which inactivates GSK3β by phosphorylation at Ser9 (Beaulieu et al.,
2005). This pathway responds to a wide variety of extracellular signals, as PI3K can be
activated by Gβγ subunits, certain GPCRs (e.g. 5-HT1 receptors), growth factors (e.g.
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BDNF), and even through D1/D2 receptor transactivation of receptor tyrosine kinases
(e.g. IGF-1 receptors) (Beaulieu and Gainetdinov, 2011).
Under conditions of high DA concentrations, however, the D2/β-arrestin-2/Akt
pathway can be activated for disinhibition of GSK3β and potentiation of its activity. As
previously outlined in a review by Li and Gao (2011), repeated D2 receptor stimulation
promotes β-arrestin-2 recruitment to the plasma membrane for desensitization of the
receptor. The resulting D2 receptor/β-arrestin-2 complex causes dephosphorylation of Akt
Thr308, thereby inhibiting its kinase activity. Hindrance of Akt allows for disinhibition of
GSK3β by removal of the phosphate from Ser9, a reaction catalyzed by the DA-activated
protein phosphatase 2A (PP2A). It is by this mechanism that cocaine and other DApromoting agents are believed to enhance GSK3β activity (Xu et al., 2009).
We report that chronic low dose, but not high dose, PHEN significantly decreases
pGSK3βTyr216 in many of the same brain regions where chronic high dose, but not low
dose, PHEN caused marked D2 and α2-adrenergic receptor desensitization. It therefore
appears that PI3K/Akt signaling dominates over the D2/β-arrestin-2/Akt pathway in rats
chronically administered low dose PHEN. Based upon our results and the regulatory
mechanisms described above, one might conclude that PHEN achieves PI3K activation
(likely through RTK activation by insulin, IGF-1, other growth factors, and/or dopamine
receptor transactivation) but that this effect is counter-acted and overwhelmed by
activation of the β-arrestin-2/Akt pathway during high dose PHEN-mediated D2/α2adrenergic desensitization. Further investigations are needed to validate or refute these
speculations.
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3.5.4 Comparing the effects of chronic phenmetrazine, amphetamine, and
methylphenidate on GPCR function using [35S]GTPγS binding analysis
Results from the [35S]GTPγS binding assays performed in this study are compared
to data from previous CNAT studies on rats chronically treated with amphetamine
(AMPH) and methylphenidate (MPH) in Table 3.1. Whereas D2, α2, and 5-HT1A receptor
functions were largely unaffected after chronic treatments with MPH and low dose (25
mg/kg) PHEN, significant desensitization of D2 and α2-adrenergic receptors occurred in
multiple brain regions following chronic administrations of AMPH and high dose (50
mg/kg) PHEN. These data seem to suggest that while repeated high doses of PHEN have
AMPH-like effects on the dopaminergic and adrenergic systems of these brain regions,
the effects of low PHEN doses on these systems are far less pronounced and more
analogous to MPH.
Within the mesolimbic DA system, D2 receptors play critical roles in mediating
the effects of psychostimulant drugs. D2 autoreceptors are located on soma and dendrites
of DAergic neurons in the VTA as well as on their terminals in the nucleus accumbens
(NAc), where they act to inhibit DA synthesis and release. Postsynaptic D2 receptors are
primarily expressed by GABAergic neurons in the striatum and serve to mediate DA
neurochemical and behavioral changes associated with addiction (Martinez et al., 2004).
Clinical cocaine addiction is associated with both decreased postsynaptic D2 receptor
activity and enhanced DA release due to reduced D2 autoreceptor function (Nader et al.,
2006), and D2 receptor availability has been found to be diminished by ~15% in human
cocaine users (Martinez et al., 2004). Changes in D2 receptor functionality can occur
rapidly and persist for long periods of time after exposure, as studies in rhesus monkeys
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have revealed that striatal D2 receptor availability is reduced ~15-20% within one week
of cocaine self-administration and remains reduced by ~20% after one year of abstinence
(Nader et al., 2006). Studies in mice (Madhavan et al., 2013) and rats (Frankowska et al.,
2012; Hoffmann et al., 2012) indicate that reductions in D2 availability underlie the
decreases in D2 receptor G-protein coupling detected following repeated cocaine.
Table 3.1. Effects of chronic amphetamine, phenmetrazine, and methylphenidate
treatments on D2-, α2-, and 5-HT1A-stimulated [35S]GTPγS binding in rat brain sections
(green/red: p < 0.05 significantly different from saline controls) (NC = no change).

We urge future investigators to test the hypothesis that AMPH- and high dose
PHEN-mediated decreases in D2 function are both attributable to down-regulation of
receptors rather than G-protein uncoupling. However, irrespective of desensitization
mechanism, it is reasonable to presume that MPH and low dose PHEN would be more
suitable treatments for cocaine addiction, as they appear less likely than AMPH or high
dose PHEN to further deplete D2 functionality in already D2-deficient cocaine addicts.
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3.5.5 Comparing the effects of acute versus chronic phenmetrazine, amphetamine, and
methylphenidate treatments on ERK 1/2, GSK3β, FAK, and Cdk5 phosphorylation
The effects of acute and chronic administrations of AMPH, MPH, and PHEN on
phosphorylation of key signaling proteins, as determined by the Howlett lab via
immunohistochemistry, are presented in Table 3.2.
Several differences between AMPH and MPH treatments had been noted. In the
striatum, chronic AMPH decreased pERK while both acute and chronic MPH increased
pERK. In the hippocampus, however, pERK levels were elevated following chronic
AMPH and decreased with acute MPH. Additionally, striatal pFAK decreased after both
acute and chronic MPH. In the NAc, acute and chronic MPH decreased pERK but failed
to alter pFAK. In the SN, acute and chronic MPH decreased pERK and pFAK. Overall, it
was apparent that while MPH treatment produced many regional changes in the
phosphorylation of key signaling proteins, changes in response to AMPH were limited to
certain brain regions.
Although both acute and chronic PHEN produced AMPH-like changes in pERK
in many brain regions, acute PHEN did significantly decrease amygdalar pERK and also
failed to increase pGSK3β in the NAc. Like chronic MPH, chronic high dose PHEN
failed to produce AMPH-like increases in pGSK3β. While more studies are needed to
better compare the effects of PHEN to AMPH and MPH, these psychostimulants all seem
to exhibit different activities. It is possible that these differences correspond to
differences in sustained changes in neuronal kinase activity that might be of importance
in addiction.
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Table 3.2. Effects of acute versus chronic amphetamine, phenmetrazine, and
methylphenidate treatments on phosphorylation of ERK 1/2, GSK3β, FAK, and Cdk5
(green/red: p < 0.05 significantly different from saline controls) (NC = no change).

3.6 CONCLUSIONS
Chronic administrations of psychostimulant compounds had previously been
shown to cause lasting changes in receptor-mediated signal transduction (Calipari et al.,
2014), downstream signaling cascades (Perrine et al., 2008), and other neuroadaptations
believed to underlie the neurological changes, cognitive impairment, cravings, and
psychotic behaviors characteristic of long-term stimulant users (Center for Substance
Abuse Treatment, 1995). We postulated that a psychostimulant’s mechanism of action
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(MOA), dose, and duration of exposure (acute versus chronic) – among several other
factors (potency, metabolism, route of administration, etc.) – would all significantly
influence the cellular neuroadaptations induced by each drug. To test this hypothesis, we
compared GPCR function and signaling protein phosphorylation in several
mesocorticolimbic brain regions between rats treated with acute low dose (25 mg/kg
infused via s.c. minipump over 24 hrs), chronic low dose (25 mg/kg/day via s.c.
minipump for 14 days), or chronic high dose (50 mg/kg/day via s.c. minipump for 14
days) PHEN. Upon comparing results from this study to data from prior CNAT studies in
which the same experiments were performed in animals chronically administered AMPH
and MPH, we were in fact led to the conclusion that dose, duration of exposure, and drug
MOA are all determinants of neurological responses to psychostimulants at the molecular
level.
Results from this study provided the strongest evidence that dose is a major
determinant of the brain’s response to chronic PHEN. In animals treated acute and
chronically with low dose (25 mg/kg/day) PHEN we found significant changes in levels
of phosphorylated ERK 1/2, GSK3β, and DARPP-32 in several brain regions where we
were unable to detect differences in receptor functionality. This seems to indicate that the
principal mode of neuronal adaptation to this PHEN dose proceeds primarily through
phosphorylation mechanisms. On the other hand, animals chronically treated with high
dose (50 mg/kg/day) PHEN displayed profound desensitization of D2- and α2-stimulated
[35S]GTPγS binding activity but exhibited levels of pERK 1/2, pGSK3β, and pDARPP32 that were generally indistinguishable from vehicle-treated controls. Based on assays
we have conducted, we believe that neuronal adaptations to chronic administration of this
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high PHEN dose proceed primarily through mechanisms associated with D2 and α2adrenergic

receptor desensitization. It appeared that high PHEN-induced desensitization

of these receptors allowed for re-equilibration of ERK 1/2, GSK3β, and DARPP-32
phosphorylation back to basal levels. Although further studies are needed to confirm
these mechanistic differences, our study is the first that the authors are aware of to
provide direct evidence that two different PHEN doses can elicit such different modes of
neuronal acclimatization. Future studies should seek to clarify more of the molecular
mechanisms underlying these different neuronal responses to PHEN in order to rationally
design, dose, and optimize the therapeutic effects of medications to treat psychostimulant
addictions.
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CHAPTER IV

DISCUSSION AND FUTURE PROSPECTIVES
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4.1 OVERVIEW OF FINDINGS
GABAB receptor modulators such as baclofen and DAT ligands such as
phenmetrazine (PHEN) represent two classes of pharmacological agents currently being
evaluated for their potential to treat psychostimulant addictions. In the present studies, rat
brain sections were evaluated following administrations of baclofen and PHEN to
identify the drugs’ acute effects on cellular signaling and region-specific
neuroadaptations that result from chronic exposure to each drug. We performed
[35S]GTPγS binding assays and immunohistochemical analyses to monitor changes in
monoamine receptor activity and phosphorylation of key signaling proteins, two
mechanisms thought to mediate many of these drugs’ therapeutic effects.
In our first study, acute baclofen (5 mg/kg, i.p.) treatment failed to induce changes
in GABAB-stimulated GTPγS binding but increased phosphorylation of FAK and GSK3β
in several mesocorticolimbic regions. Chronic baclofen (5 mg/kg, t.i.d. for 5 days)
treatment caused region-specific desensitization of GABAB, but not adenosine A1,
receptors, as well as widespread phosphorylation of FAK, GSK3β, and DARPP-32. We
postulate that those neuroadaptations to GABAB stimulation which are mediated by Gprotein mechanisms may be associated with tolerance to several of baclofen’s effects,
while sustained phosphorylation signals from kinase cascades point to cross-talk between
GABAB receptors and alternative mechanisms that are resistant to desensitization.
Results from our second study revealed that acute PHEN (25 mg/kg, s.c.) had no
significant effects on D2 or α2-stimulated [35S]GTPγS binding in any brain region. In
contrast, both chronic low dose (25 mg/kg/day for 14 days) and high dose (50 mg/kg/day
for 5 days) PHEN treatments caused desensitization of D2 receptors in the nucleus
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accumbens (NAc). The effects of chronic PHEN were dependent upon dose, however, as
chronic high dose, but not low dose, PHEN produced α2-adrenergic receptor
desensitization in multiple brain regions. Furthermore, these two different chronic PHEN
doses produced dissimilar effects on phosphorylation of signaling proteins ERK 1/2,
GSK3β, and DARPP-32. When considered within the context of other recent CNAT
studies on AMPH and MPH, it was abundantly clear that a drug’s MOA, dose, and
duration of treatment all influence its effects on receptor-signal transduction pathways.
These factors should all be considered in order to rationally design, dose, and optimize
the therapeutic effects of new medications to treat psychostimulant addictions.

4.2 IMPLICATIONS OF CURRENT RESEARCH
Together, results from these studies have offered insight into the neurochemical
mechanisms of baclofen and PHEN. Our findings must be interpreted with caution,
however, as our understanding of these signaling pathways is unilateral and often
excludes feedback mechanisms, spatio-temporal aspects, and context-specific signaling.
A more thorough analysis of how these drugs might be used to modify cellular behavior
in addiction is needed. The current body of evidence suggests that these compounds may
reduce sensitivity to the reinforcing effects of cocaine either a) by directly competing
with cocaine for binding at the monoamine transporters, and/or b) by inducing neuronal
adaptations necessary for cocaine’s effects (e.g. cause downregulation of transporters
from synaptic membranes). Still, further clarification of the exact neurochemical
mechanisms underlying baclofen-, PHEN-, MPH-, AMPH-, and other psychostimulantmediated reductions in preclinical cocaine self-administration warrants further research.
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Future studies should specifically assess other cellular responses to acute versus chronic
PHEN treatment (e.g. perform targeted discrete gene profiling or track the cellular
translocation of receptors, transporters, and protein kinases), examine the efficacy and
mechanisms of related pharmacotherapies with lower abuse liabilities (i.e. Vyvanse,
modafinil), and explore agents which modulate the mesocorticolimbic DA system
through difference mechanisms (e.g. allosteric modulators, biased agonists).
We do hope our findings will stimulate interest in the potential therapeutic
benefits of these new agents. Whether or not these effects will translate into clinically
relevant outcomes is beyond the scope of this study and remains to be determined.
However, it is clear that both desensitized and sustained signaling pathways should be
considered in the development of pharmacotherapies to combat psychostimulant
addictions. Hope exists that these compounds will have a positive impact in treating
psychostimulant use disorders, and we look forward to studies that will ultimately
determine their place in the treatment of people with addictions.

4.3 FUTURE PROSPECTIVES
The general consensus seems to be that monoamine releasers are more effective at
curbing cocaine intake than DAT inhibitors. Preclinical studies performed at the CNAT
have determined that both AMPH (Chiodo and Roberts, 2009) and PHEN (Czoty et al.,
2015) effectively decrease cocaine self-administration in rats under PR schedules of
reinforcement. In NHP, both AMPH (Czoty et al., 2011; 2010) and PDM (Banks et al.,
2013c) showed efficacy, while MPH did not (Czoty et al., 2013). However, as shown in
these studies, the neurochemical effects of MPH and low dose PHEN seem to be better
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suited than AMPH or high dose PHEN for treating cocaine addiction, as the therapeutic
effects of MPH and low dose PHEN appear to be sustained with chronic treatment and
presumably proceed through mechanisms which do not involve depleting D2 receptor
availability/functionality. Based upon the outcomes of CNAT trials and other
encouraging results published in the literature, we believe that a pharmacological therapy
such as PDM that slowly releases low doses of PHEN over extended periods of time will
yield the most favorable benefit-risk ratio in addiction therapy.
Rather than continue to search for a single agent that will cure addiction,
however, it may prove more advantageous to develop drug combination therapies to
attack multiple aspects of addiction. Drug combinations might produce synergistic effects
greater than either drug alone. Given that cocaine affects several neurological signaling
systems and addiction is a multifaceted disorder, combining two or more medications
with different neurochemical mechanisms (e.g. baclofen and PHEN) might also allow us
to treat more facets of addiction than drugs acting via a single mechanism alone. Lastly,
combining two or more medications might allow lower effective doses of each drug to be
given for the avoidance of side effects.
Considering that drug addiction is becoming increasingly understood as a
complex disorder caused by a combination of sociocultural, psychodynamic, behavioral,
and biological factors, it is not surprising that pharmacotherapies – designed solely to
treat the biological aspects of addiction – have had limited success in promoting
abstinence on their own. Other non-pharmacological approaches are also used to treat
substance use disorders (aversion therapy, contingency management, behavioral selfcontrol training, community prevention programs, etc.), yet these also have been met with
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limited success. The value of any single treatment approach appears to vary on a patientby-patient basis. Some patients are able to recover without any intervention while others
can take years to recover only to fall back into relapse. For this reason, we strongly
contend that the treatment of any addiction should include a combination of
pharmacological, psychological, cognitive-behavioral, and sociological treatment
approaches and that it be tailored to the individual needs of each patient. Beyond treating
the acute withdrawal and detoxification symptoms, it may take months or years of
therapy to change an addict’s pattern of behavior. It is furthermore evident that addictions
are chronic diseases that will require continual monitoring and support throughout an
individual’s lifetime.

4.4 CLOSING REMARKS
Diagnostic criteria for SUDs, which are put forth in the American Psychiatric
Association’s Diagnostic and Statistical Manual of Mental Disorders, undergo frequent
revision. This is largely due to the fact that we still do not know the nuances or
understand the neurobiological mechanisms underlying drug addiction or, for that matter,
mental illness. Thanks to recent scientific advances, medical researchers have made
strides towards appreciating addiction as a complex disease; yet, drug abusers are still too
often stigmatized in society as morally corrupt people who simply lack willpower. Often,
portrayals of drug addicts in the media and Hollywood reflect our culture’s fear and
ignorance about drug addiction and mental illness. We must understand that these
portrayals, which are exaggerated primarily for the purpose of entertainment, do affect
public perceptions of the mentally ill. We must educate others on the hard truths of
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addiction: that anyone can become addicted to drugs, that addictions can kill, but also that
drug addicts are not beyond help. Quitting can be a long and difficult road for addicts,
and often requires support from family, friends, and the community. It is my hope that
one day we will develop a successful treatment strategy (incorporating pharmacological,
behavioral, and psychological therapy) that helps addicts quit abusing drugs and live
meaningful and productive lives.
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